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RESUMO

ASSIS, Jéssica Catarine Silva, M.Sc., Universidade Federal de Vigosa, abril de 2021.
Elementos Integrativos e Conjugativos em Bactérias Fitopatogénicas de Impacto
Economico e Cientifico. Orientador: Mateus Ferreira Santana. Coorientadores: Marisa Vieira
de Queiroz e Denise Mara Soares Bazzolli.

Bactérias fitopatogénicas causam diversos danos as plantagdes no mundo todo, gerando
grandes prejuizos econdmicos. Muitas dessas bactérias possuem uma alta variabilidade
genética, genes que codificam diferentes fatores de viruléncia e resisténcia a antimicrobianos,
que dificultam seu controle. Esses genes podem se espalhar na populacdo por meio da
transferéncia horizontal de genes (THG). Dentre os mecanismos de THG, a conjugacdo
mediada por elementos genéticos mdveis auto-transmissiveis, como os elementos integrativos
e conjugativos (da sigla em inglés, ICEs = Integrative and Conjugative Elements), tem se
mostrado altamente eficiente para a transferéncia de genes entre as bactérias. Esses elementos
permanecem integrados no cromossomo das células bacterianas e possuem estrutura modular,
carregando genes responsaveis pela sua integracdo e excisdo do genoma, sua conjugacao para
novas células, a regulacdo e genes acessOrios capazes de conferir novos fendtipos ao
hospedeiro. Neste trabalho, buscou-se conhecer a presenca, distribuicdo e potencial impacto
evolutivo desses elementos nas dez espécies de bactérias fitopatogé€nicas consideradas de
maior impacto cientifico e econdmico: Pseudomonas syringae, Ralstonia solanacearum,
Agrobacterium tumefaciens, Xanthomonas oryzae pv. oryzae, Xanthomonas campestris,
Xanthomonas axonopodis pv. manihotis, Erwinia amylovora, Xylella fastidiosa, Dickeya
(dadantii e solani), Pectobacterium (carotovorum e atrosepticum). Dessa maneira, foi feita
uma busca em 300 genomas completos dessas bactérias para a identificacdo e caracterizacao
dos ICEs. Foram identificados e caracterizados os médulos de integragdo/excisio, conjugacao
e manutencdo dos ICEs e os genes acessOrios com fung@o putativa em viruléncia, resisténcia
ou adaptagdo das bactérias. No total foram encontrados 78 ICEs, sendo 45 elementos
diferentes e, entre estes, 31 novos ICEs, identificados nos genomas de A. tumefaciens (4
ICEs), D. dadantii and solani (3), P. carotovorum and atrosepticum (6), P. syringae (20), R.
solanacearum species complex (7), X. campestris (2), e X. fastidiosa (3), com tamanho
variando entre 40 kb (ICEDd.2) a 161 kb (ICEPs.10). No entanto, dentre as bactérias
investigadas ndo foram encontrados ICEs em genomas de X. oryzae, E. carotovora e X.

campestris. Os métodos de andlise empregados permitiram relatar pela primeira vez a



coocorréncia de quatro ICEs dentro de um cromossomo em genomas de P. syringae, além da
identificacdo do elemento ICEDs.1 em todos os genomas de Dickeya solani analisados
podendo indicar uma aquisicdo ancestral desse elemento por essa espécie. Obteve-se uma
evidéncia de ICEs promovendo THG entre espécies diferentes a partir da identificacdo do
ICEPc.2 em isolados de P. carotovorum e S. plymuthica. Andlises comparativas
demonstraram que os ICEs compartilham principalmente os moddulos de integracdo e
conjugacdo. Foram caracterizados 396 genes acessorios carregados pelos elementos, sendo
que a maioria dos ICEs foram encontrados carregando genes acessOrios que podem
influenciar na viruléncia das bactérias hospedeiras, além de adaptacdo ou resisténcia a
antibidticos e metais pesados. Os fatores de viruléncia mais encontrados foram genes
relacionados ao sistema de secrecdo tipo III (T3SS). Por fim, anélises de dados de RNAseq do
isolado SCRI1043 de P. atrosepticum mostraram a expressdo de genes acessOrios
relacionados a viruléncia durante o processo de infec¢do de plantas de tabaco, carregados
pelos elementos ICEPa.1 e ICEPa.2. Esses resultados proporcionam uma visdo inicial da
interessante relagdo entre bactérias fitopatogénicas e ICEs, tendo em vista que esses
elementos possuem potencial para influenciar na patogenicidade e adaptabilidade de
fitobactérias ao seu hospedeiro. Além disso, nossos achados direcionam e abrem caminho
para futuros estudos experimentais de ICEs em genomas de fitopatégenos, permitindo um

aprofundamento do conhecimento sobre esses elementos intrigantes.

Palavras-chave: Elementos genéticos mdveis auto-transmissiveis. Transferéncia horizontal de

genes. Fitopatégenos. Viruléncia. Adaptacao



ABSTRACT

ASSIS, Jéssica Catarine Silva, M.Sc., Universidade Federal de Vicosa, April, 2021.
Integrative and Conjugative Elements in Phytopathogenic Bacteria of Economic and
Scientific Impact. Adviser: Mateus Ferreira Santana. Co-advisers: Marisa Vieira de Queiroz
and Denise Mara Soares Bazzolli.

Phytopathogenic bacteria cause several damages to plantations worldwide, generating great
economic losses. Many of these bacteria have high genetic variability, genes that encode
different factors of virulence, and resistance to antimicrobials, which make them hard to
control. Many of these genes can spread to the population through horizontal gene transfer
(THG). Among the mechanisms of THG, the conjugation mediated by self-transmitting
mobile genetic elements, such as integrative and conjugative elements (ICEs), has been
configured highly efficient for a download of genes among bacteria. These elements are
integrated into the chromosome of bacterial cells and have a modular structure, carrying genes
responsible for their integration and excision of the genome, their conjugation to new host
cells, regulation and accessory genes capable of conferring new phenotypes to the host. In this
work, we sought to know the presence, distribution and potential evolutionary impact of these
elements in the species of phytopathogenic bacteria considered to have the greatest scientific
and economic impact: Pseudomonas syringae, Ralstonia solanacearum, Agrobacterium
tumefaciens, Xanthomonas oryzae pv. oryzae, Xanthomonas campestris, Xanthomonas
axonopodis pv. manihotis, Erwinia amylovora, Xylella fastidiosa, Dickeya (dadantii and
solani), Pectobacterium (carotovorum and atrosepticum). In this way, a search was made in
300 complete genomes of these bacteria for the identification and characterization of the
elements. ICEs integration / excision, conjugation and maintenance modules and accessory
genes with putative function in virulence, resistance or adaptation of bacteria were identified
and characterized. In total, 78 ICEs were found, of which 45 were distinct elements and,
among these, 31 new ICEs, identified in the genomes of A. tumefaciens (4 ICEs), D. dadantii
and solani (3), P. carotovorum and atrosepticum (6), P. syringae (20), R. solanacearum
species complex (7), X. campestris (2), and X. fastidiosa (3), ranging in size from 40 kb
(ICEDd.2) to 161 kb (ICEPs.10). However, among the investigated bacteria, ICEs were not
found in the genomes of X. oryzae, E. carotovora and X. campestris. The analysis methods
employed allowed the first reporting of the co-occurrence of four ICEs within a chromosome

in P. syringae genomes, in addition to the identification of the ICEDs.1 element in all



predicted D. solani genomes, which may indicate an ancestral acquisition of this element. by
that species. Evidence of ICEs promoting THG among different species was obtained from
the identification of ICEPc.2 in evidence of P. carotovorum and S. plymuthica. Comparative
analyzes have shown that ICEs mainly share their integration and conjugation modules. 396
accessory genes carried by the elements were characterized, with the majority of ICEs found
carrying genes that can lead to the virulence of host bacteria, in addition to adaptation or
resistance to antibiotics and heavy metals. The most commonly found virulence factors were
genes related to the type III secretion system (T3SS). Finally, analysis of RNAseq data from
isolate SCRI1043 of P. atrosepticum illustrated the expression of accessory genes related to
virulence during the process of infection of tobacco plants, carried by the elements ICEPa.1
and ICEPa.2. These results provide an initial view of the interesting relationship between
phytopathogenic bacteria and ICEs, considering that these elements have the potential to
influence the pathogenicity and adaptability of phytobacteria to their host. In addition, our
findings direct and pave the way for future experimental studies of ICEs in phytopathogen

genomes, allowing a deeper understanding of these intriguing elements.

Keywords: Self-transmissible mobile elements. Horizontal gene transfer. Phytopathogens.

Virulence. Adaptation
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Introducio Geral

Em 2012, a convite da revista Molecular Plant Pathology, fitobacteriologistas
elencaram os dez fitopatdégenos bacterianos mais importantes do ponto de vista cientifico e
economico (Mansfield et al., 2012). As principais caracteristicas dessas bactérias em sua
ordem na lista estdo citadas abaixo:

Pseudomonas syringae sdo bactérias Gram negativas, aerdbias estritas, de grande
importancia para os estudos de patogénese em plantas por se tratar de um grupo de patégenos
de extrema relevancia econdmica, capazes de causar necroses em partes aéreas das plantas
como folhas, frutas e caules, além de serem disseminados e sobreviverem em diversos
habitats e nichos (Morris et al., 2007; Green et al., 2010; Mansfield et al., 2012). Além disso,
algumas cepas de P. syringae possuem uma fase epifitica em plantas, e também podem estar
envolvidas no ciclo da 4gua participando do processo de nucleacdo do gelo (Lindemann,
1984; Morris et al., 2007; Monteil et al., 2014). Essa espécie apresenta alta variabilidade
genética, compreendendo pelo menos 50 patovares que se diferenciam pela gama de
hospedeiros, podendo causar doencas em monocotiledoneas e dicotiledoneas herbédceas ou
arboreas, possuindo também diversos fatores de viruléncia (Kennelly et al., 2007; Green et al.,
2010).

O complexo de espécies Ralstonia solanacearum (RSSC) compreende linhagens
geneticamente distintas de bactérias aerdbias e gram-negativas, sendo considerado o
complexo fitobacteriano mais impactante no mundo (Genin, 2010; Mansfield et al., 2012).
Espécies do RSSC infectam principalmente as raizes de cerca de 250 espécies de plantas
dentro de 54 familias diferentes, invadindo e se multiplicando os vasos do xilema, vindo a
causar murcha generalizada e morte das plantas infectadas (Salanoubat et al., 2002; Denny,
2006; Prior et al., 2016). Além de linhagens de R. solanacearum provenientes do solo,
também faziam parte do complexo RSSC a espécie Ralstonia syzygii, capaz de causar o Mal
de Sumatra em craveiro-da-india e “Blood Disease Bacterium” (BDB), um organismo ainda
ndo classificado e agente causador da banana blood disease (Prior et al., 2016). Em 2014 fo1
proposta uma revisdao taxondmica do complexo de espécies Ralstonia solanacearum, sendo
reconhecidas trés espécies: Ralstonia solanacearum compreendendo os isolados do filétipo 11
dessa espécie, Ralstonia syzygii, os isolados previamente caracterizadas como BDB e do
filotipo IV de R. solanacearum e por ultimo foram classificadas como Ralstonia

pseudosolanacearum os isolados dos filétipos I e III (Safni et al., 2014).
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A bactéria Agrobacterium tumefaciens conhecida como “engenheira genética
natural”, causa a doenca galha de coroa em uma ampla gama de espécies de plantas, além de
ter grandeimportancia biotecnoldgica por ser usada como veiculo da transferéncia de genes
para fungos e células vegetais e a criacdo de plantas transgénicas (Gelvin, 2003). A.
tumefaciens induz a formacdo de galhas, principalmente na regido do colo e no sistema
radicular (Salanoubat et al., 2002; Guo et al., 2019; ) Além dos dois cromossomos, A.
tumefaciens possui um plasmideo com 200 kb chamado plasmideo Ti (indutor de tumor), que
carrega a sequéncia de DNA que serd transferida para a célula hospedeira (T-DNA) e os genes
responsaveis pela transferéncia de DNA presentes na regido de viruléncia (vir) (Zambryski,
1992). A transferéncia do T-DNA para o genoma da planta hospedeira ocasiona alteragdes no
metabolismo celular causando o crescimento desordenado das células transformadas (Escobar
& Dandekar, 2003).

Xanthomonas oryzae pv. oryzae (Xoo) causa o crestamento bacteriano do arroz
(Oryza sativa), uma das trés doengas mais sérias dessa cultura (Nifio-Liu et al., 2006; Midha
et al.,, 2017). Essa doenga ocorre na maioria das regides de crescimento de arroz como a
América, Africa, Austrilia e na Asia, onde causa grandes impactos econdmicos (Swings et al.,
1990; Doucouré et al., 2018). A partir da entrada nos tecidos por feridas e hidatdédio essa
bactéria Gram negativa infecta o xilema das plantas, utilizando nesse processo de patogénese
proteinas de viruléncia da familia de efetores do tipo de ativador de transcri¢do, conhecidos
como efetores TAL (Doucouré et al., 2018).

Xanthomonas campestris pv. campestris, Xanthomonas euvesicatoria e X.
axonopodis pv. malvacearum anteriormente caracterizadas como patovares de Xanthomonas
campestris também foram selecionadas por causarem doengas agrondmicas relevantes e terem
sido usadas em estudos de grande impacto cientifico (Mansfield et al., 2012). Xanthomonas
campestris pv. campestris (Xcc) causa a podriddao negra dos cruciferos, principalmente em
plantacdes de repolho (Brassica oleracea). Apesar dessa caracteristica de patégeno, Xcc
também € importante como produtor de xantana, um polissacarideo utilizado nas industrias
alimenticia, farmacéutica e petrolifera (Vicente et al., 2001; Mansfield et al., 2012)
Xanthomonas campestris pv. vesicatoria (Xcv), atualmente classificada como Xanthomonas
euvesicatoria, € responsavel por causar a mancha bacteriana do pimentdo e pimentas
(Capsicum spp.) e principalmente em tomate (Lycopersicon spp.) (Swings & Civetta, 2012).
Ja, X. campestris pv. malvacearum (agora classificado como X. axonopodis pv. malvacearum)

causa a mancha-angular do algodoeiro (Gossypium spp) uma doenga com ocorréncia
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generalizada em todas regides produtoras de algodao, de grande potencial destrutivo,
e que também foi importante em diversos estudos de interacdo de interagdes bactéria-planta
(Gabriel et al., 1986; Vicente et al., 2001; Mansfield et al., 2012).

X. axonopodis pv. manihotis (Xam), foi outra bactéria do género Xanthomonas
selecionada por ser uma espécie Gram-negativa, causadora da bacteriose ou murcha
bacteriana da mandioca (CBB, do inglés: Cassava bacterial blight), doenca endémica em
4reas tropicais e subtropicais incluindo paises da América Latina e Africa e que pode causar
em variedades suscetiveis perdas que podem variar de 50 a 100%, quando as condi¢des
climédticas sdo favordveis (Lozano & Sequeira, 1974; Verdier et al., 2004). Os sintomas da
doenca incluem lesdes nas folhas, murcha, presenca de exsudatos e cancro no caule, sendo
que a penetragdo do patégeno ocorre por estobmatos ou feridas nas folhas (Vicente et al., 2001;
Mansfield et al., 2012). A patogenicidade de Xam esta relacionada principalmente com a
translocacao de efetores do tipo III para as células da planta via sistemas de secre¢do do tipo
ITI, que provocam alteragdes no metabolismo das células ou a supressdao das respostas de
defesa (Lopez & Bernal, 2012).

Erwinia amylovora € o agente causal do fogo bacteriano das pomdeas, doenca que
afeta de forma destrutiva plantas cultivaveis e silvestres da familia Rosaceae, como amora,
framboesa e principalmente pera e maca (Vanneste, 2000; Piqué et al., 2015). Esse patégeno
gram-negativo, membro da familia Enterobacteriaceae, estd distribuido principalmente nas
regides temperadas, onde seu controle € realizado via tratamento com antibiéticos durante o
periodo de surgimento das flores, porém isolados resistentes ja foram identificadas nas quais
foram relatadas mutacdes ou plasmideos e transposons que conferem a resisténcia a
antibidticos_(McManus et al., 2002). Erwinia amylovora penetra nas plantas por feridas ou
aberturas naturais, sobretudo pelos nectarios nas flores, causando infec¢Oes sistémicas, e
matando a planta a partir da evolugdo dos sintomas como murcha e necrose dos tecidos
suculentos (Vanneste, 2000).Por fim, esse fitopatégeno tem grande importancia histdrica por
ter sido a primeira bactéria associada a doenga em plantas, sendo descrita como a “primeira
bactéria fitopatogénica” (Mansfield et al., 2012).

Xylella fastidiosa possui uma ampla gama de hospedeiros, sendo responsdvel por
doencas de grande importancia econdmica: a doenca de Pierce em videira, a clorose variegada
dos citros (CVC), e a escaldadura das folhas da amendoeira, sendo as duas primeiras de maior
importancia econdmica (Chatterjee et al., 2008; Mansfield et al., 2012). A coloniza¢do dessa

bactéria € restrita ao xilema, ou seja, coloniza e se espalha nesse tecido vascular e bloqueia os
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vasos ao formar biofilmes bloqueando a translocacdo de dgua e nutrientes, sendo
obrigatoriamente transmitida por insetos vetores que se alimentam da seiva (Purcell &
Hopkins, 1996; Chatterjee et al., 2008; Mansfield et al., 2012). Xylella fastidiosa nao possui
genes relacionados com o sistema de secrecao do tipo III e aparentemente também ndo possui
efetores do tipo III, fatores importantes para a supressao das defesas da planta pelo patégeno.
Porém possui os sistemas de secrecdo do tipo I e II ativos, que podem ser responsdveis pelas
bombas de efluxo e pela secrecdo de enzimas hidroliticas importantes para a sua viruléncia
(Chatterjee et al., 2008; Mansfield et al., 2012).

