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RESUMO

Pseudomonas aeruginosa € uma bactéria oportunista, causa frequente de
infecgbes hospitalares, e frequentemente resistente a diferentes classes de
antimicrobianos. O sistema CRISPR/Cas € uma maquinaria de imunidade adaptativa
contra elementos genéticos moveis (MGES). E composto por dois elementos: loco
CRISPR, regides de DNA semi-repetitivo, onde as repeticbes sao separadas por
espacadores (sequéncias derivadas de MGEs), o que confere a caracteristica
adaptativa ao sistema; e por genes cas, codificantes dos elementos efetores desta
maquinaria. Com o intuito de aplicar os conhecimentos obtidos através do estudo do
sistema CRISPR/Cas de P. aeruginosa para auxiliar no desenvolvimento de novas
estratégias terapéuticas contra este microrganismo, o presente trabalho teve por
objetivo identificar as caracteristicas deste sistema em isolados clinicos desta
bactéria. A identificacdo dos tipos I-F e I-E, e a andlise dos locos CRISPR do
sistema tipo I-F, foram realizadas através de Reacdo em Cadeia da Polimerase e
sequenciamento. Isolados selecionados tiveram seus genomas sequenciados e
analisados para determinar caracteristicas relacionadas ao sistema em questdo. O
subtipo I-F é o mais frequente entre os isolados estudados. Foram encontrados dois
isolados comportando dois tipos de sistema concomitantemente, caracteristica
incomum. Os espacadores encontrados nos locos CRISPR do subtipo I-F sao
relacionados a bacteri6fagos, plasmideos e ilhas gendémicas, corroborando com a
relacdo deste sistema com MGEs. A organizacdo dos espacadores demonstrou
padrbes de incorporagdo iguais entre isolados diferentes, porém, o sistema n&o
parece ser eficaz como método de tipagem molecular para esta espécie bacteriana.
A analise genbmica evidenciou a presenca de genes anti-CRISPR, de fagos, e de
espacadores contra estes fagos em um mesmo genoma. Foi estabelecido o contexto
genético dos tipos de sistemas e de um loco CRISPR 6rfdo. Nenhuma relacdo
genética direta entre os isolados CRISPR/Cas positivos foi encontrada. Os
resultados sugerem inatividade deste sistema em relacdo a imunidade, podendo sua
func@o estar ligada a regulacdo da expressdo génica de produtos bacterianos e
virais. Os resultados também nos permitiram conhecer o panorama do sistema
CRISPR/Cas em isolados clinicos brasileiros de P. aeruginosa.

Palavras-chave: Bacteriéfagos. Imunidade. Anti-CRISPR. CRISPR/Cas.



ABSTRACT

Pseudomonas aeruginosa is an opportunistic bacterium, frequent cause of
hospital infections, and frequently resistant to different classes of antibiotics. The
CRISPR/Cas system is an adaptive immunity machinery against mobile genetic
elements (MGESs). It is composed by two elements: CRISPR locus, regions of semi-
repetitive DNA, where the repeats are interspaced by spacers (MGE derived
sequences), which confer the adaptive feature to the system; and by cas genes,
coding for the effector elements of this machinery. In order to apply the knowledge
obtained from studying the P. aeruginosa’s CRISPR/Cas system to developing new
therapeutic strategies against this microorganism, the present work aimed to identify
the characteristics of this system in this bacterium’s clinical isolates. The identification
of I-F and I-E types and the analysis of system’s I-F CRISPR loci, were performed
through Polymerase Chain Reaction and sequencing. Selected isolates had their
genomes sequenced and analyzed to determined characteristics related to the
system in question. The subtype I-F was the most frequent between the studied
isolates. Two isolates were found carrying two types of the system simultaneously, a
rare feature. The spacers found in subtype I-F CRISPR loci are related to phages,
plasmids and genomic islands, supporting this system’s relationship with MGEs.
Spacer arrays showed equal incorporation patterns between different isolates,
however, the system does not appear to be effective as a molecular typing method in
this bacterial species. Genomic analysis pointed out the presence of anti-CRISPR
genes, phages, and spacers against these phages in the same genome. Genetic
backgrounds were established for system’s different types and an orphan CRISPR
locus. No direct relationship between CRISPR/Cas positive isolates was found.
Results suggest this system’s inactivity regarding immunity, and its function could be
related to regulation of gene expression of bacterial and viral products. Results also
allowed us to know the scenery of CRISPR/Cas system in Brazilian clinical isolates of
P. aeruginosa.

Key words: Bacteriophages, immunity, anti-CRISPR, CRISPR/Cas
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1 INTRODUCAO

Pseudomonas aeruginosa é um bacilo Gram negativo, ndo fermentador,
conhecido por ser um microrganismo versatil, presente em hospedeiros de
diferentes reinos. Capaz de causar infeccbes em plantas, humanos e demais
animais, é considerado um patégeno oportunista e uma das principais causas de
infeccbes hospitalares ou relacionadas a ambientes de assisténcia a saude.

InfecgBes por P. aeruginosa, em geral, sdo de dificil tratamento devido a
alguns fatores, como sua resisténcia intrinseca a determinados medicamentos
antimicrobianos, sua capacidade de adquirir novos mecanismos de resisténcia, e
sua notavel habilidade em formar biofilmes.

Com o0s objetivos de promover e guiar o desenvolvimento de novos
antimicrobianos ou novos métodos terapéuticos, a Organizacdo Mundial de Saude
(OMS), em fevereiro de 2017, elaborou uma lista contendo familias bacterianas que,
atualmente, representam as maiores ameacas a saude humana. Pseudomonas
aeruginosa configura entre os microrganismos considerados “Prioridade Critica”,
devido a resisténcia aos antimicrobianos da classe dos carbapenémicos. A busca
por alternativas terapéuticas para debelar infeccbes por microrganismos deste tipo
tem crescido vertiginosamente. Uma estratégia em desenvolvimento nos ultimos
anos é a utilizacdo de bacteriofagos, que atacariam especificamente as células
bacterianas e as destruiriam, numa técnica conhecida como fagoterapia (phage
therapy). No entanto, para desenvolver e estabelecer tal estratégia com seguranca,

ainda € necessario compreender melhor como as bactérias interagem com o0s

bacteriéfagos.
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Um dos mecanismos de defesa de procariotos e arqueias contra elementos
genéticos moveis (MGES), tais como bacteriéfagos, plasmideos e transposons, é um
sistema de imunidade adaptativa chamado CRISPR/Cas.

O sistema CRISPR/Cas é composto por dois elementos principais: o loco
CRISPR (acrénimo para Clustered Regularly Interspaced Short Palindromic
Repeats), formado por uma familia de DNA repetitivo que confere a caracteristica
adaptativa ao sistema; e pelas proteinas Cas (CRISPR-associated), os elementos
efetores desta maquinaria. Este sistema e seus elementos sdo, em geral, altamente
variaveis entre os diferentes genomas em termos de ocorréncia, composicao génica,
sequéncias, numero e tamanho.

O estudo do sistema CRISPR/Cas e seus elementos, além de promover
conhecimento acerca da defesa bacteriana contra MGEs, também proporciona
outras aplicacbes, como tipagem molecular baseada na hipervariabilidade de
sequéncias espacadoras; controle da disseminagdo de elementos genéticos moveis;
e estabelecimento do sistema de defesa natural da bactéria como uma ferramenta
para edicdo de genoma e controle transcricional.

Até o momento, poucos estudos foram feitos com o intuito de esclarecer as
nuances do sistema CRISPR/Cas em isolados clinicos de P. aeruginosa, e apenas
um deles foi realizado com isolados brasileiros. Os resultados obtidos poderéao ser
promissores para, posteriormente, compreender os diversos mecanismos utilizados
por este microrganismo no controle da aquisicdo de MGESs, seu impacto na obtencao
de novos genes de resisténcia presentes em plasmideos, e a real funcéo do sistema
neste microrganismo especifico.

O objetivo geral do presente trabalho foi investigar a presenca e sequéncia do

sistema CRISPR/Cas em isolados clinicos brasileiros de Pseudomonas aeruginosa,
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além de analisar os genomas de alguns isolados buscando relacdes evolutivas e
caracteristicas acerca o funcionamento do sistema. Os objetivos especificos
compreendidos no Artigo | foram: investigar a presenca dos sistemas tipo I-F e I-E
nos isolados clinicos de P. aeruginosa brasileiros; identificar os elementos
estruturais (DRs, DG e espacadores) no sistema tipo I-F; investigar a possivel
origem dos espacadores; e estabelecer a organizacdo estrutural do loco CRISPR
nos isolados clinicos positivos e realizar uma andlise comparativa entre eles. Por
sua vez, o Artigo Il compreendeu o0s seguintes objetivos: realizar tipagem molecular
dos isolados em estudo; investigar os profagos presentes nos genomas de isolados
positivos para o sistema CRISPR/Cas; comparar os profagos encontrados aos
espacadores presentes nos locos CRISPR destes isolados; e realizar a filogenia de
isolados positivos e negativos para o sistema CRISPR/Cas, para melhor
compreender como o0s isolados brasileiros positivos para o sistema se relacionam

com os demais.
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2 REVISAO DA LITERATURA

2.1 PSEUDOMONAS AERUGINOSA

Bactérias do género Pseudomonas demonstram-se versateis fisiologica e
metabolicamente, o que permite que espécies deste género sejam encontradas em
habitats variados, como solo e ambientes aquaticos (SILBY et al.,, 2011). Sao
microrganismos Gram negativos, bacilares, n&o-esporulados, com flagelo polar,
aerobios estritos, ndo fermentadores, e oxidase-positivos (MADIGAN et al., 2010).
Devido a sua versatilidade e sua ampla distribuicdo na natureza, 0s microrganismos
que compdem o género Pseudomonas sao frequentemente patdgenos de plantas e
animais, podem estar envolvidos em processos metabdlicos naturais, e podem
possuir habilidades singulares, como producao de biofilme e resisténcia intrinseca a

antimicrobianos (Figura 1).