As bactérias pertencentes ao género Dickeya, anteriormente caracterizadas pela
espécie Erwinia chrysanthemi, causam doencas em uma ampla gama de plantas gerando
grandes perdas economicamente importantes pelo mundo, com sintomas como apodrecimento
e infecgdes vasculares que levam a murchas (Parkinson et al., 2009). Dentro desse género,
Mansfield et al. em 2012 selecionaram duas espécies de fitopatdgenos para ocupar a nona
posicdo de sua lista, Dickeya dadantii e Dickeya solani, que de acordo com os autores, essas
bactérias foram selecionadas por motivos distintos.

Dickeya dadantii é um patégeno oportunista que causa a doenga da podridao mole
em diversas plantas, incluindo cultivos de importancia econdmica, com a contribuicido
efetores translocados pelo sistema de secrecdo do tipo III. Essa bactéria foi incluida na lista de
top 10 pelo fato do isolado 3937, membro de Dickeya, ter sido utilizado em diversos estudos
de mecanismos moleculares da fitopatogenicidade bacteriana (Yang et al., 2002; Grenier et
al., 2006; Mansfield et al., 2012). ‘Dickeya solani’ ¢ um nome proposto para isolados de
Dickeyaresponsaveis pelo aumento repentino de doengas com sintomas de murcha lenta em
plantacdes de batata (Solanum tuberosum) na Europa e Israel, com contribuicdo de enzimas
de degradacdo de parede celular de plantas, como pectinases e celulases, sendo por isso
selecionada para a lista de top 10 bactérias fitopatogénicas, porém, pouco se sabe sobre esse
patégeno e estudos estdo sendo feitos para suprir essa necessidade e permitir seu controle
(Toth et al., 2011; Mansfield et al., 2012; van der Wolf et al., 2014; Pritchard et al., 2016).

Pectobacterium carotovorum (Pcc) e Pectobacterium atrosepticum (Pca),
anteriormente classificadas como as subespécies de Erwinia carotovora, carotovora e
atroseptica respectivamente, foram as ultimas espécies de fitopatégenos adicionadas a lista,
sendo consideradas patégenos “modelos” durante os primeiros estudos genéticos de
fitopatogenicidade e responsdveis por causar sintomas de podriddo mole em diversas culturas

(Gardan et al., 2003; Mansfield et al., 2012). Essas bactérias produzem enzimas pectinases
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extracelulares em grandes quantidades, que sdo capazes de macerar o tecido
parenquimatoso das plantas causando os sintoma de podriddao mole (Perombelon & Kelman,
1980; Pérombelon, 2002). Pectobacterium carotovorum infecta uma ampla gama de
hospedeiros espalhados pelo mundo, enquanto Pca é restrita as plantacdes de batata em
regides de climas temperados, levando a doenca da canela preta, responsdvel por grandes
perdas econdmicas (Perombelon & Kelman, 1980; Pérombelon, 2002).

Além da sua importancia econdmica e cientifica, as bactérias supracitadas possuem
ainda em comum o fato de apresentarem alta variabilidade genética (Mansfield et al., 2012).
Variabilidade genética em bactérias € determinada em parte pela presenca de elementos
genéticos moveis. Alguns desses elementos, além do impacto ébvio da prépria movimentacao
no genoma, estdo envolvidos em processos de transferéncia horizontal de genes (Mira et al.,
2002). A transferéncia horizontal de genes (THG) tem papel de extrema importincia no
direcionamento da evolu¢do dos procariotos contribuindo para a adaptagdo genética desses
microrganismos a alteracdes ambientais e a ocupacdo de novos nichos (Burrus & Waldor,
2004). A THG em bactérias ocorre a partir de trés mecanismos, sendo eles transdugdo,
transformacgdo e conjugacio (Wozniak & Waldor, 2010). Uma THG completa ocorre em trés
etapas: (i) a transferéncia do DNA entre as células, podendo envolver uma atuacdo viral
(transducdo), contato entre as células (conjugacdo) ou incorporagcdo de material genético livre
no ambiente (transformacdo); (ii) a disseminacdo da sequéncia de DNA adquirida por
replicacdo desse material genético, seja por replicagdo autdbnoma ou concomitante a
replicacdo do cromossomo e (iii) adaptagdo ao ambiente dependente de fungdes vantajosas
codificadas pelo DNA adquirido, permitindo um sucesso evolutivo para a populacdo
(Bellanger et al., 2014). Nesse contexto, os elementos genéticos méveis autotransmissiveis
tém papel fundamental por se tratar de sequéncias de DNA que codificam proteinas capazes
de promover a HGT (Frost et al., 2005). Trés tipos principais de elementos genéticos moveis
autotransmissiveis sdo capazes de exercer THG: os bacteri6fagos, os plasmideos conjugativos
e os elementos integrativos e conjugativos (da abreviacdo em inglés, Integrative and
Conjugative Eements = ICEs) (Burrus, 2017).

Os ICEs sao elementos moveis autotransmissiveis que variam em tamanho de 18 a
mais de 600 kb, de modo semelhante aos plasmideos conjugativos, codificam a maquinaria
utilizada para a sua transferéncia por conjugacdo. Entretanto, esses elementos sao
normalmente encontrados integrados no cromossomo de seu hospedeiro e dessa forma

codificam proteinas envolvidas no controle e regulacdo da sua integracdo, assim como na sua
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excisdo do cromossomo (Johnson & Wozniak & Waldor, 2010; Grossman, 2015;
Burrus, 2017). Sua propagacdo pode ocorrer passivamente, de forma simultdnea com a
replicagdo do cromossomo da célula hospedeira, ou em alguns casos, os ICEs podem ser
capazes dereplica¢do autonoma semelhante a de plasmideos (Johnson & Grossman, 2015).

Esses elementos sdo formados por sequéncias de estrutura modular tipica de outros
elementos moveis autotransmissiveis como plasmideos e fagos, nesse caso, 0s genes que
codificam proteinas com fun¢des similares permanecem agrupados e podem ser recombinados
entre ICEs ou entre o ICE e o cromossomo levando a novos elementos potenciais (Burrus &
Waldor, 2004; Johnson & Grossman, 2015; Burrus, 2017). Os principais mddulos
encontrados nos ICEs sdo os responsdveis por mediar sua integracdo e excisdo do
cromossomo hospedeiro, conjugacdo e regulacdo, que podem ter conteido varidvel nos
diferentes ICEs levando a diferentes mecanismos a partir de uma diversa gama de genes
(Toussaint & Merlin, 2002; Wozniak & Waldor, 2010). Os ICEs possuem regides necessarias
para o processamento do DNA que serd transferido, porém os genes responsdveis por essa
etapa ndo ficam ativos no periodo em que o ICE esté integrado no cromossomo, devido a uma
repressdo de sua transcricdo, mas sao induzidos em algumas condicdes especificas como a
resposta SOS, quorum sensing, durante a fase estaciondria ou induzida por alguma substancia
(Johnson & Grossman, 2015). Além dessas caracteristicas, ja foram relatados na literatura, os
ICEs chamados tripartidos, possuem trés regides integradas separadamente no cromossomo
hospedeiro que, apds o processo de excisdo se associam por processos de recombinacao entre
as regides flanqueadoras formando uma unica regido que € transferida por conjugacdo como
um unico elemento circular (Haskett et al., 2017).

Quando integrado no cromossomo a sequéncia do ICE ¢ flanqueada por duas
sequéncias especificas de repeticdes diretas que possuem entre 10 e 60 pares de bases,
denominadas attR (a direita) e attL (a esquerda) importantes para o processo de excisdo do
cromossomo (Wozniak & Waldor, 2010; Delavat et al., 2017). Dessa forma, a inducdo da
expressao dos genes permite a excisdo do ICE a partir de um evento de recombinagdo entre as
sequéncias attR e attL mediada pela proteina integrase, levando a formag¢do de uma molécula
circular de DNA dupla fita, e gerando as sequéncias attP (presente na ICE) e a#B (no
Cromossomo).

Proteinas de formacdo de pares de acasalamento (do inglés Mating pair formation)
pertencentes ao sistema de secrecdo do tipo IV (T4SS), codificadas pelo ICE, formam o poro

de acoplamento responsdvel pela transferéncia do ICE (Wozniak & Waldor, 2010; Johnson &
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Grossman, 2015) A partir desse ponto, outras proteinas codificadas pelo ICE, como
a relaxase, reconhecem a sequéncia de origem de transferéncia (oriT) presente no ICE e
processam esse DNA extracromossomal, um processo semelhante ao processamento de
plasmideos, levando a formacdo de um complexo linear de DNA fita simples ligado as
proteinas, chamado DNA de transferéncia, a partir do processo de replicagdo em circulo
rolante (Wozniak & Waldor, 2010; Johnson & Grossman, 2015). Esse complexo € levado
para a célula receptora pelas proteinas do T4SS, onde servird de molde para que a DNA
polimerase possa formar novamente a molécula circular de dupla fita que se integrard no novo
cromossomo hospedeiro a partir de recombinacao sitio-especifica entre as regides attB e attP,
um processo também catalisado pela integrase ou transposase DDE em alguns casos (Johnson
& Grossman, 2015; Delavat et al., 2017). Similar aos plasmideos conjugativos, os ICEs
também podem codificar proteinas de exclusdo de entrada que inibem a transferéncia de DNA
repetitivo. Sdo proteinas pequenas que se localizam na membrana da célula hospedeira e
impedem que uma célula que ja possui o elemento o receba novamente, podendo levar a
morte celular (Auchtung et al., 2007; Marrero & Waldor, 2007; Avello et al., 2019) .

Nesse processo de transferéncia, onde ocorre a replicagdo em circulo rolante, os ICEs
nio aumentam em nimero de cépias em seu hospedeiro, logo sendo ndo replicativo (Wozniak
& Waldor, 2010). No entanto, alguns desses elementos podem ter formas replicativas, sendo
capazes de se duplicar de forma auténoma quando estdo excisados do cromossomo
hospedeiro, o que pode levar a uma maior estabilidade e maior frequéncia de transferéncia, ja
que cada elemento individualmente ird iniciar um novo processo de conjugagdo
individualmente (Wozniak & Waldor, 2010 Carraro & Burrus, 2015).

Os ICEs carregam frequentemente genes acessorios que ndo possuem papel na sua
transmissdo ou em outras funcgdes principais do elemento, mas que podem conferir um
fendtipo distinto a seu hospedeiro, gerando vantagens adaptativas em algumas circunstincias
(Carraro & Burrus, 2015; Burrus, 2017). O estudo dos genes acessorios carregados pelos ICEs
permitiu o descobrimento desses elementos, ja que os fendtipos atribuidos como resisténcia a
antibidticos, facilitaram sua identificacao inicial. Recentemente, com o avango e barateamento
das tecnologias de sequenciamento de DNA o estudo desses elementos pode ser feito de
forma ampla por meio de andlises de genomas, porém as andlises in silico isoladamente nao
fornecem prova do beneficio dos genes acessérios para o hospedeiro, demandando a

necessidade adicionais de andlises funcionais (Johnson & Grossman, 2015).



17

Entre os fendtipos conferidos pelos genes acessorios presentes em ICEs ji foi
caracterizada a resisténcia a antibidticos, como na ICETn43716061 de Pseudomonas
aeruginosaque carrega o gene blaSPM-1, que tem como produto uma metalo- -lactamase,

que confere resisténcia aos antibiéticos carbapenémicos (Fonseca et al., 2015) e o ICEPmul
de Pasteurella multocida que carrega 11 genes que codificam proteinas ativas contra varios
antibiéticos (Michael et al., 2012). Estudos também apresentam a resisténcia a metais pesados
sendo conferida por ICEs, como em cepas de Pseudomonas syringae pv. actinidiae isoladas
da Nova Zelandia, que carregavam sequéncias de diferentes ICEs conferindo resisténcia a
arsénio, € ao cobre (Colombi et al., 2017). Alguns desses elementos também ja foram
descritos conferindo fendtipos como o aumento da adaptabilidade do hospedeiro, e a
capacidade de fixacdo de nitrogénio (Sullivan & Ronson, 1998).

J4 foi documentada a influéncia de genes acessdrios presentes em ICEs na
viruléncia de bactérias hospedeiras de humanos, como o ICEPmI encontrado de forma
conservada em Proteus mirabilis, Providencia stuartii € Morganella morgani, bactérias
agentes causais de infeccdo urindria associada a cateter. O ICEPmI carrega genes que
codificam proteinas como adesina protease e um sistema de aquisi¢do de ferro que contribuem
para a viruléncia nessas bactérias (Flannery et al., 2009, 2011; Alamuri et al., 2010; Himpsl
et al., 2010). Em relacdo as bactérias fitopatogénicas, Bell et al. (2004) sequenciaram o
genoma da cepa SCRI1043 de Pectobacterium atrosepticum e identificaram nessa bactéria
um cluster de genes de biossintese de dcido coronafdcico, um fator de viruléncia de grande
importancia, sendo carregado pelo ICE HAI2. Posteriormente foi demonstrado que a presenca
do ICE carregando esse cluster génico aumenta a viruléncia da bactéria em cultivos de batata,
causando murcha ou podriddo do caule dessas plantas (Panda et al., 2016). Nosso grupo de
pesquisa também tem caracterizado in silico os ICEs nos genomas pertencentes ao complexo
Ralstonia solanacearum. Um desses ICEs, o ICETn4371, foi identificado na linhagem
modelo Ralstonia solanacearum GM1000, recentemente reclassificada como R.
pseudosolanacearum (Safni et al., 2014; Prior et al., 2016). O ICETn4371 codifica enzimas
hidroliticas e proteinas de degradacdo de parede celular do hospedeiro, o que revela um
possivel impacto na viruléncia desse isolado (Salanoubat et al., 2002; Gongalves et al., 2020).

Dessa forma, o estudo de ICEs em bactérias fitopatogénicas é importante para
entender a fun¢do desses elementos nas doencgas causadas pelos patdgenos e na sua adaptacao
ao ambiente, e com isso indicar a importancia de ICEs para a transferéncia horizontal de

genes relevantes para essas bactérias.
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Integrative and Conjugative Elements (ICEs) Potentially Influence the Lifestyle of Most
Relevant Phytopathogenic Bacteria

Abstract

ICEs are mobile elements that remain integrated into bacterial chromosomes and
play an important role in horizontal gene transmission. These elements also carry accessory
genes thathave the potential to provide interesting phenotypes for the host bacteria such as
antibiotic resistance and virulence. In our work, we seek to demonstrate the presence of ICEs
in 300 complete genomes of phytopathogenic bacteria with the greatest scientific and
economic impact. A total of 78 ICEs (45 different elements) were identified and characterized
inchromosomes of A. tumefaciens (4 ICEs), D. dadantii and D. solani (3), P. carotovorum
and

P. atrosepticum (6), P. syringae (20), R. solanacearum species complex (7), and X.
campestris (2). Intriguingly, we were able to track down the co-occurrence of four ICEs in
genomes of some P. syringae isolates, but also no elements were found in the genomes of X.
oryzae, E. amylovora and X. axonopodis analyzed. Moreover, our work has identified 31
novel elements, among them ICEPc2, uncover in genomes of P. carotovorum and S.
plymuthica, as an evidence of horizontal gene transfer between different species, and the ICE
ICEDs.1 was spotted in all Dickeya solani genomes available, indicating a possible ancestral
acquisition of the element. Among the 396 cargo genes characterized, most identified
elements carry genes with potential influence on virulence and fitness, such as genes coding
for functions related to T3SS, T6SS, cell wall degradation, toxin, superficial adhesion,
detoxification, and resistance to heavy metals. We also present the expression of cargo genes
related to virulence of the known element ICEPa.1 and the novel ICEPa.2 in P. atrosepticum
SCI1043, evidencing the role of these genes in the infection process of tobacco plants.
Furthermore, this paper has highlighted the potential of ICEs in influencing the pathogenicity

and lifestyle of phytopathogens, establishing knowledge about these elements and bacteria.

Introduction

Integrative and conjugative elements (ICEs) are self-transmissible mobile elements
that play a central role in bacterial adaptation processes; hence they can directly affect the
evolution of their host (Carraro & Burrus, 2015; Burrus, 2017). These widely distributed

elements are currently found integrated into the bacterial chromosome, as they are capable of
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performing their excision, by recombination of direct repetition sequences (DRs) that flank
the element (attachment sites), and transference by conjugation, carrying their machinery in a
modular structure (Guglielmini et al., 2011; Wozniak & Waldor, 2010; Johnson & Grossman,
2015). The main genetic modules found in ICEs include genes that encode functions related to
mediation of their integration and excision from host chromosome, conjugation and
regulation, the modules have variable content, leading to a performance of these functions by
different mechanisms from a diverse range of genes (Toussaint & Merlin, 2002; Wozniak &
Waldor, 2010). ICEs often carry cargo genes conferring significant phenotypes like virulence,
resistance to antibiotics, and heavy metals that are important to bacteria fitness, for instance,
ICETn43716061 discovered on Pseudomonas aeruginosa, providing resistance against
carbapenem antibiotics, and ICEPml of Proteus mirabilis, Providencia stuartii, and
Morganella morgani, that carries genes that encode a adhesion protease and an iron
acquisition system that contribute to virulence in these bacteria (Flannery et al., 2009, 2011;
Fonseca et al., 2015; Johnson & Grossman, 2015)

ICEs are broadly distributed in bacterial chromosomes, and some studies
demonstrate their presence in phytopathogenic bacteria, microorganisms that are involved in
major crop losses by host tissue invasion using virulence factors as biofilm formation and
toxins (Mole etal., 2007; Guglielmini et al., 2011). For instance, different integrative and
conjugative elements were found in strains of Pseudomonas syringae pv. actinidiae
conferring resistance to heavy metals, and ICE HAI2 of Pectobacterium atrosepticum that
transmit genes that codify a biosynthetic cluster of an important virulence factor (Panda et al.,
2016; Colombi et al., 2017). Among these phytopathogenic bacteria, the most relevant were
classified by their importance in science and economic impact by Mansfield et al., in 2012, in
a ranking composed by Pseudomonas syringae, Ralstonia solanacearum, Agrobacterium
tumefaciens, Xanthomonas oryzae pv. oryzae, Xanthomonas campestris, Xanthomonas
azonopodis pv. manihotis, Erwinia amylovora, Xylella fastidiosa, Dickeya (dadantii and
solani) and Pectobacterium (carotovorum and atrosepticum) (Mansfield et al., 2012).

A large part of pioneer studies involving ICEs was based only on phenotypes
conferred by cargo genes, not providing a broader knowledge about these elements (Johnson
& Grossman, 2015). However, the development of Whole-Genome Sequencing (WGS)
efforts leading to the large availability of complete genome sequences has enabled the
investigation to better understand the role of ICEs in bacterial evolution (Panda et al., 2016;
Botelho & Schulenburg, 2020). Thus, here we search for ICEs integrated into 300 complete

genomes of major phytopathogenic bacteria, analyzing putative cargo genes and their
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potential role in virulence or adaptation, starting to establish a relationship

between theseelements and phytopathogenic bacteria.

Methods

Data
Three hundred complete genomes of phytopathogenic bacteria of economic

and scientific impact (Mansfield et al., 2012) were downloaded from the National Center for

Biotechnology Information (NCBI - http://ftp.ncbi.nih.gov/assembly) in July 2020, and the

chromosome sequences provided by GenBank were used to search for ICEs (Supplementary

Table 1-10).

Identification and characterization of Integrative and Conjugative Elements

To uncover sequences of ICEs in bacterial chromosomes, we resort to a
methodsimilar to what was applied by Gongalves and Santana (2021). Thus, we perform a
search ofthe element sequences using BLASTn (Altschul et al., 1990) against known ICEs
deposited inthe ICEberg database (M. Liu et al., 2019), and only sequences that obtained an
E-value lessor equal to 10 and coverage more or equal to 50% were selected. We submit
the nucleotidesequencesof ICEs to the software ICEfinder

(https://dbmml.sjtu.edu.cn/ICEfinder/ICEfinder.html), an online tool provided by ICEberg

2.0 thatidentifies signature features of integrative and conjugative elements as integrase gene,
type I'Vsecretion system (T4SS), and directed repeats sequences (DRs) in bacterial genomes
(M. Liu et al., 2019), OriTfinder (Li et al., 2018)

(https://toolmml.sjtu.edu.cn/oriTfinder/oriTfinder.html) that identifies transfer origin

sequences inbacterial chromosomes, among other features, which shows an indication of
the presence ofthe ICE, MOBscan (https://castillo.dicom.unican.es/mobscan/) that identifies
relaxase MOB families, and CONIJScan

(https://galaxy.pasteur.fr/root?tool_id=toolshed.pasteur.fr/repos/odoppelt/conjscan/ConjScan)
that identifies conjugative systems in bacterial genomes searching for Type IV secretion
systems (Cury et al., 2020). We also execute a manual search on the sequences of complete
and annotated chromosomes looking for ICEs signature genes: genes that are part of the T4SS
involved in conjugative transfer such as tra, vir or trb, and Integrase (int) (Wozniak &

Waldor, 2010). The delimitation of elements and identification of att regions that were not
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detected by ICEfinder were made using BLASTn. Initially we delimited the element by
looking for genes of integrases close to tRNAs, after that region between these genes was
selected to make the BLAST looking for a repeated sequence in another position of the
genome that was close to the coordinates the possible final portion of the element given by
ICEfinder.

Protein sequence annotation was realized with Uniprot (https://www.uniprot.org/)

(Bateman, 2019), and Pfam (http://pfam.xfam.org/) (Bateman et al., 2004) protein databases.

Putative functions of accessory genes were investigated performing a BLASTp against

Pathogen-host Interactions database (http://www.phi-base.org/) (Urban et al., 2017),

Virulence Factor Database (http://www.mgc.ac.cn/VFs/) (B. Liu et al., 2019), and Type 1II

secretion system effectors database (http://effectors.bic.nus.edu.sg/blast.php) (Tay et al.,

2010). The parameters used to identify sequences coding proteins were: e-value less or equal
to 10”, and amino acid identity greater than 30% (Gongalves et al., 2020).

Subsequently, the nucleotide sequences of identified elements were downloaded in
GenBank format and analyzed using the Geneious® software (Biomatters Ltd.) for the
characterization of the excision and integration, conjugation, regulation, and maintenance

modules. ICEs were named following patterns already described (Burrus et al., 2002).

Differential expression analysis

Differential expression analysis was performed using RNA seq data from P.
atrosepticum isolate SCRI1043 corresponding to two stages of infection in tobacco plant
(asymptomatic and symptomatic) and an in vitro culture. The data are available in NCBI
BioProject (accession number PRINA403794) (Gorshkov et al., 2018). The analysis was done
using the Geneious software following the Expression Analysis tutorial with default
parameters. To study the gene expression of the ICEs present in the genome, the element
sequence was used as reference to map the reads and differential expression was measured.
Reads per kilobase per million (RPKM) values were plotted in GraphPad Prism version 8.4.3

to generate heatmaps.

Comparative Analysis

Nucleotide sequences of ICEs identified were submitted to ClustalW (Larkin et al.,

2007) to generate Pairwise Identity Matrices for Heatmaps creation, performed using


https://www.uniprot.org/
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GraphPad Prism version 8.4.3 for Windows. The sequences were also submitted to Mauve
(Darling et al., 2004),and clinker clustermap.js (Gilchrist & Chooi, 2020) to generate gene

cluster comparison and synteny analyses.

Results

Identification of ICEs in bacterial chromosomes.

Knowing the significance of these bacteria for large plant cultivations around the
world, we seek to investigate the presence of ICEs in their genomes. After an extensive search
on chromosomal sequences, a total of 78 putative elements were found in nine species of
phytopathogenic bacteria, being them: D. dadantii, D. solani, P. atrosepticum, P.
carotovorum, A. tumefaciens, P. syringae, X. campestris, X. fastidiosa and R. solanacearum
species complex (Figure 1 and Table S11). Among these elements, 45 are distinct, and P.
syringae was the species where a greater number of ICEs were found: 33 in total and 20
distinct elements (Figure 2-A). No ICEs were found into complete chromosomal sequences of

X. oryzae, X. axonopodis, and E. amylovora.

The elements exhibited a great variation in sequence size, the largest was the
ICEPs.10element of P. syringae with 161.009 base pairs (bp) and the smallest, ICEDd.2 of
Dickeya dadantii with 40.117 bp. The average size of the elements was 80.187 bp. The GC
content varied from 40,07 (ICEPa.2 — P. atrosepticum) to 66,4 (ICEXf.2 — X. fastidiosa), and
there was an average of 55,07 in all characterized elements (Table S12). As we expected, no
relationship was found between the increase in the size of the host genome and the presence
of the elements (Figure 2-B).

Most elements (68 elements -88,3%) were found inserted in tRNA sequences, whilst
nine were found in other genes. Attachment sites (atf) were identified in 49 ICEs, however
our search methods did not allow to find the att sites in any of the elements found in R.
solanacearum species complex (Table S13). Among the types of Integrase and Relaxase, the
Tyr and MOBh types predominated, present in a total of 58 and 34 ICEs respectively (Figure
2-C, D- Table S14).

Interestingly, not all elements found are unique to their species. We identified
ICEPc.2 of P. carotovorum in the genome of C-1 isolate of Serratia plymuthica, and

comparative analyses of the elements presented 99.97% of nucleotide identity between the
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sequences. In addition to that, some of our ICEs showed high similarity with elements of
other species such as ICEPc.1that presented 82.34% of nucleotide identity with a novel ICE
of Pectobacterium aroidearum identified in L6 isolate, and ICEXc.1, with a novel ICE of
Xanthomonas arboricola pv. juglandis isolate Xaj 417 (88.79% of nucleotide identity).
Among the bacterial species studied in this work, two of our ICEs, ICEDd.lof Dickeya
dadantii and Tn4371 of Ralstonia pseudosolanacearum were previously classified in the
same family, named Tn4371(Gongalves et al., 2020; Toussaint et al., 2003). However,
sequence comparativeanalyses indicated a low similarity between these elements (45.36% of
nucleotide identity).

The genes carried by the elements were also investigated, and classified by their
putative role. As expected, a greater number of hypothetic and genes with unknown function
were identified, followed by conjugation and cargo genes in general (Figure 3A). Between the
cargo genes specifically, those encoding functions of oxidation-reduction processes and
resistance appeared in a greater number of ORFs in the elements, followed by virulence
factors (Figure 3B). Putative virulence and adaption roles were verified in most ICEs: genes
codifying virulence functions were tracked down in 28 elements and with putative adaption
role were spotted in 12 ICEs, among other important roles such as metal and antibiotic
resistance (Table S15). Regarding virulence, genes were also organized by their putative
function, and the most significant class of virulence genes were genes that encodes proteins
translocated by Type III Secretion System (T3SS) and components of this system, followed
by genes that encodes hydrolytic enzymes involved in host cell wall degradation (Figure 3C).

These results demonstrate a significant presence of ICEs in genomes of high impact

phytopathogenic bacteria. Specific results will be presented by group of bacteria.
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Figure 1: Distribution of ICEs among bacterial isolates. Solar explosion chart
indicating the elements present in all isolates. Bacterial species were arranged from the
species with the largest number of elements to the species with the least number of elements
and separated by color: Lilac: P. syringae; Dark blue: D. solani; Light blue: R.
pseudosolanacearum; Green (from the darkest to the lightest respectively): P. atrosepticum,
X. fastidiosa, A. tumefaciens, X. campestris; Yellow: R. syzigii; Light orange: P. carotovorum;
Dark orange: D. dadantii. From the inside out of the chart: The bacterial species, name of the

isolated and the identified elements present in each isolated.
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Figure 2: General ICES identification results. A) Bar chart of ICEs number
distribution by groups of bacteria (dark blue: total elements, light blue: different elements); B)
Distribution chart of genome size compared to the size of ICEs; C and D) Bar chart of

Integrase and Relaxase types in all elements respectively.
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Figure 3: Putative functions of ICEs genes. A) Bar chart of putative roles
codified by ICEs genes separated by categories (Unsure category comprises Hypothetical
protein, Domain of unknown function (DUF genes), and genes with undetermined function).
B) Bar chart of Cargo genes divided by putative roles. C) Pie chart representing putative roles

of Virulence factors carried by ICEs.



ICEAt.4-

ICEAt.1
60 IFB02-ICEDs. 14
IFB0223-CEDs. 1+
ICEAL.2- IFB0167-ICEDs.1-

ICEAt.3 ICEAt4 ICEAt.1 ICEAT.2

100 FJAT91- ICERps1

UW386- ICERps4
FQV4- ICERps2
80 HA41-ICERps3

SCRI1043-ICEPa.2

BP201601.1-ICEPc.2

36A-ICEPa.4
JR1.1-ICEPc.1
JG1008-ICEPa.3
36A-ICEPa.1
SCRI1043-ICEPa.1
JG1008-ICEPa.1

40
21A-ICEPa.1

L

36A-ICEPa.4:

JR1.1-ICEPc.1

36A-ICEPa.1
21A-ICEPa.1

JG1008-ICEPa.3
JG1008-ICEPa.1

N

<
o
m}
Q
&
<
o
=
['4
(5]
73

)

BP201601.1-ICEPc.2
SCRI1043-ICEPa.1

m

CNO03-ICEXc.2
B100-ICEXc.14

3811-ICEXc.14

100
U24d-ICEXf.1
80 9a5c-ICEXf.1
J1a12-ICEXf.3
60
Hib4-ICEXf.2

~ - -
o o ]
> > <
w w w
5} Q Q
P S -
2 2 3
(5] o “

Figure 4: ICEs identity matrix heatmaps. Heatmaps

100
PP0O9019-ICEDs.1
Ds0432-14CEDs. 1
3937ICEDd.1
80 DSM18020-ICEDd.2

IFB0421-ICEDs. 11
RNS082331A-ICEDs.1
IFB0099-CEDs. 1

IPO2222-ICEDs.1

T98- ICERsy1
SL3175- ICERsy1-

RS476- Tn4371

60 CRMRs218- Tn4371-]
GMI000- Tnd371
FJAT91-F1- ICERps1-{
FJAT91-F8- ICERps1-
YC40M- ICERps2-{

3937-ICEDd.1
IFB02-ICEDs.1
IFB0223-ICEDs.1

DSM18020-ICEDd.2
IFB0421-ICEDs.1
RNS082331A-ICEDs.1
IFB0089-ICEDs.1

w) PPO9019-ICEDs.1
~ Ds0432-1-ICEDs.1

IFB0167-ICEDs.1

IPO2222-ICEDs.1

CERps1

GMI1000- Tn4371
FJAT91-F1- ICERps1

FJATO91-
SL3175-

CRMRs218- Tn4371

T
~—

U24d-ICEX{.1
9a5c-ICEXf.1
J1a12-ICEXf.3

FJAT91-F8- ICERps1

Hib4-ICEXf.2

YC40M- ICERps2

35

100

100

100

are divided by groups of

bacteria; red color represents 100% of nucleotide identity A) A. tumefaciens; B) Dickeya

(dadantii and solani); C) P. carotovorum (and atrosepticum); D) R. solanacearum species

complex; E) X. campestris; F) X.fastidio



36

Agrobacterium tumefaciens

Initially, we investigate chromosome sequences of seventeen isolates available in
NCBI database, each one of them has two chromosomes, so we search for ICEs in 32
sequences of A. tumefaciens chromosomes (Table S3). Our methods allowed the identification
of four novel elements in sequences of three isolates: ICEAt.1 identified in chromosome
named I of 1D1609, ICEAt.2, and ICEALt.3 in the circular and linear chromosomes of 12D1
respectively, and at last, ICEAt.4 in the circular chromosome of isolate 186 (Figure 1). These
elements had a mean size of 86.773 bp; ICEAt.3 was the element with a larger sequence,
presenting 114.964 bp, followed from ICEAt.4 (101.577 bp), ICEAt.2 (68.662 bp), and the
smallest element was ICEAt.1 with 61.887 bp (Table S-12). The mean GC content of the
elements was 60,4 and varied from 58.1 (ICEAt.3) to 63.7 (ICEAt.1), only the elements
ICEAt.2 and ICEAt.3 of 12D1 showed lower GC content than the genome: 58,7 and 58,1
respectively (Table S12). The attachment sites of ICEAt.3 and ICEAt.4 were identified, and
regarding the integration site, both of these elements and ICEAt.2 are inserted in tRNA
sequences, and ICEAt.1 is inserted in guaA gene (Table S13-14).

The ICEs sequence alignment showed a bigger similarity between ICEAt.2 and
ICEAt.4 with 53,78% of nucleotide identity, and syntenic analysis presents that all elements
share gene clusters that represent their conjugation and integration modules mainly (Figure
4A - S1).

We were able to identify cargo genes in A. tumefaciens ICEs that encodes proteins
thatmay have important functions such as Cysteine hydrolase and Glycosidase on ICEAt.1,
and Endo-1,4-beta-xylanase on ICEAt.4 with a putative virulence role; likewise, Alkene
reductaseand Glutathione S-transferase on ICEAt.1, and Universal stress protein on ICEAt.3
that may have a putative role in the adaption of these bacteria. Also, we identify genes coding
fora L.D

— transpeptidase of ICEAt.3 and MBL fold metalo-hydrolase on ICEAt.4 that allows

putative resistance to antibiotics (Table S15).

Dickeya (dadantii and solani)

We search for ICEs in chromosomal sequences of thirteen Dickeya genomes, thus,
twoof them were D. dadantii, and eleven genomes belonging to the D. solani species (Table

S9). In those sequences we were able to find three distinct elements, and thirteen ICEs on
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total: ICEDd.1 was found in the chromosomal sequence of isolate 3937, ICEDd.2 on the
chromosome of DSM 18020, and interestingly, ICEDs.1 was present in all of the eleven
isolates of Dickeya solani, hence, all of the investigated strains harbor ICEs (Figure 1). Of
these elements, only ICEDd.1 has been cited in the literature, as an element of Tn4371 family
(Table S16) (Toussaint et al., 2003).

Regarding the size of those elements, ICEDd.1 was the biggest element, with 74.610
bp, followed by ICEDs.1 (48.378 bp) and ICEDd.2 was the smallest with 40.117 bp (Table
S12). The GC content of all elements was lower than the content of the genomes, with a mean
of 51,46: 52,1 of ICEDs.1, 52,9 of ICEDd2 and 49,9 of ICEDs.1 (Table S12). Both ICEDd.1
and ICEDs.1 had their attachment sites identified and are inserted in tRNA sequences,
ICEDd.2 was located inserted in bamE gene (Table S13-14). The different elements showed
low similarity between each other (< 50% of nucleotide identity) (Figure 4B). However,
clusters of syntenic genes were observed between all three elements, connecting its
recombinase gene, some transcriptional regulators, and cargo genes related to Type VI
secretion system (T6SS) described above. Furthermore, ICEDd.1 and ICEDs.1 may also share
their conjugation and regulation modules since syntenic gene clusters comprising genes of
T4SS and a toxin-antitoxin system were verified (Figure S2).

Between the main cargo genes of these ICEs we identify a putative Tellurium
resistance (terB) and an entry exclusion (eexN) in ICEDd.1. Moreover, component genes of
T6SS, hcp effectors, and tssl - vgrG with putative virulence role was verified in all three

different elements (Table S15).