Figura 1. Caracteristicas, atividades metabdlicas, e aplicagdes biotecnolégicas de espécies do género Pseudomonas spp.
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Nota: a espécie P. aeruginosa encontra-se em vermelho, para destacar sua distribuicdo em diversas fungdes.
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Pseudomonas aeruginosa encontra-se entre 0S microrganismos mais
importantes de seu género, devido a sua multifuncionalidade (Figura 1), e a sua
presenca frequente em ambientes hospitalares e de assisténcia a saude, causando
infeccbes com alta morbidade e mortalidade em pacientes com cancer, fibrose
cistica, ou demais quadros imunodepressores (GELLATLY; HANCOCK, 2013; LE et
al., 2014).

Como patégeno oportunista, P. aeruginosa pode levar a quadros infecciosos
do trato urinario, trato respiratorio, feridas e queimaduras, entre outros sitios. Devido
a sua capacidade de sobreviver em superficies majoritariamente inorganicas, pode
ser isolado de equipamentos médicos, pias e vasos sanitarios, que facilitam a
dispersédo deste microrganismo no ambiente hospitalar (AZAM; KHAN, 2019).

A cepa de referéncia € a PAOL, cuja sequéncia genbmica foi publicada em
2000 e, desde entdo, outros isolados clinicos, ambientas e industriais tém sido
sequenciados e depositados publicamente. Estes genomas apresentam entre 5,5 e
7 megapares de bases (Mb), 65 a 76% de conteudo GC, e cerca de 79 regides de
plasticidade gendomica (van BELKUM et al., 2015). Estas regides de plasticidade do
genoma permitem a P. aeruginosa inserir sequéncias acessorias em bloco, de forma
que seu genoma é composto por um core relativamente grande e um genoma
acessorio passivel de constante modificacdo (VALOT et al., 2015). Em comparacéao
com outros patégenos humanos, P. aeruginosa apresenta um dos maiores
genomas, com mais de 6 Mb, em comparacdo com Escherichia coli
(aproximadamente 4 Mb), Mycobacterium tuberculosis (aproximadamente 4 Mb),
Staphylococcus aureus (Entre 2 e 3 Mb) e Haemophilus influenzae

(aproximadamente 2 Mb) (AZAM; KHAN, 2019).
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Tem-se observado que o genoma de P. aeruginosa € composto por um
namero menor de genes constitutivos altamente conservados, um ndmero um pouco
maior de genes e sequéncias relativamente conservados, e um grande namero de
genes raros, pouco conservados (PARKINS et al., 2018). Os genes constitutivos de
P. aeruginosa permitem a elaboracdo de esquemas de tipagem molecular para
identificacdo de clones ou linhagens, dispersos locais ou internacionalmente. A
técnica mais comumente empregada é a de MLST (Tipagem de Sequéncias
Multilocus, ou Multilocus Sequencing Typing), na qual sao avaliados o0s
polimorfismos de sete genes constitutivos especificos (no caso de P. aeruginosa,
s&0 0s genes acsA, aroE, guaA, mutL, nuoD, ppsA e trpE), e ao final, é determinado
um perfil Unico (ST) de acordo com estes polimorfismos (JOLLEY; MAIDEN, 2014).
Estudos utilizando esta técnica demonstram uma dispersdo ndo clonal de P.
aeruginosa, com poucos clones mundialmente distribuidos e de alto risco. Como
exemplo, trés linhagens amplamente distribuidas e consideradas de alto risco sé@o
aguelas relacionadas aos STs 111, 175 e 235 (MULET et al., 2013; van BELKUM et

al., 2015; PARKINS et al., 2018).

2.1.1 P. aeruginosa e seu sucesso como patégeno

O sucesso das infeccbes por P. aeruginosa se da, principalmente, pela
resisténcia a varias classes de antimicrobianos e pela formacdo de biofilme. Ao
passo que a resisténcia a antimicrobianos atua diretamente na evasao da célula
bacteriana aos medicamentos utilizados para debelar a infeccdo, a formacéo de

biofilme, um conjunto de células em uma matriz polimérica extracelular, aumenta a
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permanéncia do patdgeno no organismo por dificultar o contato dos antimicrobianos,
ou de células do sistema imune do hospedeiro, com as col6nias bacterianas (SILBY
et al., 2011; AZAM; KHAN, 2019).

Estes mecanismos de resisténcia podem ser intrinsecos (diminuicdo na
permeabilidade da membrana externa, expressdo de sistemas ativos de efluxo),
adquiridos (mutacBes em genes cromossomais e transferéncia horizontal de genes)
ou adaptativos (fenotipos temporarios causados pela regulacdo génica diferencial
em situacbes de estresse, tais como a presenca de antibidticos, deficiéncia
nutricional, mudanca de pH do meio, mudancas de temperatura ou na
disponibilidade de oxigénio). Sua facilidade em adquirir novos mecanismos de
resisténcia confere o potencial para tornar-se resistente a todos os antimicrobianos
utilizados na clinica atual (MULET et al., 2013; AZAM; KHAN, 2019).

Pseudomonas aeruginosa resistente a um extenso numero de drogas
antimicrobianas representam um problema grave e crescente em ambientes
hospitalares, nos ultimos anos (van DER ZEE et al., 2018). Carbapenémicos séo as
principais drogas utilizadas para combater infeccdes por P. aeruginosa, porém
estima-se que o percentual de cepas resistentes varie entre 10 e 50% na maioria
dos paises (FENG et al., 2017). Além dos carbapenémicos, P. aeruginosa pode ser
resistente aos demais antimicrobianos de escolha, como aminoglicosideos,
fluoroquinolonas e polimixinas, sendo estas ultimas utilizadas apenas como ultimo
recurso (POTRON et al., 2015).

Em fevereiro de 2017, a OMS estabeleceu uma lista de 12 familias
bacterianas que representam a maior ameaca a saude humana (OMS, 2017). Esta
lista, cujo intuito é de guiar as pesquisas para o desenvolvimento de novos métodos

para debelar essas infecgcbes, compreende P. aeruginosa resistente a
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antimicrobianos carbapenémicos entre os agentes patogénicos que se encontram
em prioridade critica. Este microrganismo também configura em outras listas de

patdgenos importantes, como demonstra a Figura 2.

Figura 2. Listas de patdgenos das quais P. aeruginosa faz parte.

Patdgenos prioritarios pela OMS para pesquisa e

Organismos SPACEK: possuem o gene para f- desenvolvimento de novos antibidticos em

lactamase (ampC) cromossomal e indutivel. 2017: Prioridade Critica — Acinetobacter
Serratia spp, Pseudomonas spp, Proteus spp indol baumannii resistente a carbapenémicos,
+, Acinetobacter spp, Citrobacter spp, Enterobacter Pseudomonas aeruginosa resistente a

cloacae/Escherichia coli, Klebsiella spp carbapenémicos, Enterobacteriaceae resistente

a carbapenémicos/produtora de ESBL

Organismos SPICE: possuem o gene para Pseudomonas
B-lactamase (ampC) cromossomal e aeruginosa

indutivel. Serratia spp, Pseudomonas spp,
Proteus spp indol +, Citrobacter spp,
Enterobacter cloacae/Escherichia coli

Microrganismos considerados

ameaca de nivel perigoso pelo

CDC: Pseudomonas aeruginosa
multidroga resistente

Patogenos ESKAPE: lideres em infecgdes
nosocomiais no mundo. Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Enterobacter cloacae

Fonte: adaptado de Azam e Khan (2019)
Legenda: ESBL corresponde a sigla para p-lactamase de espectro extendido (Extended-spectrum -
lactamase), CDC corresponde a Centro para Prevencédo e Controle de Doencas (Center for Disease

Control and Prevention).

2.1.2 Métodos alternativos de tratamento

Diante do preocupante aumento da frequéncia de bactérias patogénicas
resistentes a multiplos antimicrobianos, tem-se buscado, nos ultimos anos, o
desenvolvimento de estratégias alternativas para debelar, ou amenizar os efeitos de

infeccbes por microrganismos multidroga resistentes. Algumas destas estratégias
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sdo: 0 uso de anticorpos monoclonais que se ligariam a fatores de viruléncia dos
agentes patogénicos para neutraliza-los; a utilizacdo de probidticos para aumentar a
competicdo por nutrientes entre 0s microrganismos em questdo; producdo de
nanoparticulas lipidicas (lipossomos) que seriam capazes de sequestrar e
neutralizar produtos bacterianos; o uso de peptideos antimicrobianos (AMPS),
moléculas integrantes do sistema imune de alguns eucariotos e procariotos; e, por
fim, a utlizacdo de bacteriofagos (fagos) especificos, capazes de destruir
seletivamente a célula bacteriana (ASIF et al., 2018).