Pectobacterium carotovorum (and atrosepticum)

The chromosomic sequences of eight genomes were investigated, four from P.
carotovorum (Pcc) and four from P. atrosepticum (Pca), enabling the identification of six
distinct ICEs in a total of nine elements (Table S10 — Figurel). As a result, in Pcc we found
ICEPc.1 and ICEPc.2 in genomes of JR1.1 and BP201601.1 isolates respectively, and in Pca
we observed a co-occurrence of ICEs, in other words, a single chromosome harboring more
than one element: in the chromosome of SCRI1043 we localize ICEPa.1 and ICEPa.2, we
observed JG10-08 carrying the elements ICEPa.l and ICEPa.3, and the isolate 36A, the
elements ICEPa.l and ICEPa.4. The element ICEPa.l by himself was identified in the
chromosome sequence of 21A isolate, and was the only element that has been studied in the

literature (Table S16 - Figurel) (Bell et al., 2004; Vanga et al., 2015; Panda et al., 2016).
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The alignment of ICEs sequences showed similarity between ICEPa.2 and ICEPc.1
with 69,54% of nucleotide identity, and ICEPa.2 and ICEPa.4 with a nucleotide identity
percentage of 68,94 (Figure 4C). Above all, syntenic analyses showed that with the except for
ICEPa.1, all elements seem to share their conjugation modules, which is demonstrated by a
highly syntenic gene cluster comprising conjugation and T4SS genes present in the elements,
also, the results indicate a similarity between integration genes of ICEPc.1, ICEPa2, ICEPc.2,
and ICEPa.4 (Figure S3).

Regarding the main cargo genes of these elements, the coronafacic acid biosynthesis
cluster of ICEPa.1 is known for its importance for the virulence in SCRI1043 isolate (Panda
et al., 2016). Genes encoding proteins with putative virulence role were also found in ICEPa.2
(Phospholipase D), ICEPa.4 (Arginase family protein), and ICEPc.2 (Glutathione peroxidase).
Moreover, we identify putative entry exclusion genes in ICEPa.2, ICEPa.4 and ICEPc.1, and
genes encoding proteins that may confer antibiotic resistance: MBL fold metallo-hydrolase in
ICEPa.3 and ICEPc.2, and mipA/ompV family protein of ICEPa.4 (Table S15).

As presented by Gorshkov et al., 2018, our analysis of differential gene expression
confirmed a higher expression of the gene cluster of coronafacic acid biosynthesis carried by
ICEPa.1 during the asymptomatic stage of P. atrosepticum SCRI1043 infection in tobacco,
represented by a higher RPKM value in comparison with symptomatic stage and in vitro
culture (Fig 5-A). As already described, the isolate SCRI1043 also has ICEPa.2, and the
expression of its putative virulence gene, Phospholipase D were verified, presenting the same
pattern displayed by the genes of ICEPa.1, with a higher RPKM value in the asymptomatic
stage of infection (Fig 5-B). Finally, we analyzed the expression of relaxase genes carried by
ICEPa.1 (loci tag ECA_RS03055) and ICEPa.2 (loci tag ECA_RS08300) to indicate the stage
of infection where the mobilization of these elements occurs. A different pattern of results
was verified, the relaxase of ICEPa.1 presented a greater expression in the symptomatic stage
of infection, followed by the in vitro culture, and lower expression in the asymptomatic stage
(Fig 5-D). The relaxase of ICEPa.2 exhibited an upregulation of the expression in the in vitro

culture, followed by the expression on the symptomatic phase (Fig 5-C).
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Figure 5: Different Expression Analyses - RPKM Heatmaps: Significant genes of
P. atrosapticum elements ICEPa.1 and ICEPa.2 (SCRI1043 isolate) in tobacco plants - Z1:
Asymptomatic zone, Z2: Symptomatic zone. Red color represents high expression A)
Coronafacic acid biosynthesis gene cluster carried by ICEPa.1 B) Cargo gene of ICEPa.2
with putative Virulence role — Phospholipase D; C) Relaxases of ICEPa.1 and ICEPa.2.

Pseudomonas syringae pathovars

This group of bacteria showed interesting results since it was where most elements
were found; chromosomes of 28 isolates were used to look for ICEs, and 20 distinct elements
were found, from a total of 33 elements (Table S1 — Figurel). Regarding the distribution of
these elements in bacterial genomes, it was verified that ICEPs.2 was the most common
element, present in nine isolates, followed by ICEPs.7 detected in seven isolates (Figure 1).
We were able to track down seven P. syringae ICEs that have already been cited in the
literature, therefore, this work brings thirteen novel putative elements (Table S16).

Interesting events of ICE co-occurrence have been verified in P. syringae

chromosomal sequences, mainly in sequences Shaanxi_M228, and ICMP 20586, where we
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were able to uncover four monopartite elements in each one. Furthermore, we spot the co-
occurrence of three monopartite ICEs in genomes of CRAFRU14.08, NZ-47, and
CRAFRU12.29; and two elements in MAFF212063, ICMP 18708, ICMP 18884, and P155

(Figure 1). Some of those elements could be seen grouped in tandem on the
chromosome sequence with the same attachment sites, their arrangement was outlined in
Figure 6A. This may be the first time in literature that more than three elements are
track down in onegenome.

The size of P. syringae elements varied from 30.968 bp of ICEPs.20 to 161.009 bp of
ICEPs.10, with a mean of 99.073 pb (Table S12), and their GC content had a mean of 55,13
ranging from 57,2 (ICEPs.2) to 50,7 (ICEPs.20) (Table S12). Attachment sites of fifteen
elements were identified and all the 32 elements were localized integrated next to a tRNA
sequence (Table S13-14). Between the elements, a bigger similarity was seen among ICEPs.4
and ICEPs.11 with 85% of nucleotide identity followed by ICEPs.1 and ICEPs.14 with 82%
of nucleotide identity (Figure 6B). Comparative analysis of gene clusters illustrated highly
syntenic ICEs in P. syringae, and enabled us to divide these elements into three groups, based
on clusters of syntenic genes. Group 1 comprises the ICEPs.3, ICEPs.15, ICEPs.16, ICEPs.18
and ICEPs.19, as a result these elements mainly share their conjugation and integration
modules with some IS sequences (Figure S4). Group 2 is the bigger one, comprising the
ICEPs.1, ICEPs.4, ICEPs.6, ICEPs.9, ICEPs.11, ICEPs.13, ICEPs.14, ICEPs.17 and

ICEPs.20; this group, in addition to sharing the conjugation and integration modules
as seen in group one, also share cargo gene encoding relevant functions, such as copper and
arsenic resistance gene clusters among other cargo genes, except for[CEPs.20, the most
different element among the P. syringae ICEs, that only shares an integrase and a
maintenance gene (ardR) (Figure S5). Finally, group three comprises the ICEPs.2, ICEPs.5,
ICEPs.7, ICEPs.10, and ICEPs.12; all of the elements also share the main modules
(integration and conjugation), moreover, ICEPs.2 and ICEPs.10 also had a syntenic gene
cluster that contains T3SS effectors, a cellulase, a transporter gene cluster, chemotaxis gene
clusters that may be involved in element regulation as other cargo genes. With this
comparison analysis, we were also able to verify sequence differences between ICEPs.2 of
ICMP20586 and Shaanxi_M228 due to IS insertions in the elements (Figure S6).A large
number of cargo genes encoding putative significative roles were identified in

P. syringae 1CEs: Between the most important, copper and arsenic resistance gene
clusters of ICEPs.8 and ICEPs.13 has been described in the literature (Colombi et al., 2017)

but here we report those gene clusters in ICEPs.1 and ICEPs.14 (Cooper and arsenic
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resistance), ICEPs.4 and ICEPs.11 (only Arsenic resistance). A great number of genes
encoding putative virulence roles were found in some of P. syringae elements, such as T3SS
effector genes, that were found in ICEPs.2, ICEPs.5, ICEPs.7, ICEPs.9, ICEPs.10, ICEPs.12,
and ICEPs.18. Cargo genes conferring putative antibiotic resistance were also identified, such
as crpP familyprotein that is carried by twelve elements, and mupB of ICEPs.18. Moreover, a

gene cluster encoding putative Tellurium resistance was identified in ICEPs.2 (Table S15).
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Figure 6: P. syringae 1CEs. A) P. syringae ICEs co-occurrence and in-tandem
configuration. (White rectangles: bacterial chromosomes — small colored rectangles: ICEs, the
colors represents different elements); B) P.syringae ICEs identity matrix heatmap: red - high

identity, purple -intermediate white-low identity
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Ralstonia solanacearum species complex

Chromosome sequences of one hundred R. solanacearum isolates were investigated,
leading to a result of seven distinct ICEs detected, being six from R. pseudosolanacearum and
one ICE spotted in R syzygii, from a total of twelve elements (Table S2- Figure 1). Most of
those elements had already been described in another work of our research group (Gongalves
et al., 2020) (Table S16), and here we report the presence of a known element (ICERps.1) in
two more isolates, FIAT91-F1 and FIAT91-F8, and a novel element, ICERps.4, detected in
UW386. The novel element, ICERps.4, have a percentual GC of 62,4, and size of 56.386 bp
and it is inserted in a tRNA sequence (Tables S12-14). The alignment of the sequences
showed similarity between ICERps.4 and ICERps.1, ICERps.2, and ICERps.3 with nucleotide
identity percentages of 79,7, 81,52 and 78,53 respectively (Figure 3D) that was illustrated
with syntenic gene clusters between these elements comprising the conjugation module and
other cargo genes (Figure S7).

These elements carry cargo genes that encode putative role in bacterial adaption such
as  Glutathione  S-transferase  from  Tn4371 and ICERps.3 and Gamma-
glutamylcyclotransferase carried by ICERps.1. Likewise, we were able to identify genes with
putative influence in virulence, like Amidohydrolase of ICERsy.1, and SDR family
oxidoreductase present in Tn4371 and ICERps.3, at last ICERps.1 also carries a Superoxide

dismutase gene with putative antioxidant resistance role (Table S15).

Xanthomonas campestris pathovars

We started our research with chromosomal sequences of eighteen X. campestris
isolates, in which we track down two different ICEs, from a total of three novel elements:
ICEXc.1 was found in the chromosomes of B100 and 3811 isolates and ICEXc.2 in the
chromosome of CNO3 (Table S5- Figure 1). The size of the element ICEXc.1 varied on the
different isolates: 64.106 bp in B100 and 64.534 bp in 3811, moreover, the size of the
ICEXc.2 element was 83.757 bp; the GC content was 61,7 and 60,1 respectively (Table S12).
The attachment sites of the elements were described, and both were localized inserted in
tRNA sequences (Table S13-14). Curiously the different elements shared low similarity, with
a nucleotide identity percentage of 47.41 (Figure 3E) but are highly syntenic as presented by

gene clusters comparison analyses (Figure S8).
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Both elements identified in X. campestris carry cargo genes encoding putative roles
in virulence. In ICEXc.1, we find genes encoding an aminotransferase, and a lytic
mureintransglycosylase in ICEXc.2. This element also carries two putative avirulence effector
genes and cargo genes such as Inositol hexakisphosphate that may be related to the adaption

of thesebacteria (Table S15).

Xylella fastidiosa

Chromosomes of twenty-one X. fastidiosa isolates were analyzed, enabling the
discovery of three distinct ICEs from a total of four elements (Table S8 — Figurel). The
element’s mean size was 108.150 bp ranging from 88.202 bp of ICEXf.1 to 158.355 of
ICEXTf.3 and the mean GC content was 56,7, varying from 54,6 (ICEXf.3) to 66,4 (ICEX{.2)
(Table S12). The insertion of the element ICEXf.1 diverged from the others, since this
element was found integrated next to ABC transporter gene; ICEXf.2 and ICEXf.3 were
found integrated next to tRNA sequences, moreover, only the attachment sites of ICEXf.2
was identified (Table S13-14). Up till now, only ICEXf.2 of Hib4 has been identified in the
literature (Denancé et al., 2019), hence our work presents two novel elements in X. fastidiosa.
The alignment analysis indicates low similarity between the elements with nucleotide identity
percentage less or equal to 42,63 (Figure 3F). Gene clusters comparison analyses were able to
demonstrate significative syntenic groups shared by ICEXf.3 and ICEXf.1, comprising their
conjugation and maintenance modules, represented by T4SS genes and a toxin-antitoxin gene
cluster, in addition to other cargo genes; ICEXf.2 exhibit low similarity with the other
elements in this analysis as well (Figure S9).

Cargo genes with putative roles in virulence were found in all three X. fastidiosa
elements such as Virulence factors encountered in ICEXf.1 and ICEXf.3; also, genes
conferring a putative antibiotic resistance were found in both elements (MBL fold metallo-
hydrolase- ICEXf.1) and (UDP-3-O-(3-hydroxymyristoyl- glucosamine N-acyltransferase -
ICEXf.3). We identify genes conferring a putative antioxidant resistance (Superoxide
dismutase) and with putative role in adaption such as coproporphyrinogen III oxidase in
ICEXf.2. Furthermore, a putative Entry exclusion gene was identified in ICEXf.3 (Table
S15).
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Discussion

The restrict knowledge about ICEs engender by the study bias of phenotypes
conferred by these elements has been overcame by the greater the availability of complete
genome sequences in recent years (Wozniak & Waldor, 2010; Johnson & Grossman, 2015;
Botelho & Schulenburg, 2020). Some researchers have addressed the presence of ICEs in
phytopathogenic bacteria but most of these works did not deal in depth, thus much still needs
to be done to fully understand the relationship between these elements and bacteria and
economically important phytobacteria (Mole et al., 2007; Guglielmini et al., 2011).

Through an in-silico investigation of ICEs using 300 genomes available at NCBI, we
have identified and characterized 78 putative ICEs in genomes of ten phytopathogenic
bacteria, and as expected, most of the ICEs were found integrated into tRNA sequences
(Johnson & Grossman, 2015). The modules of ICEs were determined by putative gene
functions: integrase and relaxase genes were placed in Integration/excision modules, T4SS
and mating-pair genes in conjugation module, Toxin-antitoxin gene clusters and anti-
restriction (ardR) genes in maintenance module, as already seen in literature, even though it is
known that the content of these modules varies between elements (Wozniak & Waldor, 2010;
Johnson & Grossman, 2015). The regulation module was restricted to some putative SOS
response and chemotaxis genes, as also already seen in the literature, because it is a module
that needs better experimental proof of the gene functions (Burrus & Waldor, 2004; Wozniak
& Waldor, 2010; Johnson & Grossman, 2015). Some identified elements also carry Entry
exclusion genes (eexn and traG), that can avoid redundant transfer of ICEs leading to host
energy savings (Marrero & Waldor, 2007; Dunny, 2019).

Our search methods did not allow the identification of ICEs in X. oryzae pv. oryzae,
X.axonopodis, and E. amylovora. This result may have occurred due to a bias in the software
used, since we are dealing with highly diverse elements and therefore difficult to identify.
Regarding to E. amylovora and X. axonopodis another bias involves the low number of
complete genomes available (nine and three genomes respectively) promoting a reduced view
of the variability of these genomes. However, we search for ICEs in 83 complete genomes of

X. oryzae pv. oryzae and despite its large repertoire of insertion sequences
(Salzberg et al., 2008; Cesbron et al., 2015), no IéE was found. Similarly to that, we investigate one
hundred sequences of RSSC complete genomes (40 new more genomes than the analyzed by

Gongalves et al., 2020), and only found one novel ICE (ICERps.4), besides reporting one element
already known in two new genomes (ICERps.1 in FJAT91-F1 and FJAT91-F8). We hypothesize that
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the present variation of ICEs in genomes of different bacterial species maybe related to a type of
mechanism to control the entry of these elements in cells, which can be more or less rigorous, allowing
or not the acquisition of ICEs by host cells.

Most of the identified elements carry genes with putative functions for adaptation
and virulence. Putative antibiotic resistance genes were also identified, but although they have
not been classified in this way, they can be related to the ICEs maintenance module.
Regardingthe virulence factors found, a greater number of T3SS ORFs was observed in ICEs.
This secretion system is an important virulence tool of phytobacteria, allowing the
translocation of effector proteins into plant cells changing their metabolism or suppressing
defenses. Among the genera of bacteria that have this system are Pseudomonas, Ralstonia,
and Xanthomonas (Cornelis & van Gijsegem, 2000; Alfano & Collmer, 2004).
Furthermore, we also foundgenes that encodes hydrolytic enzymes involved in host cell wall
degradation as the second most prevalent group of virulence factors in our ICEs. Thus, our
work highlights the importance of ICEs for a possible function on parasitism evolution,
directing the spread of significant putative virulence genes in phytopathogenic bacteria. The
specific results in bacterial groups will be discussed above:

A. tumefaciens is a phytopathogenic bacteria with economical and
scientificsignificance, since it can cause the crown gall disease in a wide variety of plants and
is also animportant biotechnological tool of gene transfer into in plants cells (Gelvin, 2003).
Similarly b other facultative phytopathogens, A tumefaciens needs to deal with the variation
between taking shelter in the environment or host, leading to a great heterogeneity of habitats
and consequently to great selective pressure and genetic variability in those bacteria (Barton
et al.,2018). Among the results presented, we found four putative ICEs in A. tumefaciens
genomes, three of them carrying genes such as glycosidase and xylanase, with a putative
virulence role, acting on plant cell wall degradation, similarly to the activity indicated
by similar genesshown by Mathews et al., in 2019. Cargo genes with putative adaption role
also were found, such as Glutathione S- transferase (GST) of ICEAt.1, that were identified not
only in A. tumefaciens I1CEs but in P. atrosepticum (ICEPa.3), and R. pseudosolanacearum
(Tn4371 and ICERps.3). Bacterial GSTs are known by its role in detoxification processes (Allocati et
al., 2009; Gullner et al., 2018).