A fagoterapia (phage therapy) representa um dos métodos alternativos mais
promissores. Antes do advento dos antibioticos, fagos ja eram utilizados para o
combate de infeccBes em sociedades da Europa Oriental. Durante a Primeira Guerra
Mundial, soldados com disenteria eram frequentemente tratados com um preparado
de fagos (DY et al., 2014).

Vantagens da fagoterapia sao, em geral, devido as caracteristicas dos fagos,
como o fato de serem agentes exclusivamente bactericidas; sua capacidade de
aumentar de numero de acordo com 0 numero de células bacterianas, sem
necessitar de interferéncias externas; sua relativa baixa toxicidade para o organismo
do hospedeiro; seu impacto minimo na microbiota do hospedeiro, devido a relagéao
restrita entre fagos e géneros bacterianos; auséncia de interferéncia em uma
antibioticoterapia ja existente; e sua melhor penetracdo em biofilmes bacterianos do
gue moléculas antimicrobianas. No entanto, esta técnica apresenta desvantagens
gue ainda necessitam ser melhor estudadas e minimizadas. O fago a ser utilizado
deve, obrigatoriamente, ser litico, ou seja, ndo pode ser capaz de estabelecer um
ciclo lisogénico na bactéria, além de precisar ser efetivo (fagos com baixo potencial

de destruir a célula bacteriana ndo devem ser utilizados). A especificidade de
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determinados fagos com alguns géneros bacterianos, ao passo que confere uma
vantagem, também dificulta a utilizacdo desta técnica por diminuir as opc¢des
terapéuticas (LOC-CARRILLO; ABEDON, 2011).

A utilizacdo da fagoterapia tem sido bastante estudada para microrganismos
que compdem o grupo ESKAPE (Figura 2), ja tendo sido reportado algum sucesso
no combate a P. aeruginosa, Acinetobacter baumannii e Enterococcus faecalis

(KHALIFA et al., 2015; WATERS et al., 2017; ASIF et al., 2018).

2.2 MECANISMOS DE PROTECAO BACTERIANA CONTRA FAGOS E

OUTROS MGES

A hip6tese da Rainha Vermelha afirma que toda e qualquer adaptacéo
positiva em um organismo causa um impacto negativo no fithess no organismo com
o qual hd uma interacdo, 0 que leva a uma série de adaptacbes e contra
adaptacdes, em uma espécie de “corrida armamentista”. De maneira coerente com
esta hipotese, bactérias e seus fagos estdo em constante co-evolucao. Devido ao
grande numero de fagos na natureza (cerca de 10 vezes o0 numero de células
bacterianas), a pressao seletiva que eles exercem sobre as bactérias, e a
capacidade de ambos os organismos desenvolverem mutacdes rapidamente, o
conhecimento de como as bactérias interagem e se protegem de fagos é passivel de
rapidas mudancas (DY et al., 2014; BORGES et al., 2017).

O contato com bacteriofagos e outros MGEs, como plasmideos, transposons
e elementos integrativos e conjugativos (ICEs), promove a transferéncia horizontal

de genes que podem trazer beneficios para a célula bacteriana hospedeira,
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capacitando-a com genes de resisténcia a antimicrobianos, fatores de viruléncia, e
favorecendo a adaptacdo bacteriana, principalmente, em patdgenos humanos
(BARRANGOU, 2015). Porém, na auséncia de vantagens seletivas, a aquisicdo de
elementos genéticos custa energia e recursos bacterianos desnecessariamente
(RICHTER et al., 2012).
Mecanismos de defesa contra fagos garantem a bactéria sua sobrevivéncia
e multiplicacdo, impedindo a proliferagcdo viral em varios estagios distintos
(BARRANGOU et al., 2007; SOREK et al., 2008). A maioria dos mecanismos de
defesa bacteriana acontecem de maneira inespecifica, e incluem modificacdo e
restricdo de moléculas de DNA exdgenas (R-M); inibicdo da ligacdo do bacteriéfago
a superficie bacteriana; bloqueio da injecdo do material genético na célula; sistemas
toxina-antitoxina e infeccéo abortiva (Figura 3) (DY et al., 2014; BURMISTRZ; PYRC,

2015).
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Figura 3. Ciclo litico do bacteri6fago e, em vermelho, momentos do ciclo em que diferentes sistemas

bacterianos de combate a infeccao viral atuam.

Célula bacteriana

Inibigdo da
adsorgdo l
Ligagdo Montagem
Bloqueio da
injegdo do DNA ¢
<>
5O 1=
\ ‘@ 4 T Infecgdo abortiva e
el il " sistemas toxina-antitoxina
Injecdo de DNA Transcrigdo e
Tradugdo

Restrigdo e
modificacdo

Replicacdo j

Fonte: adaptado de Dy et al. (2014)

2.3 SISTEMA CRISPR/CAS

O sistema CRISPR/Cas consiste em um sistema adaptativo de defesa contra
MGEs presente nos genomas da maioria das arqueas e cerca de metade das

bactérias (Quadro 1) (BURMISTRZ; PYRC, 2015).
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Quadro 1. Nimero de genomas analisados e contendo locos CRISPR.

Nimero de Ndmero de
%
genomas analisados = genomas positivos

Arqueas 232 202 87
Bactérias 6.782 3.059 45

Fonte: CRISPRs web server, 2018.

Seu mecanismo assemelha-se ao do RNA piwi (piRNA) em eucariotos, onde
uma molécula de RNA é usada como guia para o silenciamento de elementos
transponiveis. O sistema CRISPR/Cas, por sua vez, utiliza moléculas de RNA como
guia, e em conjunto com um complexo proteico, impede a aquisicdo de fagos e
plasmideos com o0s quais a bactéria ja interagiu previamente (HIROSE et al., 2014;
BARRANGOU, 2015). Este sistema € formado por dois elementos principais: o loco
CRISPR e as proteinas Cas (BONDY-DENOMY; DAVIDSON, 2014).

O loco CRISPR (Repeticbes Palindrobmicas Curtas Agrupadas e
Regularmente Interespacadas, do inglés Clustered Regularly Interspaced Short
Palindromic Repeats) € um loco genético composto por sequéncias repetitivas
separadas entre si por sequéncias espacadoras variaveis, Unicas, e curtas,
provenientes dos MGEs invasores (BURMISTRZ; PYRC, 2015). Foi primeiro
descoberto por Ishino e colaboradores em 1987, onde foi descrito como uma regiao
parcialmente repetitiva proxima ao gene iap na cepa K12 de Escherichia coli,
composto por cinco repeticoes de 29 pares de bases (pb) espacgadas por quatro
sequéncias de 32 pb (ISHINO et al., 1987; RICHTER et al., 2012).

Nos anos posteriores, outros trabalhos reportaram a presenca de locos
semelhantes em outras espécies, como por exemplo, Mycobacterium tuberculosis

(GROENEN et al., 1993). Mojica e colaboradores, em 2000 reconheceram que tais
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sequéncias seriam parte de uma mesma familia de DNA repetitivo, e Jansen e
colaboradores, em 2002, estabeleceram as bases para o reconhecimento destas
sequéncias em diversas espécies e a homenclatura utilizada atualmente (MOJICA et
al., 2000; JANSEN et al., 2002).

As repeticbes, chamadas Repeticbes Diretas (DR), sdo sequéncias
altamente conservadas de 21 a 48 pb. Na maioria das espécies estudadas, é
possivel observar uma complementariedade de bases nas extremidades das DRs,
comumente envolvendo o complemento GTT e AAC, bem como trechos de trés ou
quatro bases idénticas dentro da sequéncia, em geral A ou T (JANSEN et al., 2002).
Estas estruturas contidas nas DRs conferem ao RNA uma estrutura secundaria
(BONDY-DENOMY; DAVIDSON, 2014). Estas DRs s&o idénticas ou quase idénticas
dentro de locos do mesmo tipo de sistema CRISPR/Cas na mesma espécie
(BURMISTRZ; PYRC, 2015).

As regides néo repetitivas do loco CRISPR sédo chamadas de Espacadores e
possuem entre 26 e 72 pb. Estes espacadores, em geral, possuem alta similaridade
com sequéncias virais, plasmidiais ou mesmo bacterianas. No entanto, um grande
namero de espacadores ndo possui similaridade com outros organismos, de forma
gue sua origem ainda € desconhecida (BURMISTRZ; PYRC, 2015). Em geral, os
espacadores encontrados em uma espeécie ndo sdo encontrados em outra espécie
(JANSEN et al. 2002; BONDY-DENOMY; DAVIDSON, 2014).

Em uma das extremidades do loco CRISPR observa-se uma sequéncia néo
codificante, cujo tamanho varia de acordo com a espécie e o tipo de sistema, mas de
modo geral, apresenta 200 a 500 pb. Esta sequéncia € nomeada Sequéncia Lider, e
funciona como promotor para a transcricdo do loco e como guia para a incorporagao

de novos espacadores. Esta sequéncia possui uma alta porcentagem de bases AT,
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e € encontrada apenas adjacente ao loco CRISPR, estando ausentes em outros
locais dos genomas bacterianos. Na extremidade oposta a sequéncia lider, é
encontrada uma DR com muta¢cGes pontuais, chamada de Repeticdo Degenerada
(DG), marcando o fim do loco (JANSEN et al., 2002; RICHTER et al., 2012).

As proteinas Cas (CRISPR-associated) sdo os elementos efetores do
sistema CRISPR/Cas (van DER OOST et al.,, 2014). O conjunto dessas proteinas
pode variar entre diferentes espécies, porém as proteinas Casl (a qual codifica uma
nuclease/integrase) e Cas2 (endorribonuclease), essenciais para o processo de
reconhecimento e incorporacdo de novas sequéncias espacadoras ao loco CRISPR,
sdo conservadas e encontradas em quase todos os tipos de sistema (van DER
OOST et al., 2009; MAKAROVA et al., 2011b; KOONIN et al., 2017).

Apesar do grande numero de proteinas Cas conhecidas, elas podem ser
distribuidas em quatro categorias de acordo com sua funcao:
nucleases/recombinases envolvidas na aquisicdo de novos espacadores (por
exemplo, Casl); ribonucleases envolvidas no processamento de RNAs (Casb6);
proteinas ligantes de RNA que fazem parte dos complexos efetores (Cas7); e
nucleases responsaveis pela degradacédo das moléculas alvo (por exemplo, Cas3)
(van DER OOST et al., 2014).

A estrutura e funcdo de algumas proteinas Cas assemelham-se a
transposons auto sintetizaveis conhecidos como casposons, e analises filogenéticas
inferem que casl, entre outros genes cas, evoluiram de casposons para formar o
sistema CRISPR/Cas. Neste cenario evolutivo, a repeticdo dos locos CRISPR teriam
surgido a partir das repeticbes invertidas terminais que tipicamente flanqueiam

transposons (KRUPOVIC et al., 2016).
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Os genes cas encontram-se adjacentes ao loco CRISPR nos genomas.
Geralmente encontram-se localizados a esquerda ou a direita do loco, a poucas
bases de distancia. Em cepas que possuem mais de um loco CRISPR no mesmo
genoma, apenas um conjunto de genes cas € necessario, estando este proximo a
algum dos locos. Entretanto, caso estes multiplos locos possuam DRs com
sequéncias distintas, ou seja, representem dois tipos diferentes de sistema numa
mesma bactéria, cada tipo possuird seu préprio conjunto de genes cas (JANSEN et
al., 2002). A estrutura genética do sistema CRISPR/Cas esta representada na Figura

4.

Figura 4. Representacdo esquematica da estrutura genética do sistema CRISPR/Cas.

< loco CRISPR
operon cas %00? A

D 1 —

X DR Espacador DG

Fonte: adaptado de Makarova et al. (2011)

Nota: numeros de um a cinco representam a ordem cronoldgica de incorporacéo dos espacadores.

Apés o descobrimento destas estruturas, a funcdo do loco CRISPR
permanecia desconhecida, enquanto acreditava-se que as proteinas Cas estariam
envolvidas no reparo do DNA de arqueas e bactérias (MAKAROVA et al., 2002). O
conhecimento de que os espacadores dos locos CRISPR correspondiam a
sequéncias de DNA provenientes de MGEs foi o motivo para que diversos autores
sugerissem que estes locos, de alguma maneira, pudessem prevenir a bactéria
contra invasdes futuras (BOLOTIN et al., 2005; MOJICA et al., 2005; POURCEL et

al., 2005). A proximidade genética entre os genes cas e o0 locos CRISPR levou a
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hipétese de que essas proteinas estariam, na realidade, envolvidas com o loco de
alguma forma em um sistema de imunidade adaptativa (MAKAROVA et al., 2006).
Barrangou e colaboradores confirmaram esta hipdétese em estudos com

Streptococcus thermophilus (BARRANGOU et al., 2007).

2.3.1 Mecanismo de acdo do sistema CRISPR/Cas

O mecanismo de acdo deste sistema apresenta, em geral, trés etapas
principais: 1) adaptacdo, aquisicdo ou imunizacdo; 2) expressao ou biogénese do
RNA-CRISPR (crRNA); 3) interferéncia ou acdo contra uma molécula alvo (Figura 5)

(DY et al., 2014).
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Figura 5. Mecanismo geral de acéo do sistema CRISPR/Cas.
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Fonte: adaptado de Jackson et al. (2017)
Legenda: L corresponde a Sequéncia lider; R, repeticdo direta; quadrados coloridos, aos

espagadores diferentes.

A etapa de adaptagdo ocorre quando a bactéria entra em contato com o
bacteriéfago ou plasmideo pela primeira vez. Nesta fase inicial do mecanismo de
acdo do sistema, acontece a fragmentacdo do DNA exdgeno por sistemas R-M
naturais da célula bacteriana; o reconhecimento de protoespacadores através da

identificacdo de uma sequéncia especifica; e incorporagdo do novo espagador no
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inicio do loco CRISPR, sempre proximo a sequéncia lider (van DER OOST et al.,
2014; BURMISTRZ; PYRC, 2015).

Um protoespacador € definido como uma regido do DNA exdgeno adjacente
a uma sequéncia conhecida como PAM (Protospacer Adjacent Motif, ou: motivo
adjacente ao protoespacador). A sequéncia deste PAM varia de acordo com
particularidades do sistema e da espécie em questdo (Quadro 2), mas em geral
corresponde a 2 a 5 pb adjacentes ao protoespacador, a montante ou a jusante. A
existéncia do PAM ndo apenas permite que uma sequéncia de DNA seja
reconhecida como protoespacadora e incorporada ao loco CRISPR como um novo
espacador, mas na etapa de interferéncia, permite a bactéria diferenciar sequéncias
exdgenas de seus proprios espacadores, visto que este motivo ndo é incorporado ao
loco CRISPR, evitando, desta forma, autoimunidade e clivagem de seu préprio
genoma (LEENAY; BEISEL, 2017; GLEDITZSCH et al., 2019). Algumas espécies
ndo possuem uma sequéncia PAM especifica, mas possuem outros métodos de
identificacdo das sequéncias exdgenas, como por exemplo, degradacdo de
moléculas de DNA que possuam complementariedade de bases com o espacador,

apenas no momento da sua transcricdo (LEENAY; BEISEL, 2017).
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Quadro 2. Sequéncias consenso de PAM em diferentes organismos, comportando tipos diferentes de

sistema CRISPR/Cas.

Localizacdo
Tipo-Subtipo Organismo Sequéncia
do PAM

I-A Pyrococcus furiosus 5 YCN
I-B Clostridium difficile 5 CcCcw
I-C Bacillus halodurans 5 YYC
I-E Cyanothece sp. 5 AWG
I-F Pseudomonas aeruginosa 5 CcC
-B Pyrococcus furiosus 3 MMA
l-A Streptococcus pyogenes 3 NGG
l-A Streptococcus thermophilus 3 NNAGAA
l-A Staphylococcus aureus 3 NNGRRT
II-C Neisseria meningitidis 3 NNNNGWWT

Fonte: adaptado de Leenay e Beisel (2017)
Legenda: na coluna Sequéncia, onde Ié-se M, corresponde a uma das bases A ou C; onde |é-se N,
corresponde a uma das quatro bases do DNA; onde |é-se W, corresponde a uma das bases Aou T; e

onde Ié-se Y, corresponde a uma das bases Cou T.

Apesar de a adaptacao ser a etapa mais desconhecida de todo o processo
de funcionamento do sistema, sabe-se que as proteinas Casl e Cas2 estdo
intimamente envolvidas e sdo fundamentais neste momento (DY et al., 2014).
Proteinas que n&o fazem parte do conjunto das Cas também podem estar
implicadas nesta fase, como RuvC e RecBCD, envolvidas no reparo e recombinacao
de DNA (van DER OOST et al,. 2014).

A etapa de expressao, ou biogénese do crRNA, consiste na transcricdo do
loco CRISPR em uma grande molécula precursora, conhecida como pré-RNA-

CRISPR (pré-crRNA), e posterior clivagem desta molécula em diversos pequenos
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crRNAs, cada um contendo partes da DR, formando uma estrutura secundaria, € um
espacador (van DER OOST et al., 2014; BURMISTRZ; PYRC, 2015).

E na etapa de interferéncia que o complexo proteico efetor associado ao
crRNA (crRNP) reconhece a molécula de DNA exdgeno através do pareamento de
bases entre o fragmento invasor e o complexo efetor. Uma vez feito o pareamento,
ocorre uma mudanca conformacional no crRNP, cuja estrutura recruta uma nuclease
para que ocorra a clivagem do material genético invasor (van DER OOST et al.,
2014).