D. dadantii and D. solani are two bacterial species selected by Mansfield et al.,
in2012 to occupy the same position in their ranking, however, they were selected for different
reasons. The phytopathogen D. dadantii is responsible for soft rot disease in crops around the

world, therefore, its isolate 3937 was used to study plant pathogenicity for many years
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(Grenier et al., 2006; Mansfield et al., 2012). Otherwise, the pectinolytic bacterium D. solani
can cause wilt in potato crops (Toth et al., 2011; van der Wolf et al., 2014). We were able to
track down three putative different ICEs in D. dadantii and D. solani, being two novel
elements and one (ICEDd.1) already been described (Toussaint et al., 2003). Interestingly, the

D. solani element, ICEDs.1 were identified in all of the complete genomes available
in NCBI database, of isolates from different European countries, which can indicate an
ancestral acquisition of this ICE, or a recent spread event of these bacteria in potato crops
around Europe. Pulse field gel electrophoresis and multi locus sequence analyses with some
D. solanistrains from different regions suggested a high degree of clonality between them
(van der Wolf et al., 2014), a feature that may explain the presence of the same ICE in all
isolates. All three elements (ICEDd.1, ICEDd.2, and ICEDs.1) share the Hcp effector gene as
a cargo generelated to virulence, Hcp belongs to the T6SS, and it is a part of a tubular
structure facilitating the transport of other effectors into the host cells, jointly, zss/ is another
component of this system present in Dickeya ICEs (Silverman et al., 2012; Russell et al.,
2014; Cianfanelli et al., 2016).

The “model” pathogens for genetic phytopathogenic studies, Pectobacterium
carotovorum (Pcc) and Pectobacterium atrosepticum (Pca) were posteriorly classified by
Erwinia carotovora subspecies carotovora and atrosepticum, respectively, and together with
Dickeya genera can cause soft rot diseases in several plant species ( Perombelon & Kelman,
1980; Gardan et al., 2003; Ma et al., 2007). In our work, we identify five putative new ICEs in
Pcc and Pca, and one known element, ICEPa.1(Bell et al., 2004). Regarding the cargo genes
of these elements, we found an Arginase family protein in ICEPa.4 that may influence
bacterial virulence, it has been shown that an Arginase gene (rocF) is associated to virulence
in X. oryzae pv. oryzae, influencing EPS production, biofilm formation and hydrogen
peroxide resistance (Zhang et al., 2019). Furthermore, Pcc and Pca are known for their
fabrication of cell- wall-degrading enzymes that macerate plant tissues causing soft rot
symptoms (Barras et al., 1985), connected to that, we found ICEPa.2 carrying a putative
Phospholipase D that can influence virulence from the same process. Moreover, ICEPa.l,
described in the literature as HAI2, is known for its biosynthetic coronafacic acid gene cluster
that has verified a significant relationship with his bacterial host virulence (Panda et al.,
2016). A previous study with the isolate SCRI1043 that infects tobacco plants showed that the
cluster is upregulated in asymptomatic plant zones similarly to our results, the authors suggest
a relationship between coronafacic acid and a pathogen behavior change, causing the disease

(Gorshkov et al., 2018). Our differential expression analysis of phospholipase D carried by
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ICEPa.2 revealed the same pattern of expression seen for coronafacic acid biosynthesis genes,
indicating a possible similar role of this gene in the process of developing symptoms
development during tobacco infection. Our results of expression of the relaxase genes of these
elements possibly indicate that the mobilization of ICEPa.1 and ICEPa.2 in SCRI1043 isolate
does not occur during the asymptomatic phase of infection due to its downregulation in this
stage. These results correlate with the knowledge that the genes related to the mobilization of
the ICE normally remain inactive and are induced by specific signals and conditions such as
SOS response, and during the growth phase of the bacterial host (Johnson & Grossman,
2015), what can explain the upregulation of these genes in the symptomatic stage of infection
and in vitro culture seen in our work. Due to the low quality of the RNAseq sequences
obtained, only the data of one of the two repetitions were used to develop our graphics.

The P. syringae species comprises a group of bacterial pathovars that are capable of
causing necrosis on aerial plant parts in a large part of the economically important plants
around the world, occupying the first place of Mansfield’s ranking (Hirano & Upper, 1990;
Mansfield et al., 2012; Xin et al., 2018), moreover, these bacteria are able to survive and
multiply in diverse habitats, not only acting as phytopathogen (Morris et al., 2007). Such
interesting features of this bacterium reflects in our findings: about 42% (33) of the ICEs
detected were found in their genomes, plus the largest element of this work was also detected
in P. syringae (ICEPs.10 — 161.009 bp.), also, some of these elements appear together on a
single host chromosome in events of co-occurrence and some configurations show ICEs in
tandem (Figure 5). Gene clusters comparison of the elements illustrates another interesting
feature, they are highly syntenic, and share gene clusters “blocks” that vary between ICEs. P.
syringae ICEs already had been studied, but its nomenclature and the dissemination of
information seems confusing, for that matter we were able to locate only seven elements
identified in this work in literature. Among the elements already known, ICEPs.8 and
ICEPs.13 (Psanz4sICE_Cu and Psanz47ICE_Cu respectively) were experimentally studied
presenting copper and arsenic resistance gene clusters, that were used later as a way to control
these bacteria, therefore the work illustrates the importance of ICEs in the spread of resistance
genes in bacterial populations (Colombi et al., 2017). In our work, we contribute to this
information by detecting putative copper and arsenic resistance gene clusters in ICEPs.1 and
ICEPs.14, and arsenic resistance gene cluster in ICEPs.4 and ICEPs.11. Like other
phytopathogens, Type III Secretion System plays a fundamental role in pathogenesis in P.
syringae (Cunnac et al., 2009), reflecting the importance of the seven ICEs carrying putative

T3SS genes, such as effectors and chaperones.
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Together with other important putative cargo genes related to resistance and
adaptation of these bacteria, we detected a putative Tellurium resistance gene cluster in
ICEPs.2. This chemical element is lethal for some microorganisms, and the resistance against
its oxyanion has been described in P. syringae (Summers & Jacoby, 1977; Cournoyer et al.,
1998; Cunha et al., 2009). A putative ferb gene related to Tellurium resistance was also
founded in ICEDd.1. Curiously, the presence of these genes may play a different role as the
Tellurium resistance expected, due to the concentration of the element in nature, hence they
can act conferring other phenotypes for these bacteria (Cournoyer et al., 1998; Zannoni et al.,
2008).

The X. campestris pathovars cause economic impact being the source of diseases in
many crops around the world and were represented in the ranking of top 10 plant pathogens
by X. campestris pv. campestris (Xcc) that causes disease in brassicas, X. campestris pv.
vesicatoria (Xcv - reclassified by X. euvesicatoria) causing disease in pepper and tomato, and
X. campestris pv. malvacearum (Xcm — reclassified by X. axonopodis pv. malvacearum) that
causes disease in cotton plantations (Jones et al., 2000; Akello & Hillocks, 2002; Mansfield et
al.,, 2012; Kyeon et al., 2016). Here we tracked down two new ICEs in X. campestris
genomes, which interestingly are highly syntenic but have low nucleotide identity. In
particular ICEXc.2 carries some avirulence genes, among them we identified the gene that
codifies AvrXccC effector, that besides its role activating plant immune system, it also acts in
virulence interfering with abscisic acid plant immune response (Ho et al., 2013).

We also found ICEs in X. fastidiosa, a vector-transmitted phytopathogen accountable
for economic losses due to several different diseases that it can cause in crops, such as citrus
variegated chlorosis and the disease of grape (Chatterjee et al., 2008). We identified three
different ICEs in X. fastidiosa genomes, and we spotted a putative Superoxide dismutase gene
carried by ICEXf.2, that can influence virulence providing defense against host’s immune
responses (Lambais et al., 2000). Moreover, the lack of material about virulence factors in X.
fastidiosa ICEs may be explained by the information that although it is a pathogen limited to
plants xylem, it uses different virulence factors from other vascular pathogens, which may
explain the absence of virulence factors carried by their elements that were common in other
ICEs described in this work, such as T3SS effectors and hydrolases (Wells et al., 1987;
Chatterjee et al., 2008).

Finally, we discovered one complete putative ICE being shared by different species,
ICEPc.2 present in P. carotovorum and in the rhizobacteria S. plymuthica. This evidence of

ICEs transfer between different bacterial genera brings attention to the potential for gene
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spreading function of these elements, which may be of concern in the case of virulence and
antibiotic resistance genes. In addition to that, ICEPc.1 and ICEXc.1 shared high nucleotide
similarity with two novel ICEs of P. aroidearum and X. arboricola pv. juglandis
respectivelly. In conclusion, our results suggest a putative association between ICEs and
phytobacteria fitness. Our in-silico work opens the doors to further experimental
investigations that need to be done to help better understand the role of ICEs and their cargo

genes in phytopathogenic bacteria.
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Supplementary Material

Supplementary table 1: Genomes of Pseudomonas syringae analyzed in this work

Pseudomonas syringae Pathovars

Strain RefSeq sequence Isolation/Host Localization Pathovar
B728a NC_007005.1 leaflet USA syringae
Shaanxi_M?228 NZ_CP032631.1 Actinidia China actinidiae
NZ-45 (ICMP 20586) NZ_CP017007.1 Actinidia deliciosa New Zealand actinidiae
MAFF212063 NZ_CP024712.1 Actinidia chinensis Japan actinidiae
ICMP 18708 NZ_CP012179.1 Actinidia New Zealand actinidiae
ICMP 18884 NZ_CP011972.2 Actinidia deliciosa New Zealand actinidiae
CRAFRU14.08 NZ_CP019732.1 Actinidia deliciosa Portugal actinidiae
NZ-47 NZ_CP017009.1 Actinidia chinensis New Zealand actinidiae
CRAFRU12.29 NZ_CP019730.1 Actinidia deliciosa Italy actinidiae
P155/P220 NZ_CP032871.1 kiwifruit China actinidiae
ICMP 9853 NZ_CP018202.1 Actinidia Japan actinidiae
inb918 NZ_CP024646.1 soil Philippines Unknown
CFBP3846 NZ_1.T963402.1 Prunus avium France avii
B301D NZ_CP005969.1 Pyrus communis United Kingdom syringae B301D
LMG5095 NZ_CP028490.1 Triticum aestivum New Zealand atrofaciens
CFBP4215 NZ_1.T962480.1 Unknown Unknown syringae
CFBP2116 NZ _1.T985192.1 Unknown Unknown Unknown
CFBP2118 NZ_1.T962481.1 Unknown Unknown syringae
CFBP6109 NZ_L'T963391.1 Prunus yedoensis Japan cerasicola
CFBP3840 NZ _1.T963409.1 Unknown Unknown Unknown
HS191 NZ_CP006256.1 Panicum miliaceum Australia syringae HS191
Pss9097 NZ_CP026568.1 Prunus sp. United Kingdom syringae
ATCC 10859 NZ_CP013183.1 Triticum aestivum China lapsa
PP1 NZ_CP034078.1 Pisum sativum Japan pisi
UMAF0158 NZ_CP005970.1 Mango tree Unknown syringae
CC1557 NZ_CP007014.1 SNOwW France Unknown
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https://www.ncbi.nlm.nih.gov/nuccore/NC_007005.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP032631.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP017007.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP024712.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP012179.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP011972.2
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP019732.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP017009.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP019730.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP032871.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP018202.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP024646.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LT963402.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP005969.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP028490.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LT962480.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LT985192.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LT962481.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LT963391.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_LT963409.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP006256.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP026568.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP013183.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP034078.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP005970.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP007014.1

UB303
USAO11

NZ_CP047267.1
NZ_CP045799.1

lake water
stream water

Unknown
Unknown

Supplementary table 2: Genomes of Ralstonia solanacearum Species complex analyzed in this work.

Ralstonia solacearum Species Complex

Strain RefSeq sequence Isolation/Host Localization
OEIl-1 NZ_CP009764.1 Solanum melongena Japan
FJAT-1458 NZ_CP016554.1 tomato China
FJAT15252.F50 NZ_CP052102.1 tomato China
FJAT1458.F1 NZ_CP052120.1 tomato China
FJAT1458.F50 NZ_CP052118.1 tomato China
FJAT1463.F50 NZ_CP052114.1 tomato China
FJAT1463.F1 NZ_CP052116.1 tomato China
FIAT15249.F50 NZ_CP052106.1 tomato China
FJAT15252.F1 NZ_CP052104.1 tomato China
FJAT15249.F1 NZ_CP052108.1 tomato China

T78 NZ_CP022765.1 Solanum tuberosum South Korea
EP1 NZ_CPO15115.1 eggplant China

T60 NZ_CP022768.1 Solanum tuberosum South Korea
FJAT454.F1 NZ_CP052070.1 tomato China
FJAT448.F1 NZ_CP052074.1 tomato China
FIAT448.F50 NZ_CP052072.1 tomato China

SL3882 NZ_CP022778.1 Solanum tuberosum South Korea
FJIAT454.F50-1 NZ_CP060701.1 tomato China
SEPPX05 NZ_CP060701.1 sesame seedling China
HA4-1 NZ_CP022481.1 peanut China
FJAT91.F50 NZ_CP052068.1 tomato China
FIAT91-F1 NZ_CP056083.1 Unknown China
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https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP009764.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP016554.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052102.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052120.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052118.1
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https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052116.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052106.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052104.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052108.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP015115.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022768.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052070.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052074.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052072.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022778.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP060701.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP021448.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022481.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052068.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP056083.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP047267.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP045799.1

FIAT-91
FJAT91-F8
SL3300
FJAT15353.F8
FJAT15353.F50
FJAT15353.F1
FJAT1303.F50
FJAT1303.F8
YC40-M
SL3822
CQPS-1
B2
204
203
202
FJAT15244.F50
RSCM
FJAT15244.F1
FJAT15244-F8
SL3755
YQ
T117
T42
GMI1000
SL3730
SL2729
FJAT442.F50
FJAT442 F1
FJAT1452.F50

NZ_CP016612.1
NZ_CP056085.1
NZ_CP022786.1
NZ_CP052084.1
NZ_CP052086.1
NZ_CP052088.1
NZ_CP052126.1
NZ_CP052130.1
NZ_CP015850.1
NZ_CP022780.1
NZ_CP016914.1
NZ_CP049787.1
NZ_CP049793.1
NZ_CP049791.1
NZ_CP049789.1
NZ_CP052110.1
NZ_CP025985.1
NZ_CP052112.1
NZ_CP059376.1
NZ_CP022782.1
NZ_CP059489.1
NZ_CP022755.1
NZ_CP022772.1
NZ_CP022772.1F
NZ_CP022784.1
NZ_CP022792.1
NZ_CP052080.1
NZ_CP052082.1
NZ_CP052122.1

healthy tomato plant
Unknown
Solanum tuberosum
tomato
tomato
tomato
tomato
tomato
Rhizoma kaempferiae
Solanum tuberosum
Tobacco
tobacco substrate
tobacco substrate
tobacco substrate
tobacco substrate
tobacco substrate
Cucurbita maxima
tomato
tomato
Solanum tuberosum
Casuarina equisetifolia
Solanum tuberosum
Solanum tuberosum
Solanum lycopersicum
Solanum tuberosum
Solanum tuberosum
tomato
tomato
tomato

China
China
South Korea
China
China
China
China
China
China
South Korea
China
China
China
China
China
China
China
China
China
South Korea
China
South Korea
South Korea
Unknown
South Korea
South Korea
China
China
China
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FJATI1452.F1
FJAT445.F50
FJAT445.F1
SL2330
FJAT15304.F6
FJAT15340.F50
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FJAT15340.F1
FJIAT15304.F1
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UW386
FIAT1303.F1
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TI11
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T82
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PSI107
T51
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CIAT_078
Po82

NZ_CP052124.1
NZ_CP052076.1
NZ_CP052078.1
NZ_CP022794.1
NZ_CP052096.1
NZ_CP052092.1
NZ_CP052098.1
NZ_CP052094.1
NZ_CP052100.1
NZ_CP052090.1
NZ_CP039339.1
NZ_CP052128.1
NZ_CP022761.1
NZ_CP022798.1
NZ_CP014702.1
NZ_CP023016.1
NZ_CP022788.1
NZ_CP022759.1
NZ_CP022776.1
NZ_CP022796.1
NZ_CP022763.1
NZ_CP022757.1
NZ_CP022774.1
NC_014311.1
NZ_CP022770.1
NZ_CP012939.1
NZ_CP022790.1
NZ_CP051296.1
NC_017574.1

tomato
tomato
tomato
Solanum tuberosum
tomato
tomato
tomato
tomato
tomato
tomato
soil
tomato
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Unknown
Solanum tuberosum
plantain
Solanum tuberosum
plantain
Unknown

China
China
China
South Korea
China
China
China
China
China
China
Nigeria
China
South Korea
South Korea
South Korea
South Korea
South Korea
South Korea
South Korea
South Korea
South Korea
South Korea
South Korea
Unknown
South Korea
Peru
South Korea
Colombia
Unknown

65


https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052124.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052076.1
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https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022794.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052096.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052092.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052098.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052094.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052100.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052090.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039339.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP052128.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022761.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022798.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP014702.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP023016.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022788.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022759.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022776.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022796.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022763.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022757.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022774.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_014311.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022770.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP012939.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022790.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP051296.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_017574.1

IBSBF 2571
KACC10709
IBSBF1503
UY031
RS 488
RS 489
UA-1617
UA-1591
UA-1611
UA-1579
UA-1609
UA-1612
FQY 4
T523
CMRI5
P824
IBSBF 2570
SFC
Rs-09-161
Rs-10-244

NZ_CP026307.1
NZ_CP016904.1
NZ_CP012943.1
NZ_CP012687.1
NZ_CP021652.1
NZ_CP021766.1
NZ_CP034199.1
NZ_CP034195.1
NZ_CP034196.1
NZ_CP034194.1
NZ_CP034197.1
NZ_CP034198.1
NC_020799.1
NZ_CP022702.1
NC_017559.1
NZ_CP025741.1
NZ_CP026090.2
NZ_CP026092.2
NZ_CMO002757.1
NZ_CMO002755.1

Musa sp.
Lycopersicon esculentum
Cucumis sativus
Solanum commersonii
Solanum lycopersicum
Solanum lycopersicum
Plantain
Plantain
Banana
Banana
Banana
Banana
Bacterial wilt Nursery
Solanum lycopersicum
Unknown
Vaccinium corymbosum
Musa sp.