Além do reconhecimento do PAM, para que ocorra a degradacdo do MGE, é
necessario que ocorra o pareamento de bases com precisdo em uma determinada
regido, dentro do espacador, conhecida como seed. A sequéncia seed esti
envolvida no reconhecimento e na ligacao do crRNP a molécula alvo. Em Haloferax
volcanii (Figura 6), por exemplo, a sequéncia seed corresponde as 10 bases do
espacador, adjacentes ao PAM, porém a sexta base ndo necessita apresentar um

pareamento perfeito (MAIER et al., 2015; GORSKI et al., 2017).

Figura 6. Pareamento de bases entre espacador e sua molécula alvo, destacando o PAM e a

sequéncia seed, regides de importancia para o reconhecimento de moléculas exdgenas.

2%
Sequéncia SEED 0 e
— 0-@Q
crRNA 5 AUUGAAGC |G(|‘,1|\(|;(|;C|AI|JTI|JCGACCGGCGACCUCCCGGAACACUUUG GUUUCAGACGAAU- @ 3.
fita alve TGA CGTCCGTAGAGCTGGCCGCTGGAGGGCCTTGTGAAAC
z _/— x p
2 PAM Proto-espagador -

5~ ACT GCAGGCATCTCGACCGGCGACCTCCCGGAACACTTTG ——— °

fita complementar

Fonte: adaptado de Maier et al. (2015)
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2.3.2 Classificacdo do sistema CRISPR/Cas

A analise comparativa do sistema CRISPR/Cas em genomas de arqueas e
procariotos denota um sistema estruturalmente diverso. Ja foram descritas mais de
45 familias de proteinas relacionadas ao sistema, onde ha evidéncia de homologia
distante entre algumas destas familias (MAKAROVA et al.,, 2011a). Diante desta
diversidade estrutural e funcional, foi necessario criar um sistema de classificacao.

De acordo com a ultima classificacéo, realizada por Koonin et al (2017), este
sistema foi classificado em duas classes, seis tipos e cerca de 30 subtipos diferentes
(Figuras 7 e 8). A divisdo em classes é baseada na quantidade de proteinas que
fazem parte do complexo efetor na etapa final do sistema, onde sistemas de classe
1 possuem vérias proteinas compondo seu complexo efetor, enquanto sistemas de
classe 2 possuem apenas uma proteina grande e multifuncional atuando nesta
etapa. A divisdo em tipos, por sua vez, baseia-se em analises filogenéticas, de
organizacao estrutural e de gendmica comparativa. Em geral, os tipos compreendem
ao menos uma proteina exclusiva, considerada uma “assinatura”. Os critérios para a
distincdo em subtipos sdo a presenca de determinados alelos e arranjos génicos
especificos (HATOUM-ASLAN; MARRAFFINI, 2014; MAKAROVA et al., 2015;

KOONIN et al., 2017).
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Figura 7. Sistemas CRISPR/Cas de classe 1.

effector complex
L. -:>m:>(:{>-< K < [Bowot] I-A
casé S8 (cas11) cas? cas$ casBal  casd casd” cas2 cas: cast CRISPR
cses
DNA A
) —m— m— T ) >-[l0l0l] I-B
casb cas8b1 cas7 cas$ casd as2 CRISPR
mu] I-C
CRISPR
| I-U
) I-D
casd  cas3" cas10d cas? cass casb casd cast cas2 CRISPR
csc2 csct

" D mm—eh w0kl -

casac SS(cas11) casT cas§ cas6 cast cas2 CRISPR

cse2
| — ’>- E }[mu] I-F
o e e
e St w1 | I-F
cast cas?  casd cas6f CRISPR variant

cas7 cas5
PBPRB1993 PBPRB1992

DNA?
v ——— (e ey w—p O] v
dinG  casélike  casB-like  cas7 cass CRISPR

st csft csf2 csfd

DNA? -:>- \'

castlike SS(castl) cas?  cass variant
ostt

csf? csf3
DNA A\ e A
— . T T ) s e [l n-A
casf cas10 8§ (cas11) cas? cass cas? csmé cast cas2 CRISPR
— csm2 csm3 csmd csmb
e pu)mm) Em)mm) ) l-D
RNA? - . ms
i e o Rhetior e e
=) l-c
5
S w3 S 23
— DNA?
RNA? ‘—--- _— 1-B
m7 cas10 cus cu7 SS{cxﬂ) casb m?
DNA
= [mﬂ]W‘ S >mm) |II-B
S5 (cast1) m; PD-DExK casé V'S¢ cast cas? variant
am omrs nuclease :ri‘::o'so

Fonte: Koonin et al. (2017)

Nota: Proteinas marcadas em vermelho correspondem aquelas que fazem parte do complexo efetor.



Figura 8. Sistemas CRISPR/Cas de classe 2.

DNA

VI

DNA

DNA

DNA

DNA

DNA

RuvC | 1 HNH n

cas9 cas1
RunC ) o NNW

cas9 cas1
RuwC I L) HNH L

cas9 cas1

> H oKl

cas2 cas4 tracrRNA CRISPR

cas2 csn2 ma-RNA CRISPR

[ronon]

cas2 tracrRNA CRISPR

™ ] (10801

cas9

tracrRNA CRISPR

cas4 cas2 cast

E— iy m— | 17 O

Ig

DNA

tentatlve

RNA

RNA?

— — [ o ]

CRISPR

cas13c (c2c7)

|

o, i), G (§0ROY]

RNA?

Fonte: Koonin et al. (2017)

cas13b (c2c6) csx28 CRISPR
™
e — Y 1 )
csx27 cas13b (c2c6) CRISPR

|

D Dmmd— D 101

cas12a (cpf1) casd ~cas1’ cas2’ ~ CRISPR
RuvC LN, W
— — ) — — S I 3 ]
cas12b (c2c) casd cas1 cas2 morRN[A CRISPR ]
RwCLN W
—e A ]
cast cas12c (c2c3) CRISPR
RuvC LN, W
S| O [ |
cast CRISPR cast2d (casY)
iy [10RCH]
cas12e (casX) casd cas1 cas2 tracrRNA CRISPR
RuvC i, N,
— (OB
CRISPR
RuvCLNW
[BORON] | >600 aa
c2c8 CRISPR
RuvC ), 1LY
m——y| 1 |
c2c5 CRISPR
RuvCL N, W [
c2c10 CRISPR
~400 aa
RuvC LN, W
- — [ 1 10 |
c2c9 CRISPR
= = . [N
cas13a(c2c2)  cas! cas2  CRISPR

39

lI-A

Il-C

I-C
variant

V-A

V-B

V-C

V-U1

V-U2

V-U5

V-U3

V-U4

VI-A

VI-C

VI-B1

VI-B2



40

A classe 1 compreende o tipo I, o tipo mais comum e diverso; o tipo Ill, mais
encontrado em arqueas do que em bactérias; e o tipo IV, um tipo raro, rudimentar e
ainda pouco estudado (KOONIN et al., 2017).

Os sistemas tipo | possuem com exclusividade o gene cas3, o qual codifica
uma helicase com capacidade de resolver DNA dupla fita ou complexos DNA-RNA.
Frequentemente, o dominio helicase da Cas3 esta fusionado com um dominio de
endonuclease. As proteinas Cas deste tipo estdo codificadas em um ou dois
operons, e possuem ortélogos dos genes cas3, casb, cas7 e cas8, e formam um
complexo efetor conhecido como Cascade (CRISPR-associated complex of antiviral
defence) (van DER OOST et al., 2014; MAKAROVA et al., 2015).

Os sistemas tipo 1ll sdo o0s Unicos capazes de interagir e degradar moléculas-
alvo tanto de DNA guanto de RNA. A proteina Cas especifica deste tipo € a Casl0,
que possui um dominio de reconhecimento de RNA semelhante ao dominio
observado em polimerases e constitui a maior subunidade do complexo efetor.
Todos os sistemas tipo Il também possuem 0s genes para cas5 e cas7 (Hatoum-
Aslan and Marraffini 2014; Makarova et al. 2015). Sistemas tipo Il ndo necessitam
de um PAM para reconhecimento de moléculas exdgenas, empregando outros
mecanismos devido a particularidades de suas proteinas Cas (BISWAS et al., 2013;
LEENAY; BEISEL, 2017).

As proteinas Casl e Cas2 sao encontradas quase universalmente em todos
os tipos de sistema, e eram consideradas marcadores para a presenca do sistema
CRISPR/Cas em um genoma. No entanto, no subtipo IlI-B estdo ausentes os genes
casl, cas2 e casb6, sendo este subtipo dependente de outros sistemas CRISPR/Cas
para a realizacdo de etapas especificas do mecanismo do sistema (MAKAROVA et

al., 2011b; 2015).
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O tipo IV é identificado pela presenca das proteinas Csfl (uma proteina
cas8-like, considerada a assinatura do tipo 1V), e ortdlogos de Cas5 e Cas7. Assim
como o subtipo IlI-B ja mencionado, o tipo IV também n&o possui os genes casl e
cas2 (KOONIN et al., 2017). Este sistema ja foi encontrado em plasmideos, porém
sistemas CRISPR/Cas carreados por plasmideos ja foram descritos em
Acidithiobacilus ferrooxidans (considerado o organismo modelo para o sistema tipo
IV), na cianobactéria Synechocystis, em Streptomyces rochei, e em Lactococcus
lactis. Esses plasmideos sugerem que o0 sistema possa ser transferido
horizontalmente, o que poderia explicar a presenca do sistema CRISPR/Cas em
isolados néao filogeneticamente relacionados (BONDY-DENOMY; DAVIDSON, 2014,
MAKAROVA et al., 2015).

Os tipos Il, V e VI sdo considerados de classe 2, devido a presenca de uma
Gnica proteina grande e com multiplos dominios no complexo efetor. Devido a sua
simplicidade, sistemas de classe 2 s&o menos diversos que os de classe 1 (KOONIN
et al., 2017).

O tipo mais bem estudado entre aqueles que compdem a classe 2 é o tipo |l,
cuja proteina efetora € a Cas9. Devido a sua simplicidade, este tipo foi 0 modelo
para o desenvolvimento do sistema como uma ferramenta de edigdo de genoma e
controle da transcricdo, vendida comercialmente e empregada na engenharia
genética (KOONIN et al., 2017). A Cas9 € uma proteina bilobulada, apresentando
um lobulo de reconhecimento (REC) e um lébulo de atividade de nuclease (NUC)
com dois dominios cataliticos (RuvC-like e HNH), mais uma caracteristica que
impulsionou a padronizacdo do CRISPR/Cas9 como um método de edicdo génica,
pois aumenta a versatilidade e as possibilidades na sua utilizacdo (MAKAROVA et

al., 2011b; MA et al., 2014; VIEIRA et al., 2016). A clivagem do pré-crRNA em varios
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crRNAs é realizada pela RNAse lll, uma proteina convencional da célula bacteriana.
O processamento do crRNA e a clivagem da molécula alvo ocorrem com o auxilio de
uma classe de RNA conhecida como tracrRNA (transativador crRNA) (Figura 8), o
qual possui complementariedade de bases com a DR. A fita dupla resultante &,
entdo, clivado pela RNAse Il de maneira dependente da Cas9 (van DER OOST et
al., 2014; WESTRA et al., 2014).

O tipo V foi observado em genomas bacterianos e um genoma de arquea. E
caracterizado por genes da familia da cas12 (ou cpfl), encontrado adjacente a um
loco CRISPR e aos genes casl e cas2. O organismo modelo para o sistema tipo V
foi uma cepa de Francisella cf. novicida. O gene casl2a codifica uma proteina
grande que contém um dominio RuvC-like, como a Cas9, mas ndo contém um
dominio HNH. Também diferente da Cas9, as proteinas da familia Casl2 néo
necessitam de um tracrRNA para clivagem. Estas proteinas possuem uma alta
similaridade com a proteina TnpB, da familia de transposons IS605, sugerindo que
foram recrutadas de elementos transponiveis (MAKAROVA et al., 2015; KOONIN et
al., 2017).

O tipo VI foi o ultimo tipo de sistema a ser descoberto (SHMAKOQV et al.,
2015), e entre os tipos classificados como 2, € o mais distinto dos demais, em
funcdo e em sequéncia (MURUGAN et al., 2017). A Casl3 difere das demais
proteinas efetoras de classe 2 (Cas9 e familia da Cas12) por ndo possuir dominios
HNH ou RuvC-like, mas dominios HEPN com atividade de RNAse, sendo este tipo,
entdo, o unico que degrada exclusivamente moléculas de RNA (KOONIN; ZHANG,
2017; YAN et al., 2018). A estrutura genética da Cas13 também é bastante variavel
entre os subtipos que a possuem, sendo a similaridade nucleotidica praticamente

restrita apenas aos motivos HEPN (O’CONNELL, 2019).
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2.3.3 Outras funcdes do sistema CRISPR/Cas

A extensdo da funcdo do sistema CRISPR/Cas ainda ndo é completamente
conhecida. Sua aparente baixa taxa evolutiva em Escherichia coli (dado
inconsistente com a pressao seletiva exercida por fagos sobre as células
bacterianas), além da sua similaridade com o mecanismo de RNA de interferéncia
em eucariotos, o qual apresenta outras funcbes além da imunidade, levaram a
guestdo de que este sistema pode interferir em outros processos biolégicos nas
arqueas e bactérias que o possuem (WESTRA et al., 2014). Funcdes variantes do
sistema CRISPR/Cas ja descritas encontra-se no Quadro 3. Estas funcdes podem
ser promovidas tanto pelas proteinas Cas e o loco CRISPR, quanto por apenas um

destes elementos.

Quadro 3. Fungbes variantes do sistema CRISPR/Cas ou de apenas um dos seus elementos em

espécies diversas.

Funcéo Tipo-subtipo Mecanismo Espécie
Regulacéo génica 1-B Degradacéo de RNA mensageiro | Pyrococcus furiosus
complementar
Regulacéo de I-F Baseado em Pseudomonas aeruginosa
comportamento de complementariedade parcial
colbnia
Regulacéo de I-C Desconhecido Myxococcus xanthus
comportamento de
colbnia
Regulacédo de genes | II-C Modifica¢éo da superficie celular = Campylobacter jejuni
de viruléncia dependente de Cas9
Regulacédo de genes  1I-B Supressao da producao de Francisella novicida
de viruléncia lipoproteinas bacterianas
mediada por Cas9
Regulacédo de genes  II-B Desconhecido Legionella pneumophila
de viruléncia
Regulacdo de genes  Loco CRISPR  Regulacdo do operon feoAB por Listeria monocytogenes
de viruléncia orféo complementariedade parcial
Reparo de DNA I-E Reparo mediado por Casl Escherichia coli

Fonte: adaptado de Westra et al. (2014)
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2.3.4 Tipagem molecular através do sistema CRISPR/Cas

A diferenciacdo de bactérias além do nivel de espécie € uma importante
ferramenta epidemioldgica para reconhecer causas de surtos infecciosos ou origens
de infeccdes (SHARIAT; DUDLEY, 2014). As técnicas empregadas com este fim
podem ser divididas em duas categorias: 0os meétodos tradicionais, tais como
sorotipagem, fagotipagem, e tipagem pelo perfil de resisténcia, os quais podem
apresentar resultados variantes que nao correspondem com a realidade; e os
métodos moleculares, que incluem técnicas como andlise de multiplos locos VNTR
(repeticbes em tandem de numero variavel) (MLVA), analise do polimorfismo do
tamanho dos fragmentos de restricdo (RFLP), eletroforese em gel de campo pulsatil
(PFGE), ribotipagem, MLST, e mais recentemente, técnicas baseadas no
sequenciamento de genoma completo (SHARIAT; DUDLEY, 2014; KARIMI et al.,
2018).

O loco CRISPR do sistema CRISPR/Cas adquire novos espacadores,
cronologicamente, de maneira ordenada (novos espacadores Sao sempre
incorporados préximos a sequéncia lider), o que torna este loco uma regiao
hipervariavel Gnica, cuja sequéncia de incorporacdo dos espacadores pode ser

utilizada para genotipagem (Figura 9) (BARRANGOU; DUDLEY, 2016).
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Figura 9. Técnica empregada para tipagem molecular através da analise do loco CRISPR.
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Fonte: adaptado de Shariat e Dudley (2014)
Nota: cada retangulo colorido corresponde a um espacador diferente. De acordo com o contelido de
espacgadores e a sua ordem de incorporacao, é possivel estabelecer perfis para cada um, e, ao final,

estabelecer um tipo CRISPR Unico.

No entanto, para que o loco CRISPR de uma espécie bacteriana possa ser
estabelecido como uma ferramenta valida de tipagem molecular, ele ndo pode
incorporar espagadores mais rapidamente do que o intervalo de tempo do surto em
estudo, por exemplo. De maneira oposta, espécies cujo loco CRISPR é homogéneo
devido a inatividade do sistema, também n&o sdo suficientemente informativos
(SHARIAT; DUDLEY, 2014).

Inicialmente restrito a aplicacdo em espécies de Yersinia ou Mycobacterium, a
tipagem baseada no CRISPR expandiu para isolados industriais e clinicos

(BARRANGOU; DUDLEY, 2016). Atualmente, esta técnica ja é bem estabelecida

para algumas espécies, como demonstra o Quadro 4.
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Quadro 4. Espécies bacterianas cuja tipagem através do loco CRISPR esta estabelecida.