Musa sp.

eggplant
Chilli

Brazil
Korea
Brazil
Uruguay
Brazil
Brazil
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
China
Philippines
Unknown
USA
Brazil
Brazil
India
India
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https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP012687.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP021652.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP021766.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP034199.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP034195.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP034196.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP034194.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP034197.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP034198.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_020799.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022702.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_017559.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP025741.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP026090.2
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP026092.2
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CM002757.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CM002755.1

Supplementary table 3: Genomes of Agrobacterium tumefaciens analyzed in this work.

Agrobacterium tumefaciens

Strain RefSeq sequence Isolation/Host Localization Chromosome
1D1609 NZ_CP026924.1 Medicago sativa USA |
1D1609 NZ_CP026925.1 Medicago sativa USA 1I

CFBP6625 NZ_CP039910.1 Unknown Unknown Unknown
CFBP6625 NZ_CP039911.1 Unknown Unknown Unknown
CFBP6623 NZ_CP039903.1 Unknown Unknown circular
CFBP6623 NZ_CP039904.1 Unknown Unknown linear
12D1 NZ_CP033031.1 Unknown Unknown circular
12D1 NZ _CP033032.1 Unknown Unknown linear
S33 NZ_CP014259.1 Unknown Unknown Unknown
S33 NZ_CP014260.1 Unknown Unknown Unknown
CFBP6624 NZ_CP039907.1 Unknown Unknown circular
CFBP6624 NZ_CP039908.1 Unknown Unknown linear
186 NZ_CP042274.1 Juglans regia USA circular
186 NZ_CP042275.1 Juglans regia USA linear
CFBP6626 NZ_CP039916.1 Unknown Unknown Unknown
CFBP6626 NZ_CP039917.1 Unknown Unknown Unknown
1D1460 NZ_CP032926.1 Rubus sp. USA circular
1D1460 NZ_CP032927.1 Rubus sp. USA linear
CFBP7129 NZ_CP039922.1 Unknown Unknown circular
CFBP7129 NZ_CP039923.1 Unknown Unknown linear
CFBP5499 NZ_CP039888.1 Unknown Unknown circular
CFBP5499 NZ_CP039889.1 Unknown Unknown linear
CFBP5877 NZ_CP039897.1 Unknown Unknown circular
CFBP5877 NZ_CP039898.1 Unknown Unknown linear
1D1108 NZ_CP032921.1 Euonymus sp. USA circular
1D1108 NZ_CP032922.1 Euonymus sp. USA linear
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https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP026924.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP026925.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039910.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039911.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039903.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039904.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033031.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033032.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP014259.1?report=genbank
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP014260.1?report=genbank
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039907.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039908.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP042274.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP042275.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039916.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039917.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP032926.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP032927.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039922.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039923.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039888.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039889.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039897.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP039898.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP032921.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP032922.1

1D1108 NZ_CP033027.1 Unknown Unknown circular
A6 NZ_CP033028.1 Unknown Unknown linear
AchS5 NZ_CP011246.1 Achillea ptarmica USA circular
AchS NZ_CP011247.1 Achillea ptarmica USA linear
15955 NZ_CP032917.1 Unknown Unknown circular
15955 NZ_CP032918.1 Unknown Unknown linear
EMLA4 NZ_CP058525.1 Unknown Unknown circular
EMLA4 NZ_CP058526.1 Unknown Unknown linear
Supplementary table 4: Genomes of Xanhtomonas oryzae pv. oryzae analyzed in this work.
Xanthomonas oryzae pv. oryzae
Strain RefSeq Sequence Isolation/Host Localization
PXO99A NC_010717.2 Oryza sativa Unknown
ICMP3125 NZ_CP031697.1 Oryza sativa India
NX0260 NZ_CP033192.1 Oryza sativa Nepal
PX0145 NZ_CP013961.1 Oryza sativa Philippines
CIAT NZ_CP033194.1 Oryza sativa Colombia
PX0211 NZ_CP013674.1 Oryza sativa Philippines
PX079 NZ_CP031462.1 Oryza sativa Philippines
PX083 NZ_CP012947.1 Oryza sativa Philippines
PX086 NZ_CP007166.1 Oryza sativa subsp. indica Philippines
PX086-2 NZ_CP031463.1 Oryza sativa Philippines
JW11089 NZ_CP033193.2 Oryza sativa South Korea
PXO061 NZ_CP020942.1 Oryza sativa Philippines
PX061-2 NZ_CP021789.1 Oryza sativa Philippines
PX0142 NZ_CP031698.1 Oryza sativa Philippines
PX0O61-3 NZ_CP021788.1 Oryza sativa Philippines
KXO085 NZ_CP033197.1 Oryza sativa South Korea

68


https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033027.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033028.1
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https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP032917.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP032918.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP058525.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP058526.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_010717.2
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP031697.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033192.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP013961.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033194.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP013674.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP031462.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP012947.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP007166.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP031463.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033193.2
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP020942.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP021789.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP031698.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP021788.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033197.1

PX0236
PX061-4
XF89b
IX-280
AUST2013
PX0524
PX0602
JPO1
MAFF311018
PX0563
SK2-3
XM9
PXO0513
HuN37
PX0404
PX0421
PXO0O71
PX0364
JL25
JL33
YCl11
ScYc-b
ScYc-b
CFBP7319
CIX298
CFBP7340
mai/01
CFBP1949
CFBP7325

NZ_CP013675.1
NZ_CP033187.3
NZ_CP011532.1
NZ_CP019226.1
NZ_CP033196.1
NZ_CP013677.1
NZ_CP013679.1
NZ_CP031460.1
NC_007705.1
NZ_CP013678.1
Nz_CP019515.1
NZ_CP020334.1
Nz_CP033188.1
NZ_CP031456.1
NZ_CP033190.1
NZ_CP033189.1
NZ_CP013670.1
NZ_CP033191.1
NZ_CP031457.1
NZ_CP031459.1
NZ_CP031464.1
NZ_CP031469.1
NZ_CP018087.1
NZ_CP033181.1
NZ_CP036378.1
NZ_CP033174.1
NZ_CP025609.1
NZ_CP033184.1
NZ_CP033176.1

Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Unknown
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa

Philippines
Philippines
Taiwan
India
Australia
Philippines
Philippines
Japan
Unknown
Philippines
Thailand
Taiwan
Philippines
China
Philippines
Philippines
Philippines
Philippines
China
China
China
China
China
Burkina Faso
Burkina Faso
Niger
Mali
Mali
Mali
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https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP019226.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033196.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP013677.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP013679.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP031460.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_007705.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP013678.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP019515.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP020334.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033188.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP031456.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033190.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033189.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP013670.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033191.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP031457.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP031459.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP031464.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP031469.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP018087.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033181.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP036378.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033174.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP025609.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033184.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033176.1

MAI134
CFBP7337
CIX2374
CFBP7323
Ugll
Dak16
T19
CFBP7324
CFBP7320
BAI3
CFBP7321
CFBP7322
MAI106
mai/95
CFBP1951
mai/73
MAI145
MAI129
mai/68
mai/99
JL28
CFBP1952
AX01947
CFBP1948
CFBP8172
YN24
BXO1
PX0282
KACC10331

NZ_CP019091.1
NZ_CP033175.1
NZ_CP036377.1
NZ_CP033178.1
NZ_CP033170.1
NZ_CP033172.1
NZ_CP033171.1
NZ_CP033177.1
NZ_CP033186.1
NZ_CP025610.1
NZ_CP033180.1
NZ_CP033179.1
NZ_CP019089.1
NZ_CP019087.1
NZ_CP033183.1
NZ_CP019086.1
NZ_CP019092.1
NZ_CP019090.1
NZ_CP019085.1
NZ_CP019088.1
NZ_CP031458.1
NZ_CP033182.1
NZ_CP013666.1
NZ_CP033185.1
NZ_CP033173.1
Unknown
Unknown
NZ_CP013676.1
NC_006834.1

Oryza longistaminata

Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa

Oryza sativa
Unknown

Mali
Mali
Senegal
Niger
Uganda
Tanzania
Tanzania
Niger
Burkina Faso
Burkina Faso
Burkina Faso
Burkina Faso
Mali
Mali
Mali
Mali
Mali
Mali
Mali
Mali
China
Mali
Cameroon
Cameroon
Benin
China
India
Philippines
Unknown
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https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP036377.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033178.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033170.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033172.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033171.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033186.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP025610.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033180.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033179.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP019089.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP019087.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP019086.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP019092.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP019090.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP019085.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP019088.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP031458.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033182.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP013666.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033185.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP033173.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP013676.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_006834.1

0S198

IXO1088

1IX0704
K2
K1
K3
K3a

ITCCBB0002

LN18

NZ_CP031461.1
NZ_CP040687.1
NZ_CP040604.1
NZ_CP050113.1
NZ_CP049205.1
NZ_CP050114.1
NZ_CP050115.1
NZ_CP046148.1
Unknown

Oryza sativa
Oryza sativa
Oryza sativa

Oryzae sativa L.
Oryzae sativa L.
Oryzae sativa L.
Oryzae sativa L.

Oryza sativa
Oryza sativa

China
India
India
South Korea
South Korea
South Korea
South Korea
India
China

Supplementary table 5: Genomes of Xanthomonas campestris analyzed in this work.

Xanthomonas campestris pahtovars

Strain RefSeq Sequence Isolation/Host Localization Pathovar
ATCC 33913 NC_003902.1 Brassica oleracea Unknown campestris
8004 NC_007086.1 Brassica oleracea var. botrytis United Kingdom campestris
CN18 NZ_CP017319.1 Brassica juncea var. foliosa China campestris
CN17 NZ_CP017307.1 Brassica rapa subsp. Chinensis China campestris
CN12 NZ_CP017310.1 Brassica napus subsp. Oleifera China campestris
B100 NC_010688.1 Mud Germany campestris
3811 NZ_CP025750.1 Cabbage Unknown campestris
MAFF302021 NZ_AP019684.1 Brassica oleracea var. botrytis Japan campestris
CNO3 NZ_CP017308.1 Brassica rapa subsp. Pekinensis Japan campestris
CN14 NZ_CP017317.1 Brassica juncea var. foliosa China campestris
CNI15 NZ_CP017323.1 Brassica rapa subsp. Chinensis China campestris
MAFF106712 Unknown Unknown campestris
NEB122 NZ_CP051651.1 Unknown Unknown badrii
756C NC_017271.1 Unknown Unknown raphani
ICMP 21080 NZ_CP012145.1 cabbage New Zealand campestris
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ICMP 4013 NZ_CP012146.1 Brassica oleracea var. capitata New Zealand campestris
ICMP 4013 NZ_CP051651.1 Unknown Unknown badrii
MAFF106181 NZ_CP058243.1 Japanese radish Japan raphani
Supplementary table 6: Genomes of Xanthomonas axonopodis analyzed in this work.
Xanthomonas axonopodis
Strain RefSeq Sequence Isolation/Host Localization Pathovar
Xac29-1 NC_020800.1 Unknown Unknown Unknown
LMG26789 NZ_CP031059.1 Commiphora wightii India commiphoreae
NCPPB 796 NZ_CP053649.1 sugarcane Mauritius vasculorum
Supplementary table 7: Genomes of Erwinia amylovora analyzed in this work.
Erwinia amylovora
Strain RefSeq Sequence Isolation/Host Localization
E-2 NZ_CP024970.1 Malus sp. Belarus
CFPB1430 NC_013961.1 Unknown Unknown
ATCC 49946 NC_013971.1 Unknown Unknown
FB-86 NZ_CP050258.1 Apple tree South Korea
FB-207 NZ_CP050263.1 Pear tree South Korea
TS3238 NZ_CP050244.1 Pear tree South Korea
TS3128 NZ_CP056034.1 Pyrus pyrifolia var. culta South Korea
FB-307 NZ_CP050242.1 Apple tree South Korea
FB-20 NZ_CP050240.1 Pear tree South Korea
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Supplementary table 8: Genomes of Xylella fastidiosa analyzed in this work.

Xylella fastidiosa
Strain RefSeq Sequence Isolation/Host Localization

9a5c NC_002488.3 Orange Valencia Brazil
Hib4 NZ_CP009885.1 Hibiscus Brazil
J1lal2 NZ_CP009823.1 Citrus Brazil

Ann-1 NZ_CP006696.1 Oleander Unknown
3124 NZ_CP009829.1 coffee Brazil
U24D NZ_CP009790.1 Citrus sinensis Brazil
Pr8x NZ_CP009826.1 Plum Brazil

Fb7 NZ_CP010051.2 Citrus Argentina

MULO0034 NZ_CP006740.1 Mulberry Unknown
M23 NC_010577.1 Prunus dulcis USA
Temeculal NC_004556.1 Grapevine USA
De Donno NZ_CP020870.1 Olea europaea Italy
Salento-2 NZ_CP016610.1 Olea europaea Italy
Salento-1 NZ_CP016608.1 Olea europaea Italy
Bakersfield-1 NZ_CP040799.1 Vitis vinifera USA
GB514 NC_017562.1 grape USA
MI12 NC_010513.1 Prunus dulcis USA
ATCC 35879 NZ_CP044352.1 Grapevine USA
RH1 NZ_CP052853.1 Olea europaea USA
LM10 NZ_CP052854.1 Olea europaea USA
Fillmore NZ_CP052855.1 Olea europaea USA
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Supplementary table 9: Genomes of Dickeya (dadantii and solani) analyzed in this work.

Dickeya dadantii
Strain RefSeq Host Localization
DSM 18020 NZ_CP023467.1 Pelargonium capitatum Comoros
3937 NC_014500.1 African violet Unknown
Dickeya solani
Strain RefSeq Host Localization
10P2222 NZ_CP015137.1 Solanum tuberosum Netherlands
IFB0223 NZ_CP024710.1 Solanum tuberosum Germany
IFB 0099 NZ_CP024711.1 Solanum tuberosum Poland
RNS 08.23.3.1.A NZ_CP016928.1 Solanum tuberosum France
D s0432-1 NZ_CP017453.1 Solanum tuberosum Finland
PPO 9019 NZ_CP017454.1 Muscari Netherlands
IFB0223 NZ_CP024710.1 Solanum tuberosum Germany
IFB0421 NZ_CP051460.1 Solanum tuberosum Portugal
IFB0231 NZ_CP051458.1 Solanum tuberosum Finland
IFB0417 Solanum tuberosum Portugal
IFB0167 NZ_CP051457.1 Solanum tuberosum Poland
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Supplementary table 10: Genomes of Pectobacterium carotovorum (and P. atrosepticum) analyzed in this work.