Organismo Tipo
Bifidobacterium animalis Probidtico
Campylobacter jejuni Patégeno
Clostridium difficile Patégeno
Corynebacterium diphtheriae Patégeno
Enterococcus faecalis Pat6geno
Enterococcus faecium Patégeno
Erwinia amylorova Patdégeno
Escherichia coli Patdégeno
Lactobacillus buchneri Refugo
Lactobacillus casei Probidtico
Legionella pneumophila Patégeno
Microcystis aeruginosa Pat6geno
Mycobacterium tuberculosis Patdégeno
Propionibacterium acnes Pat6geno
Salmonella enterica Patdégeno
Streptococcus agalactiae Patdégeno
Streptococcus thermophilus Cultura inicial
Staphylococcus aureus Patégeno
Vibrio parahemolyticus Pat6geno
Xanthomonas aeruginosa Pat6geno
Yersinia pestis Pat6geno

Fonte: adaptado de Barrangou e Dudley (2016)

2.4 A RESPOSTA DOS FAGOS: PROTEINAS ANTI-CRISPR

Numa tentativa de descobrir os mecanismos pelos quais profagos de P.
aeruginosa modulam os mecanismos da célula bacteriana hospedeira, Bondy-
denomy e colaboradores, em 2016, se depararam com profagos que permitiam a
infecc@o por outros fagos na célula bacteriana, apesar deste novo fago ser alvo de

espacadores do sistema CRISPR/Cas tipo I-F. Esta observacdo permitiu a hipétese
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de que estes profagos inativariam a funcéo do sistema CRISPR/Cas, que depois se
mostrou verdadeira pela descoberta de um loco contendo genes anti-CRISPR,
principalmente em fagos da familia Mu-like (Figura 10) (BONDY-DENOMY et al.,

2016; BORGES et al., 2017).

Figura 10. Locos anti-CRISPR de fagos da familia Mu-like de P. aeruginosa.
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Fonte: adaptado de Borges et al. (2017)

Nota: o loco anti-CRISPR esté localizado entre as regiées bem conservadas dos genes G e genes da
protease l/scaffold Z. As letras E e F, seguidas por um namero, representam proteinas contra os tipos
I-E e I-F, respectivamente, e encontram-se sempre adjacentes ao gene acal (anti-CRISPR-

associated 1).
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Ap6s a descoberta das proteinas anti-CRISPR em P. aeruginosa, outras
proteinas foram descritas em outras espécies, através da similaridade de sequéncia
e proximidade com o gene acal (PAWLUK et al., 2016). Atualmente, existem cerca

de 21 proteinas anti-CRISPR descritas (Quadro 5) (PAWLUK et al., 2018).

Quadro 5. Familias de proteina anti-CRISPR.

Familia de

proteinas - . Tipo de Numero de
anti- Fago Espécie relacionada si:]si:)%noa aminoacidos
CRISPR
Acrgl JBD5 Pseudomonas aeruginosa I-E 100
Acrg2 JBD88a Pseudomonas aeruginosa I-E 84
Acrg3 DMS3 Pseudomonas aeruginosa I-E 68
Acre4 D3112 Pseudomonas aeruginosa I-E 52
AcrF1 JBD30 Pseudomonas aeruginosa I-F 78
AcrF2 D3112 Pseudomonas aeruginosa I-F 90
AcrF3 JBD5 Pseudomonas aeruginosa I-F 139
AcrF4 JBD26 Pseudomonas aeruginosa I-F 100
AcrF5 JBD5 Pseudomonas aeruginosa I-F 79
AcrF6 Profago Pseudomonas aeruginosa I-E e I-F 100
AcrF7 LPB1 Pseudomonas aeruginosa I-F 67
AcrF8 ZF40 Pectobacterium atrosepticum. I-F 92
AcrF9 Profago Vibrio parahemolyticus I-F 68
AcrF10 Profago Shewanella xiamenensis I-F 97
AcrllAl J0161a Listeria monocytogenes I-A 149
AcrllA2 J0161a Listeria monocytogenes I-A 123
AcrllA3 SLCC2482 Listeria monocytogenes I-A 125
AcrllA4 J0161b Listeria monocytogenes I-A 87
AcrliC1 MGE Neisseria meningitidis II-C 85
AcrlIC2 Profago Neisseria meningitidis II-C 123
AcrlIC3 Profago Neisseria meningitidis II-C 116

Fonte: adaptado de Borges et al. (2017) e Pawluk et al. (2018)

Os mecanismos pelos quais estas proteinas atuam para inativar o sistema €&

variado, e estao representados na Figura 11.
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Figura 11. Processos do mecanismo do sistema CRISPR/Cas em que proteinas anti-CRISPR especificas interferem.
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Fonte: adaptado de Borges et al. (2017)
Nota: a letra R representada no loco CRISPR corresponde as repeticbes. A sigla Acr, seguida por letras e numeros, correspondem as diferentes

proteinas anti-CRISPR, e em que etapa do mecanismo do sistema elas interferem.
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2.5 PSEUDOMONAS AERUGINOSA E O SISTEMA CRISPR/CAS

Jé& foi reportada a presenca de sistemas tipo I-F, I-E e I-C em P. aeruginosa,
em frequéncias variaveis. Em um estudo realizado por Van Belkum e colaboradores,
em 2015, o sistema do tipo I-F foi observado em 30% dos isolados, o tipo I-E em
12%, e o tipo I-C em 3% (van BELKUM et al., 2015). Mais de um sistema pode ser
encontrado no mesmo isolado bacteriano, no entanto, esta € uma caracteristica rara:
Essoh et al. (2013) observaram em 6% (3/50) dos isolados, e Van Belkum et al.
(2015), em 2,52% (23/672) (ESSOH et al., 2013; van BELKUM et al., 2015).

A cepa UCBPP-PA14 (ou simplesmente PA14) apresenta um conjunto de
genes cas especificos do subtipo I-F e dois locos CRISPR, um a montante e outro a
jusante dos genes cas. Esta cepa € a atual referéncia para estudos do sistema
CRISPR/Cas em P. aeruginosa (SONNLEITNER et al., 2012).

Uma funcdo alternativa conhecida deste sistema em P. aeruginosa,
descoberto na cepa PA14, é a sua funcdo na modulagcédo de genes do profago (um
fago cujo genoma esta integrado no genoma bacteriano) DMS3 (ZEGANS et al.,
2009). Cepas que contém este profago perdem sua capacidade de motilidade em
grupo e producédo de biofilme, o que ocorre pela similaridade parcial entre um
espacador do loco CRISPR com o gene 42 do fago DMS3. Uma vez que ocorra a
mutac&do ou delecdo dos genes cas envolvidos, ou delecdo do espacgador do loco
CRISPR, as func¢des de motilidade e producéo de biofilme s&o restauradas (CADY;
O'TOOLE, 2011).

Cady e colaboradores, em 2011, reportaram que o subtipo I-F de P.
aeruginosa nao parecia conferir imunidade a bactéria contra o ataque de

bacteriéfagos, apesar de crRNAs serem produzidos. Esta descoberta parecia
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contradizer os achados de Zegans e colaboradores, em 2009, que reportaram a
interacdo entre crRNA e a expressdo de genes do fago DMS3 (ZEGANS et al., 2009;
CADY et al., 2011). A partir de entdo, passou-se a acreditar que o papel do sistema
CRISPR/Cas no genoma de P. aeruginosa seria apenas modular a expressao
génica, e ndo de proteger a célula bacteriana contra a invasdo de novos MGEs
(SONNLEITNER et al.,, 2012). No entanto, Cady e colaboradores, em 2012,
descreveram a protecado contra fagos pelo subtipo I-F do sistema CRISPR/Cas em
P. aeruginosa, obtido através da mudanca de parametros experimentais.

Westra e colaboradores, em 2015, demonstraram que, o fato da P.
aeruginosa tornar-se resistente aos fagos néo seria apenas pela expressédo do
sistema CRISPR/Cas, mas também pela modificacdo dos receptores do fago pela
célula, e que o sistema CRISPR/Cas parece ser o mecanismo de defesa de escolha
sob condicdes nutritivas pobres, enquanto outros mecanismos estariam ativos em
meios ricos em nutrientes (WESTRA et al., 2015). Diante das descri¢coes
controversas, a funcdo deste sistema em P. aeruginosa ainda é considerado ndo

completamente elucidado (ESSOH et al., 2013; van BELKUM et al., 2015).
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3 ARTIGO | - INVESTIGATION OF FREQUENCY, LOCI'S ARCHITECTURE AND
SPACER DIVERSITY OF CRISPR/CAS IN BRAZILIAN CLINICAL STRAINS OF

PSEUDOMONAS AERUGINOSA

Manuscrito submetido a revista Molecular Genetics and Genomics (Qualis B1)
em 20 de novembro de 2018 sob o cédigo MGAG-D-18-00723. Manuscrito
atualmente em correcdo, de acordo com as recomendacfes dos revisores,
recebidas em 04 de fevereiro de 2019.

O material suplementar eletrénico do manuscrito encontra-se em midia digital,

gue acompanha este documento.
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ABSTRACT
CRISPR/Cas is an adaptive immune system found in prokaryotes, with the main
function to protect these cells from invasion and possible death by mobile genetic
elements. Pseudomonas aeruginosa is considered a model for type I-F CRISPR/Cas
system studies. However, its CRISPR loci characteristics have not yet been
thoroughly described, and its function has not yet been fully unraveled. Here, we
aimed to find the system’s frequency in Brazilian clinical isolates; to identify the loci’'s
sequence and its spacer diversity and their origins, as well as to propose a unified
spacer library, to aid in future structural studies of P. aeruginosa’s CRISPR loci. We
investigated types I-F and I-E gene markers to establish CRISPR/Cas typing, and
observed two strains harboring both systems simultaneously, a very rare feature.
Through amplification and sequencing of CRISPR loci related to type I-F system, we
describe polymorphisms in DRs and 350 spacers, of which 97 are new. Spacers
identified had their possible organisms or proteins of origin identified. Spacer arrays
were grouped in five different CRISPR patterns, and the loci’s plasticity was inferred
by rearrangements in spacer arrays. Here, we perform the first detailed and focused
description of CRISPR/Cas elements in Brazilian clinical strains of P. aeruginosa.
Our findings reflect active and highly diverse CRISPR loci, and we suggest that
CRISPR/Cas may also pose as a transcriptional regulatory mechanism. The
structural and diversity features here described can provide insights on CRISPR/Cas
function in this pathogen, and help guide the development of new therapeutic

strategies.