Pectobacterium carotovorum

Strain RefSeq Host Localization
PC1 NC_012917.1 Unknown Unknown
PCC21 NC_018525.1 Unknown Unknown
JR1.1 NZ_CP034237.1 Radish South Korea
BP201601.1 NZ_CP034236.1 Potato South Korea
Pectobacterium atrosepticum
Strain RefSeq Host Localization
SCRI1043 NC_004547.2 Solanum tuberosum Unknown
JG10-08 NZ_CP007744.1 Solanum tuberosum China
21A NZ_CP009125.1 Solanum tuberosum Belarus
36A NZ_CP024956.1 Solanum tuberosum Belarus
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Supplementary table 11: ICEs identified in the genomes of the main phytopathogenic bacteria

Dickeya dadantii

Strain Element RefSeq Location (nt) Length (bp)
3937 ICEDd.1 NC_014500.1 3126494-3201103 74.610
DSM 18020 ICEDd.2 NZ_CP023467.1 866896-926592 40.117

Dickeya solani

Strain Element RefSeq Location (nt) Length (bp)
1PO2222 NZ_CP015137.1 4033605-4081983 48.378
IFB0223 NZ_CP024710.1 1870124-1918502 48.378
IFB 0099 NZ_CP024711.1 1873274-1921652 48.378
RNS 08.23.3.1.A NZ_CP016928.1 4694369-4742747 48.378
D s0432-1 NZ_CP017453.1 835683-884061 48.378
PPO 9019 ICEDs.1 NZ_CP017454.1 828904-877282 48.378
IFB0421 NZ_CP051460.1 1873239-1921616 48.377
IFB0231 NZ_CP051458.1 1873279-1921657 48.378
IFB0417 CP051459.1 1872976-1921336 48.360
IFB0223 NZ_CP024710.1 1870124-1918502 48.378
IFB0167 NZ_CP051457.1 1873279-1921657 48.378

Pectobacterium atrosepticum

Strain Element RefSeq Location (nt) Length (bp)
SCRI1043 ICEPa.1 590755-688599 97.845
SCRI1043 ICEPa.2 NC_004547.2 1867875-1926959 59.085
JG10-08 ICEPa.3 3165718-3228840 63.123
JG10-08 NZ_CPO07744.1 980430-1077384 96.954
21A ICEPa.1 NZ_CP009125.1 975442 -1072594 97.152
36A NZ_CP024956.1 586814-683968 97.154
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36A ICEPa.4 1863011-1908923 45.912
Pectobacterium carotovorum
Strain Element RefSeq Location (nt) Length (bp)
JR1.1 ICEPc.1 NZ_CP034237.1 1595656-1632307 36.651
BP201601.1 ICEPc.2 NZ_CP034236.1 1663873-1730176 66.303
Agrobacterium tumefaciens
Strain Element RefSeq Location (nt) Length (bp)
1D1609 (Cromossomo 1) ICEAt.1 NZ_CP026924.1 272270-334336 61.887
12D1 (Cromossomo circular) ICEAt.2 NZ_CP033031.1 2309372-2377994 68.662
12D1 (Cromossomo linear) ICEAt.3 NZ_CP033032.1 1340555-1455519 114.964
186(Cromossomo circular) ICEAt.4 NZ_CP042274.1 2013312-2114889 101.577
Pseudomonas syringae
Strain Element RefSeq Location (nt) Length (bp)
B728a ICEPs.1 NC_007005.1 1604658-1724374 119.716
Shaanxi_M?228 ICEPs.2 5463863-5614284 150.421
Shaanxi_M?228 ICEPs.3 NZ CPO32631.1 1672240-1753644 81.404
Shaanxi_M?228 ICEPs.4 - 1753496-1862291 108.795
Shaanxi_M?228 ICEPs.5 1862882-1911082 48.201
NZ-45 (ICMP 20586) ICEPs.2 5369000-5512238 143.238
NZ-45 (ICMP 20586) ICEPs.6 1734480-1836698 102.218
NZ_CP017007.1
NZ-45 (ICMP 20586) ICEPs.7 1835321-1892784 57.463
NZ-45 (ICMP 20586) ICEPs.8 5513439-5621120 107.200
MAFF212063 ICEPs.9 NZ CPO24712.1 4717464-4816692 99.228
MAFF212063 ICEPs.10 - 5548512-5709520 161.009
ICMP 18708 ICEPs.2 NZ CPO12179.1 5266321-5409559 143.238
ICMP 18708 ICEPs.7 - 1734473-1791958 57.485
ICMP 18884 ICEPs.2 NZ CPO11972.2 5266318-5409556 143.238
ICMP 18884 ICEPs.7 - ) 1734470-1784283 49.813
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CRAFRU14.08 ICEPs.2 1829573-1980910 151.337
CRAFRU14.08 ICEPs.11 NZ_CP019732.1 1735800-1828308 92.508
CRAFRU14.08 ICEPs.12 5462941-5504692 41.751

NZ-47 ICEPs.2 5266318-5409556 143.238
NZ-47 ICEPs.7 NZ_CP017009.1 1734470-1784322 49.852
NZ-47 ICEPs.13 5410536-5501754 91.218

CRAFRU12.29 ICEPs.2 5360196-5503434 143.238
CRAFRU12.29 ICEPs.11 NZ_CP019730.1 1737471-1829979 92.508
CRAFRU12.29 ICEPs.7 1830465-1880317 49.852
P155/P220 ICEPs.14 NZ CPO32871.1 1689937-1797268 107.331

P155/P220 ICEPs.2 - ' 5384241-5527881 143.640
CFBP6109 ICEPs.15 NZ_1.T963391.1 1050946-1102190 51.244
CFBP3840 ICEPs.16 NZ_1.T963409.1 4987773-5066398 78.625
HS191 ICEPs.17 NZ_CP006256.1 5140209-5226281 85.921
PP1 ICEPs.18 NZ_CP034078.1 865150-953883 89.125

CC1557 ICEPs.19 NZ_CP007014.1 2591336-2746640 155.304
UB303 ICEPs.20 NZ_CP047267.1 5453047-5484042 30.968

Xanthomonas campestris
Strain Element RefSeq Location (nt) Length (bp)
B100 ICEXec.1 NC_010688.1 2798361-2862467 64.106
3811 NZ_CP025750.1 2798845-2863378 64.534
CNO3 ICEXc.2 NZ_CP017308.1 2398353-2482109 83.757
Xylella fastidiosa
Strain Element RefSeq Location (nt) Length (bp)

9a5c ICEXf.1 NC_002488.3 1934170-2022372 88.202
Hib4 ICEXf.2 NZ_CP009885.1 1399531-1497444 97.913

J1al2 ICEXf.3 NZ_CP009823.1 1931410-2069541 158.355
U24D ICEXf.1 NZ_CP009790.1 1934275 - 2022404 88.129
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R. pseudosolanacearum

Strain Element RefSeq Location (nt) Length (bp)
GMI1000 NC_003295.1 2780151-2825764 45.613
RS476 Tn4371 NZ_CP021762.1 2780170-2825773 45.603
CRMRs218 NZ_CP021764.1 2780419-2826032 45.613
FIAT-91 ICERpsl1 NZ_CP016612.1 1283877-1335170 51.293
FQY_4 ICERps2 NC_020799.1 1113417-1173796 60.379
YC40-M NZ_CP015850.1 2532466-2588165 55.699
HA41 ICERps3 NZ_CP022481.1 1709954-1756828 46.874
UW386 ICERps4 NZ_CP039339.1 545761-602147 56.386
FJIAT91-F1 NZ_CP056083.1 2505206-2556182 50.976
FJAT91-F8 ICERpsl NZ_CP056085.1 2505097-2556073 50.976

. Syzyzii

Strain Element RefSeq Location (nt) Length (bp)
T98 ICERsyl NZ_CP022759.1 1925451-1985747 60.296
SL3175 NZ_CP022788.1 1925467-1985763 60.296
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Supplementary table 12: Size and GC content of the identified elements

Dickeya dadantii
Strain Element Location (nt) RefSeq Genor?lpr)Jength Eleme(nbth)Jength Goznélge E};Jné(gt
3937 ICEDd.1 3126494-3201103 NC_014500.1 4.922.802 74.610 56.3 52.1
DSM 18020 ICEDd.2 876895-917012 NZ_CP023467.1 4.997.541 40.117 56.4 52.9
Dickeya solani
Strain Element Location (nt) RefSeq Genor?lpr)Jength Eleme(lll::pI;ength G‘;ongl(ljle E}’/iné%lt
10P2222 4033605-4081983  NZ_CPO015137.1 4.919.833
IFB0223 1870124-1918502  NZ_CP024710.1 4.937.554 56.20
IFB 0099 1873274-1921652  NZ_CP024711.1 4.932.920
RNS 08.23.3.1.A 4694369-4742747  NZ_CP016928.1 4.922.468 48.378 56.30
D s0432-1 835683-884061 NZ_CP017453.1 4.919.812 56.20
PPO 9019 ICEDs.1 828904-877282 NZ_CP017454.1 4.918.850 56.29 494
IFB0421 1873239-1921616  NZ_CP051460.1 4.934.537 48.377
IFB0231 1873279-1921657 NZ_CP051458.1 4.924.702 48.378
IFB0417 1872976-1921336 CP051459.1 4.924.102 48.360 56.20
IFB0223 1870124-1918502  NZ_CP024710.1 4.937.554
IFB0167 1873279-1921657 NZ_CP051457.1 4.922.289 48.378
Pectobacterium atrosepticum
Strain Element Location (nt) RefSeq Genonzllfp%ength Eleme(nbtpl)length G;ongl(l;e E}; né%lt
SCRI1043 ICEPa.l 590755-688599 5.064.019 97.845 48.3
SCRI1043 ICEPa.2 1867875-1926959 NC_004547.2 5.064.019 59.085 >1.00 40.7
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JG10-08 ICEPa.3 3165718-3228840 5.004.926 63.123 48.3
JG10-08 980430-1077384 NZ_CP007744.1 5.004.926 96.954 >1.10 48.3
21A ICEPa.1 975442 -1072594  NZ_CP009125.1 4.991.806 97.152 51.07 48.3
36A 586814-683968 4.965.575 97.154 48.3
NZ_CP024956.1 51.10
36A ICEPa 4 1863011-1908923 -CP024556 4.965.575 45912 46.9
Pectobacterium carotovorum

Strain Element Location (nt) RefSeq Genor?l(:pl)‘ength Eleme(lll::pI;ength G;}n(grge E};: né%lt
JR1.1 ICEPc.1 1595656-1632307 NZ_CP034237.1 4.872.902 36.651 52.00 45.5
BP201601.1 ICEPc.2 1663873-1730176 ~ NZ_CP034236.1 4.853.176 66.303 52.20 51.3

Agrobacterium tumefaciens

Strain Element Location (nt) RefSeq Genon(fpl),ength Elemezlbtpl),ength G%nélge E};; néglt
1D1609 (Cromossomo I) ICEAt.1 272270-334336 NZ_CP026924.1 3.058.772 61.887 59.49 63.7
12D1 (Cromossomo circular) ICEAt.2 2309372-2377994  NZ_CP033031.1 3.027.766 68.662 5053 58.7
12D1 (Cromossomo linear) ICEAt.3 1340555-1455519  NZ_CP033032.1 2.258.260 114.964 ) 58.1
186(Cromossomo circular) ICEAt4 2013312-2114889  NZ_CP042274.1 2.943916 101.577 59.43 61.0

Pseudomonas syringae

Strain Element Location (nt) RefSeq Genor?l::pl)‘ength Eleme(r;)tpl;ength G%nélge E};; r(r;ecnt
B728a ICEPs.1 1604658-1724374 NC_007005.1 6.093.698 119.716 58.70 54.5
Shaanxi_M?228 ICEPs.2 5463863-5614284 6.674.594 150.421 57.0
Shaanxi_M?228 ICEPs.3 1672240-1753644 6.674.594 81.404 54.3
Shaanxi_M?228 ICEPs .4 1753496-1862291 NZ_CP032631.1 6.674.594 108.795 58.28 543
Shaanxi_M?228 ICEPs.5 1862882-1911082 6.674.594 48.201 54.4
NZ-45 (ICMP 20586) ICEPs.2 5369000-5512238 6.665.031 143.238 57.2
NZ-45 (ICMP 20586) ICEPs.6 1734480-1836698 6.665.031 102.218 54.8
NZ-45 (ICMP 20586) ICEPs.7 1835321-1892784 NZ_CPO17007.1 6.665.031 57.463 58.37 53.9
NZ-45 (ICMP 20586) ICEPs.8 5513439-5621120 6.665.031 107.200 55.2
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MAFF212063 ICEPs.9 4717464-4816692 6.556.999 99.228 54.7
MAFF212063 ICEPs.10 5548512-5709520 NZ_CPo24712.1 6.556.999 161.009 58.35 55.3
ICMP 18708 ICEPs.2 5266321-5409559 6.555.571 143.238 57.2
ICMP 18708 ICEPs.7 1734473-1791958 NZ_CPOL2179.1 6.555.571 57.485 58.60 53.9
ICMP 18884 ICEPs.2 5266318-5409556 NZ_CPO11972.2 6.555.569 143.238 57.2
ICMP 18884 ICEPs.7 1734470-1784283 6.555.569 49.813 53.9
CRAFRU14.08 ICEPs.2 1829573-1980910 6.546.028 151.337 58.37 57.2
CRAFRU14.08 ICEPs.11 1735800-1828308 NZ_CP019732.1 6.546.028 92.508 54.4
CRAFRU14.08 ICEPs.12 5462941-5504692 6.546.028 41.751 53.7
NZ-47 ICEPs.2 5266318-5409556 6.545.910 143.238 57.2
NZ-47 ICEPs.7 1734470-1784322  NZ_CP017009.1 6.545.910 49.852 58.40 53.9
NZ-47 ICEPs.13 5410536-5501754 6.545.910 91.218 55.1
CRAFRU12.29 ICEPs.2 5360196-5503434 6.545.549 143.238 57.2
CRAFRU12.29 ICEPs.11 1737471-1829979  NZ_CP019730.1 6.545.549 92.508 54.4
CRAFRU12.29 ICEPs.7 1830465-1880317 6.545.549 49.852 58.37 53.9
P155/P220 ICEPs.14 1689937-1797268 NZ._CP032871.1 6.529.859 107.331 54.8
P155/P220 ICEPs.2 5384241-5527881 6.529.859 143.640 57.2
CFBP6109 ICEPs.15 1050946-1102190 NZ_LT963391.1 6.015.874 51.244 58.10 55.9
CFBP3840 ICEPs.16 4987773-5066398  NZ_LT963409.1 6.013.125 78.625 58.06 54.8
HS191 ICEPs.17 5140209-5226281 NZ_CP006256.1 5.950.211 86.072 58.96 54.6
PP1 ICEPs.18 865150-953883 NZ_CP034078.1 5.883.416 88.734 58.80 54.6
CC1557 ICEPs.19 2591336-2746640  NZ_CP007014.1 5.758.024 155.304 58.56 57.0
UB303 ICEPs.20 5453047-5484042  NZ_CP047267.1 6.141.482 30.968 59.20 50.7
Xanthomonas campestris
Strain Element Location (nt) RefSeq Genor?lfpliength Eleme(nbtpl),ength Genome GC EleGrr(njent
B100 2798361-2862467 NC_010688.1 5.079.002 64.106

3811 ICEXc 1 2798845-2863378 NZ_6P025750.1 5.072.566 64.534 65.00 61.7
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CNO3 ICEXc.2 2398353-2482109 NZ_CP017308.1 5.035.984 83.756 65.05 60.1
Xylella fastidiosa

Strain Element Location (nt) RefSeq Genor?lfpl),ength Eleme(r;)tp%ength Genome GC El(z;neent
9a5c ICEXf.1 1934170-2022372 NC_002488.3 2.813.297 88.202 52.64 52.9
Hib4 ICEXf.2 1399531-1497444  NZ_CP009885.1 2.813.297 97.913 52.69 66.4
J1al2 ICEX{.3 1931410-2069541  NZ_CP009823.1 2.788.789 158.355 52.81 54.6
U24D ICEXf.1 1934275-2022404  NZ_CP009790.1 2.681.334 88.129 52.64 53

Ralstonia pseudosolanacearum

Strain Element Location (nt) RefSeq Genon&spl;ength Elemezlbtpl),ength Genome GC EleGn::ent
GMI1000 2780151-2825764 NC_003295.1 3.716.413 45.613 66.96 63.2
RS476 Tn4371 2780170-2825773  NZ_CP021762.1 3.716.422 45.603 66.96 63.2
CRMRs218 2780419-2826032 NZ_CP021764.1 3.716.755 45.613 66.70 63.2
FIAT-91 ICERpsl 1283877-1335170  NZ_CP016612.1 3.873.214 51.293 66.87 60.9
FQY_4 ICERDS). 1113417-1173796 NC_020799.1 3.715.422 60.379 66.79 63
YC40-M ps 2532466-2588165 NZ_CP015850.1 3.844.764 55.699 66.70 62.3
HA4I ICERps3 1709954-1756828  NZ_CP022481.1 3.890.347 46.874 66.68 62.2
UW386 ICERps4 545761-602147 NZ_CP039339.1 3.658.282 56.386 66.93 62.4
FIAT91-F1 ICERps1 2505206-2556182  NZ_CP056083.1 3.873.221 50.976 66.87 60.9

S
FIAT91-F8 P 2505097-2556073  NZ_CP056085.1 3.873.088 50.976 66.87 60.9
Ralstonia syzyzii

Strain Element Location (nt) RefSeq Genor?lfpliength Eleme(nbtpl),ength Genome GC Eli;ngnt
T98 ICERsv] 1925451-1985747  NZ_CP022759.1 3.569.696 60.296 66.33 60.2
SL3175 Y 1925467-1985763  NZ_CP022788.1 3.569.709 60.296 66.33 60.2
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Supplementary table 13: Attachment sites

Dickeya dadantii
Element Strain Sequence AttL AttR
ICEDd.1 3937 ccagtcagaggagccaaa 3126494-3126511 3201086-3201103
Dickeya solani
Element Strain Sequence AttL AttR
ICEDs.1 1PO2222 tggctcctctgactgg 4033605-4033620  4081968-4081983
ICEDs.1 IFB0223 tggctcctctgactgg 1870124-1870139 1918487-1918502
ICEDs.1 IFB 0099 tggctcctctgactgg 1873274-1873289 1921637-1921652
ICEDs.1 RNS 08.23.3.1.A tggctcctctgactgg 4694369-4694384  4742732-4742747
ICEDs.1 D s0432-1 ccagtcagaggagcca 835683-835698 884046-884061
ICEDs.1 PPO 9019 ccagtcagaggageca 828904-828919 877267-877282
ICEDs.1 IFB0421 tggctcctctgactgg 1873239-1873254 1921601-1921616
ICEDs.1 IFB0231 tggctcctctgactgg 1873279-1873294 1921642-1921657
ICEDs.1 IFB0417 tggctcctctgactgg 1872976-1872991 1921321-1921336
ICEDs.1 IFB0223 tggctcctctgactgg 1870124-1870139 1918487-1918502
ICEDs.1 IFB0O167 tggctcctctgactgg 1873279-1873294 1921642-1921657
Pectobacterium atrosepticum

Element Strain Sequence AttL AttR
ICEPa.1 SCRI1043 agtggtgceecggactegg 590755-590803 688582-688599
ICEPa.2 SCRI1043 ttggctectctgactggactcgaa 1886342-1886365 1927138-1927161
ICEPa.3 JG10-08 atcgggagaatttggtggtcagatttggggtca 3165718-3165750 3228808-3228840
ICEPa.1 JG10-08 agtggteccecggactcgg 980430-980447 1077564-1077581
ICEPa.1 21A agtggtgcccggactcgg 975442-975459 1072576-1072593
ICEPa.l1 36A agtggtgcccggactcgga 586814-586862 683950-683968
ICEPa.4 36A aatttggctcctctgactgg 1863011-1863030 1908904-1908923
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Pectobacterium carotovorum

Element Strain Sequence AttL AttR

ICEPc.1 JRI1.1 aatttggctcctctgactgg 1595656-1595675 1632288-1632307
ICEPc.2 BP201601.1 atttgggggtcactccgtcatcgaaccaa 1663873-1663901 1730148-1730176

Agrobacterium tumefaciens

Element Strain Sequence AttL AttR

ICEAt3  12P! (E;2$§)Ssom° geeccegeaaccacega 1340555-1340571  1455503-1455519
ICEAt4 86(Cromossomo gctecticageaccg 2015364-2015378  2114875-2114889

circular)
Pseudomonas syringae

Element Strain Sequence AttL AttR

ICEPs.1 B728a acaagcagccgtctg 1604658-1604672 1724360-1724374
ICEPs.2 Shaanxi_M228 agttttccggecatt 5463863-5463877 5614270-5614284
ICEPs.3 Shaanxi_M?228 ttggcttttaaccaattggtcgtaggttcgaatcccacacgacccaccattt 1672243-1672294 1753593-1753644
ICEPs.4 Shaanxi_M?228 tataaagcctctaatggggacattagag 1753503-1753530 1862258-1862285
ICEPs.2 NZ-45 (ICMP 20586) agttttccggecatt 5369000-5369014  5512224-5512238
ICEPs.6 NZ-45 (ICMP 20586) ctgacgtaggattttgtggcagcccaatagatctt 1735777- 1735811 1836664-1836698
ICEPs.8 NZ-45 (ICMP 20586) tgcgacctgatacgagtggcatcagatctttaagattcggctccaaggt 5513439-5513487 5621072-5621120
ICEPs.9 MAFF212063 aaatggtgggtcgtgtgggattcgaacctacgaccaattggttaaaag 4717464-47175511  4816645-4816692
ICEPs.2 ICMP 18708 agttttccggecatt 5266321-5266335 5409545-5409559
ICEPs.2 ICMP 18884 agttttccggecatt 5266318-5266332  5409542-5409556
ICEPs.2 CRAFRU14.08 aatggccggaaaact 1829573-1829587 1980896-1980910
ICEPs.2 NZ-47 agttttccggecatt 5266318-5266332  5409542-5409556
ICEPs.13 NZ-47 gegttatgtttcgcgacagacggetgcttg 5410536-5410565 5501725-5501754
ICEPs.2 CRAFRU12.29 agttttccggecatt 5360196-5360210  5503420-5503434
ICEPs.11 CRAFRU12.29 ttggcttttaaccaattggtcgtaggticgaatcccacacgacccaccattt 1737471-1737522 1829928-1829979
ICEPs.14 P155/P220 ttggcttttaaccaattggtcgtaggttcgaatcccacacgacccaccattt 1689937-1689988 1797217-1797268
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ICEPs.2 P155/P220 agttttccggecatt 5384241-5384255 5527867-5527881
ICEPs.16 CFBP3840 gtggcatcagatctttaagattcggetccaaggtgaaccttggaaccaaaaatggtgggtegtgtgggattcgaacctacgaccaattggttaaaag  4987773-7987869  50663302-5066398
ICEPs.17 HS191 tggtcggggtaaggggattcgaactcetgacatectgetcccaaagecaggegegetaccggactgegetataceeeg 5140209-5140285 5226205-5226281
ICEPs.18 PP1 cggggtatagcgeagtcecggtagecgegectgetttgggageaggatgtcaggagticgaatceecttaceeccgacca 864759-864835 953807-953883
ICEPs.19 CC1557 gtetegttteecgeteca 2591336-2591353 2746623-2746640
ICEPs.20 UB303 actcataatcctttggtccacggttcgagtcegtgtgggeccacca 5453003-5453048 5484451-5484496

Xanthomonas campestris

Element Strain Sequence AttL AttR
ICEXc.1 B100 agcgagcgecgggcttg 2798361-2798377 2862451-2862467
ICEXc.1 3811 agcgagcgecgggcttg 2798845-2798861 2863362-2863378
ICEXc.2 CNO3 gagggtcggcagggaatcattac 2398353-2398375 2482087-2482109

Xylella fastidiosa

Element Strain Sequence AttL AttR

ICEXf.2 Hib4 ctcgtttccegeteca 1399531-1399546 1497429-1497444
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Supplementary table 14: Insertion sites, Type of Integrase and Relaxase

Dickeya dadantii
Strain Element RefSeq Insertion site Integrase  Relaxase
3937 ICEDd.1  NC_014500.1 tRNA-Asn Phage MOBC
DSM 18020 ICEDd.2 NZ_CP023467.1 BamE Tyr MOBP
Dickeya solani
Strain Element RefSeq Insertion site Integrase  Relaxase
10P2222 ICEDs.1 NZ_CP015137.1
IFB0223 ICEDs.1 NZ_CP024710.1
IFB 0099 ICEDs.1 NZ_CP024711.1
RNS 08.23.3.1.A ICEDs.1 NZ_CP016928.1
D s0432-1 ICEDs.1 NZ_CP017453.1
PPO 9019 ICEDs.] - rvirsd (RNA-Asn Tyr MOBC
IFB0223 ICEDs.1 NZ_CP024710.1
IFB0421 ICEDs.1 NZ_CP051460.1
IFB0231 ICEDs.1 NZ_CP051458.1
IFB0223 ICEDs.1 CP051459.1
IFB0417 ICEDs.1 NZ_CP024710.1
IFB0167 ICEDs.1 NZ_CP051457.1
Pectobacterium atrosepticum
Strain Element RefSeq Insertion site Integrase  Relaxase
SCRI1043 ICEPa.1 NC_004547.2 tRNA-Phe Tyr Tral
SCRI1043 ICEPa.2 RNA_Acn Phage MOBQ
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36A ICEPa.1
1 NZ_CP024956.1
36A ICEPa 4 tRNA-Asn MOBC
Pectobacterium carotovorum
Strain Element RefSeq Insertion site Integrase  Relaxase
JR1.1 ICEPc.1 NZ_CP034237.1 Phage
- tRNA-A MOBC
BP201601.1 ICEPC.2 NZ_CP034236.1 - Tyr
Agrobacterium tumefaciens
Strain Element RefSeq Insertion site Integrase  Relaxase
1D1609 (Cromossomo I) ICEAt.1 NZ_CP026924.1 guaA Tyr MOBP
12D1 (Cromossomo circular) ICEAt.2 NZ_CP033031.1 (RNA-Met -
12D1 (Cromossomo linear) ICEAt.3 NZ_CP033032.1 Recombinase MOBP
186(Cromossomo circular) ICEAt.4 NZ_CP042274.1 tRNA-Arg
Pseudomonas syringae
Strain Element RefSeq Insertion site Integrase  Relaxase
B728a ICEPs.1 NC_007005.1
Shaanxi_M?228 ICEPs.2 tRNA-Pro
Shaanxi_M?228 ICEPs.3 NZ CP032631.1
Shaanxi_M?228 ICEPs.4
Shaanxi_M228 ICEPs.5 (RNA-Lys MOBH
NZ-45 (ICMP 20586) ICEPs.2
Z-45 (ICMP 2 ICEPs.
NZ-45 (ICMP 20586) CEPS.6 Nz cPo17007.1 Tyr
NZ-45 (ICMP 20586) ICEPs.7
NZ-45 (ICMP 20586) ICEPs.8
MAFF212063 ICEPs.9 NZ_CP024712.1 tRNA-Pro
MAFF212063 ICEPs.10 -
ICMP 18708 ICEPs.2

N7 CPN12170 1
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ICMP 18884 ICEPs.7
CRAFRU14.08 ICEPs.2
CRAFRU14.08 ICEPs.11 NZ_CP019732.1 tRNA-Lys
CRAFRU14.08 ICEPs.12
NZ-47 ICEPs.2
NZ-47 ICEPs.7 NZ_CP017009.1 tRNA-Pro
NZ-47 ICEPs.13
CRAFRU12.29 ICEPs.2
CRAFRU12.29 ICEPs.11 NZ_CP019730.1 tRNA-Lys
CRAFRU12.29 ICEPs.7 tRNA-Pro
P155/P220 ICEPs.14 N7 CP032871.1 tRNA-Lys
P155/P220 ICEPs2
CFBP6109 ICEPs.15 NZ_1.T963391.1
CFBP3840 ICEPs.16 NZ_LT963409.1 tRNA-Pro
HS191 ICEPs.17 NZ_CP006256.1
PP1 ICEPs.18 NZ_CP034078.1
CC1557 ICEPs.19 NZ_CP007014.1 tRNA-Gly Phage
UB303 ICEPs.20 NZ_CP047267.1 tRNA-Tle Tyr -
Xanthomonas campestris
Strain Element RefSeq Insertion site Integrase  Relaxase
B100 ICEXc.1  NC_010688.1 (RNA-Arg
3811 ICEXc.1 NZ_CP025750.1 Phage MOBH
CNO3 ICEXc.2 NZ_CP017308.1 tRNA-Gly
Xylella fastidiosa
Strain Element RefSeq Insertion site Integrase  Relaxase
9asc ICEXf.1  NC_002488.3 ABC-Ffamily ATP-binding Tyr

cassette
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lal2 ICEXf.3 NZ_CP009823.1 tRNA-Lys Tyr
U24D ICEXf.I NZ_CP009790.1 ABCE family ATP-binding Tyr
cassette
Ralstonia pseudosolanacearum
Strain Element RefSeq Insertion site Integrase  Relaxase
GMI1000 Tn4371 NC_003295.1
RS476 Tn4371 NZ_CP021762.1 purM Ser
CRMRs218 Tn4371 NZ_CP021764.1
FJAT-91 ICERpsl NZ_CP016612.1
FQY_4 ICERps2  NC_020799.1 tRNA-Lys MOBP
YC40-M ICERps2 NZ_CP015850.1
HA41 ICERps3 NZ_CP022481.1 tRNA adenosine Tyr
UW386 ICERps4 NZ_CP039339.1
FJAT91-F1 ICERpsl NZ_CP056083.1 tRNA-Lys
FJAT91-F8 ICERpsl NZ_CP056085.1
Ralstonia syzyzii
Strain Element RefSeq Insertion site Integrase  Relaxase
T98 ICERsyl NZ_CP022759.1 Tyr
SL3175 ICERsyl NZ_CP022788.1 gua Tyr MOBP
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https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP022788.1
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Supplementary table 15: Putative significant cargo genes carried by ICEs
characterized in this work

Element Gene Putative Function
Alkene reductase Ad )
Glutathione S-transferase aptation
ICEAt.1 Cysteine hydrolase
Virul
Glycosidase frfence
Uni I st tei
niversal stress protein Adaptation
aqpZ
ICEAt.3 Di lat 1
.1guany a .e cyclase Virulence
Invasion associated locus B
L.D - transpeptidase Antibiotic Resistance
Endo-1,4-beta-xylanase )
. . . Virulence
ICEAt.4 Isochorismatase family protein
MBL fold metallo-hydrolase Antibiotic Resistance
tssl - VgrG
> N Virulence
Hcp effector
ICEDd.1 ; X
TerB Tellurium resistance
EexN Entry exclusion
PAAR domain containing protein
ICEDd.2 tssl - VgrG Virulence
Hcp effector
tssl - VgrG
ICEDs.1 Hcp effector Virulence
Amidohydrolase
Coronafacic acid dehydratase
Coronafacic acid synthetase .
ICEPa.1 . Virulence
Coronafacic acid synthetase component
Coronafacate ligase
. Secondary
Type I polyketide synthase metabolism
EexN Entry exclusion
ICEPa.2 . ;
Phospholipase D Virulence
Glutathione S-transferase Adaptation
ICEPa.3 - X
MBL fold metallo-hydrolase Antibiotic Resistance
Arginase family protein Virulence
ICEPa4 MipA/OmpV family protein Antibiotic Resistance
EexN Entry exclusion
ICEPc.1 EexN Entry exclusion
. . Antioxidant
ICEPc.2 Glutathione peroxidase Resistance
MBL fold metallo-hydrolase Antibiotic Resistance
ICEPs.1 Copper resistance cluster Metal resistance

Virulence



Arsenic resistance cluster

Arsenic resistance

CrpP family protein Antibiotic Resistance
Tellurium resistance cluster Tellurium resistance
Trehalose phosphatase Adaptation
PSPTO0907
Type III secretion system effector phosphothreonine lyase
Cellulase family glycosylhydrolase
ICEPs.2 NUDIX hydrolase
Alginate lyase .
Glycoside hydrgolase meily 32 protein Virulence
Type I effector HopR1
Effector protein
Type III effector
Type III chaperone protein ShcF
DsbA family protein
ICEPs.3 Type VI secretion. system .tu.be protei.n Hcep Virulence
SEC-C domain-containing protein
CrpP family protein Antibiotic Resistance
Arsenic resistance cluster Arsenic resistance
ICEPs.4 Ultraviolet light resistance protein RulA UV Resistance
umuC
CrpP family protein Antibiotic Resistance
AvrRpml1 Avirulence
Type III chaperone protein ShcF
ICEPs.5 Type III effector .
ggptidase C55 Virulence
Type III secretion system effector
ICEPs.6 PapB Adhesin biosynthesis transcription regulatory protein Virulence
CrpP family protein Antibiotic Resistance
TonB-dependent siderophore receptor Adaptation
ICEPs.7 A\./erml Avirulence
Peptidase C55 .
) Virulence
Type III secretion system effector
Copper resistance cluster Metal resistance
ICEPs.8 Arsenic resistance cluster Arsenic resistance
CrpP family protein Antibiotic Resistance
Type 111 effector Virulence
ICEPs.9 HopAU1 Avirulence
CrpP family protein Antibiotic Resistance
gstA

MOSC domain-containing protein

Adaptation

ICEPs.10 PSPTO0907
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Elements of this work described in the literature

Element Name Reference
ICEDd.1 Tn4371 Toussaint et al., 2003
ICEPa.1 HAI2 Bell et al., 2004
ICEXf.2 - Denancé et al., 2019
ICEPs.1 PsyrGI-6 Feil et al, 2005
ICEPs.6 Pac_ICE1 Butler et al, 2013
ICEPs.4 Pac_ICE2 Butler et al, 2013
ICEPs.8 PsanzssICE_Cu Colombi et al, 2017
ICEPs.7 Psanzi3ICE_eno Colombi et al, 2017
ICEPs.13 Psanz47ICE_Cu Colombi et al, 2017
Tn4371 Tn4371 Salanoubat et al., 2012
ICERpsl ICERpsl Gongalves et al., 2020
ICERps2 ICERps2 Gongalves et al., 2020
ICERps3 ICERps3 Gongalves et al., 2020
ICERsyl ICERsyl Gongalves et al., 2020

Supplementary table 16:
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Supplementary Figure 1: Gene clusters comparision of Agrobacterium tumefaciens ICEs. ORFs are represented by arrows, colloured
arrows representsdifferent synthenic gene clusters, genes products are indicated in the representative ORF arrow.
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ICEDs.1

NZ_CP015137 (reversed)

ICEDd.1

NC_014500 \‘
(E@<HHEDIDHE

2 Shms PO
i C—

2.5kb 0 Identity (%) 100

)

Supplementary Figure 2: Gene clusters comparision of Dickeya ICEs. ORFs are represented by arrows, colloured arrows represents
different synthenic geneclusters, genes products are indicated in the representative ORF arrow.
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&

ICEPc.2
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DD =2 DI

ICEPa 1 D)

2.5kb 0 Identity (%) 100

Supplementary Figure 3: Gene clusters comparision of Pectobacterium carotovorum (and atrosepticum) ICEs. ORFs are
represented by arrows,colloured arrows represents different synthenic gene clusters, genes products are indicated in the representative ORF arrow.
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[ T
m 0 Identity (%) 100

Supplementary Figure 4: Gene clusters comparision of group 1 Pseudomonas syringae 1CEs. ORFs are represented by

arrows, collouredarrows represents different synthenic gene clusters, genes products are indicated in the representative ORF arrow
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Supplementary Figure 5: Gene clusters comparision of group 2 Pseudomonas syringae 1CEs. ORFs are represented by

arrows, collouredarrows represents different synthenic gene clusters, genes products are indicated in the representative ORF arrow.

ICEPs.7
NZ_GPO17007

ICEPs.5

NZ_CPD32631

ICEPs.12

NZ_CP019732

e &) : / it lmdndddia A1

P e D P G R )
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& &

ICEPs.10 X

NZ_CPD24712
&

&

0 dantity (%) 100

Supplementary Figure 6: Gene clusters comparision of group 3 Pseudomonas syringae 1CEs. ORFs are represented by

arrows, collouredarrows represents different synthenic gene clusters, genes products are indicated in the representative ORF arrow.
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ICERsy1

NZ_CP022759 (reversed)

DINCPE >

Tn4371

NC_003295 (reversed)

ICERps4

NZ_CP039339

ICERps2

NC_020799

ICERps1

NZ_CP016612

ICERps3 y B, | ) mp ) s )
1 —

2.5kb 0 Identity (%) 100

Supplementary Figure 7: Gene clusters comparision of RSSC ICEs. ORFs are represented by arrows, colloured arrows represents
different synthenic geneclusters, genes products are indicated in the representative ORF arrow.
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NC_010688 (reversed)

—— [T

2.5kb 0 Identity (%) 100

Supplementary Figure 8: Gene clusters comparision of Xanthomonas campestris ICEs. ORFs are represented by arrows, colloured arrows

representsdifferent synthenic gene clusters, genes products are indicated in the representative ORF arrow.rs, genes products are indicated in the representative ORF
arrow.
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S /

2.5kb 0 Identity (%) 100

Supplementary Figure 9: Gene clusters comparision of Xylella fastidiosa 1CEs. ORFs are represented by arrows, colloured arrows represents

differentsynthenic gene clusters, genes products are indicated in the representative ORF arrow.rs, genes products are indicated in the representative ORF arrow
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