Keywords: bacteriophages, plasmids, I-F, I-E, Pseudomonas aeruginosa,

CRISPR/Cas
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INTRODUCTION

Understanding the mechanisms through how bacteria react to the invasion of
mobile genetic elements (MGE) is important for a great number of applications, such
as comprehending the co-evolution between bacteria and their viruses
(bacteriophages), or aiding in the development of new strategies to treat infections by
multidrug resistant bacteria, like phage therapy, where bacteriophages are used to
specifically target and destroy bacterial cells in a patient (Dy et al. 2014; Kakasis and
Panitsa 2019). Among many mechanisms of resistance against phages, the
CRISPR/Cas system appears to be the most complex in prokaryotes, comprising two
key components to function: The Cas (CRISPR-associated) proteins and the
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) locus (Bondy-
Denomy and Davidson 2014). CRISPR loci harbor key elements to learn about
CRISPR/Cas functions, the parasitic genetic elements present in a determined
environment, and may serve as a target for molecular typing (Barrangou 2015).

The CRISPR locus is composed of Direct Repeats (DR) separated by spacers,
which are partial sequences of MGE. They are acquired when the bacterial cell is first
invaded by a given MGE, and are incorporated in CRISPR locus between DRs.
These spacers can later serve as guides for the Cas proteins to block invasions by
the MGE from which they originated (van der Oost et al. 2014). This locus is typically
flanked by a leader sequence, a 5 AT-rich sequence that functions as the locus’
promoter and as a guide for the incorporation of new spacers (Jansen et al. 2002).
The last DR, on the opposite side from the leader sequence, usually shows some
level of degeneracy, harboring several polymorphisms, and is considered a

Degenerate Repeat (DG) (Biswas et al. 2014; Karah et al. 2015).
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The CRISPR/Cas system and its components are well studied in several
bacterial species, including many human pathogens, e.g. Staphylococcus
epidermidis, Streptococcus pneumoniae, Yersinia pestis, Klebsiella pneumoniae,
Salmonella sp, and many others (Marraffini and Sontheimer 2008; Bikard et al. 2012;
Barros et al. 2014; Ostria-Hernandez et al. 2015; Fu et al. 2017; Karimi et al. 2018).

Pseudomonas aeruginosa, an opportunistic pathogen that causes severe
infections in  immunocompromised patients within  healthcare-associated
environments, usually carries a great arsenal of mechanisms to resist several
antibiotic treatments, like resistance genes and biofilm formation ability (Silby et al.
2011). Three CRISPR/Cas system types (I-F, I-E and I-C) have already been
reported in P. aeruginosa strains, with varying frequencies for each type, with type I-
F being the most most commonly observed, and type I-C being very rarely found (van
Belkum et al. 2015).

Although P. aeruginosa is considered a model for CRISPR/Cas system type |-F
studies (van Belkum et al. 2015), there are very few detailed descriptions of its
CRISPR locus’ characteristics, and the natural function of P. aeruginosa’s
CRISPR/Cas still seems to be unclear, with contradicting reports (Cady et al. 2011,
2012; Westra et al. 2015).

Here, we aim to establish grounds for possible descriptive or structural CRISPR
investigations in P. aeruginosa, by describing the sequence’s characteristics,
providing a unified spacer library, and analyzing spacer’s incorporation order and
rearrangements. Even though there are reports in literature of CRISPR/Cas system
type I-F in P. aeruginosa isolates from Brazil (van Belkum et al. 2015), this is the first
detailed description of some of this locus’ genetic architecture and spacer diversity in

Brazilian clinical isolates.
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MATERIALS AND METHODS
Bacterial strains

A total of 130 P. aeruginosa clinical strains were provided by two public
hospitals in Recife (State of Pernambuco, Brazil) by spontaneous demand, already
isolated and purified by the hospital’s bacteriology sectors. The isolates were derived
from clinical specimens of patients from outpatient clinics, inpatient wards and
Intensive Care Units (ICU). The hospitals performed the specimens’ collection,
bacterial isolation and identification of bacterial isolates through automated methods.
We had no contact with patients, nor have we received any patient information. The
bacteria were stored in BHI-glycerol at -80°C in Department of Microbiology of Aggeu
Magalhées Institute. Cells were reactivated by plating in BHI-agar supplemented with

ampicillin for 24 hours.

DNA extraction, CRISPR/Cas typing, and CRISPR amplification

Genomic DNA was obtained using the InstaGene Matrix (Bio-Rad, California)
following manufacturer’s instructions. The DNA from strains UCBPP-PA14 and Pcyll-
10 were used as positive control, and were provided by Dr. Cristine Pourcel (Paris-
Sud University, France).

In order to perform CRISPR/Cas system typing, we used the system I-F’s
specific casl gene with primers to investigate type I-F, and csel with primers
designed for this study, to investigate type I-E. CRISPR amplification of I-F’s loci 1
and 2 (named CRISPR1 and CRISPR?2), already defined for P. aeruginosa, was

performed in 30 isolates through PCR. Another set of primers for CRISPR2 was
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117 designed for our study, with the sequences annealing even closer to the CRISPR
118 locus to better amplify internal sequences. Primers sequences and references are
119 shownin Table 1.

120

121  Table 1 Primers used for amplifications in the present study

Primers Sequence 5’-3’ Reference
casl-F GACATTTCTCCCAGCGAACTGA (Essoh et al.
2013)
casl-R CTTCTTCGGTCAGTAGATGCTC (Essoh et al.
2013)
csel-F ATGACTGAACACTACAACCTGC This study
csel-R GGTCATAGGAATGGTCGAACAC | This study
CRISPR1-F CTTGACGACCTATGTGGCAG (Essoh et al.
2013)
CRISPR1-R GTCGCTGCAAAAAGAGGGTT (Essoh et al.
2013)
CRISPR2-F TTTTCGTCTGTGTGAGGAGC (Essoh et al.
2013)
CRISPR2-R AGCAAGTTACGAGACCTCGA (Essoh et al.
2013)
CRISPR2P-F AGGGTGGTTCTGCCTAGACG This study
CRISPR2P-R GGCGGGAAAAACTCGGTAT This study
122
123

124
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Amplicon purification and sequencing
A representative group of 30 isolate’'s PCR products was chosen for
sequencing, in order to comprehend the architecture of CRISPR1 and CRISPR2. The
PCR products were purified with EXoSAP-IT (Thermo Fisher Scientific,
Massachusetts) or Wizard SV Gel and PCR Clean-Up System (Promega,
Wisconsin), depending on the presence of spurious bands in agarose gels. Purified
samples were sequenced on Applied Biosystems 3100 using BigDye Kit (Applied

Biosystems, California).

CRISPR loci sequence analysis

Sequence assembly was performed using Phred, Phrap and Consed algorithms
(Gordon et al. 1998; Ewing et al. 2005). CRISPRFinder (Grissa et al. 2007a) was
chosen to confirm the CRISPR sequences obtained. Degenerate Repeat was

analyzed manually, since CRISPRFinder was often not able to identify DGs.

Unified spacer library for P. aeruginosa

A non-redundant spacer library was designed for identifying spacers in P.
aeruginosa, where each spacer was assigned an identification (ID) composed of the
letter “S” and a specific number (data in Online Resource 1). This library was built
gathering information from two previous works(Cady et al. 2011; Essoh et al. 2013),
where spacers were explicitly described. We chose to build the library first
chronologically and then alphabetically. Spacers described by more than one author
are grouped and named with spacers from the first description. To avoid
misclassification due to sequencing errors, spacers differing one to three bases were

considered the same spacer and spacers differing four to seven bases were
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considered variants, as suggested by a previous study (Cui et al. 2008). These

variants were named with the same ID of the original spacer followed by the letter “v”.

Spacer analysis

Spacers found in our study were named after the unified spacer library we built.
These spacers were compared with the CRISPR database using the BLAST
CRISPRdb tool (Grissa et al. 2007b) to determine if they already are described as
spacers in this specific CRISPR database. We determined the possible origins of our
spacers using: the CRISPRTarget online software (Biswas et al. 2013) with default
configurations; BLASTn tool against microbial genomes in GenBank, where only the
highest scores were taken into consideration; and BLAST tool against Uniprot, where
only e-values lower than one were considered. Observing these results, we classified
spacers as related to Phages, Plasmids, Integrative or Conjugative Elements (ICE),
P. aeruginosa or Unknown, taking into account only results of Pseudomonas genus.

The listed results can be found in Online Resource 2.

CRISPR array establishment

Spacers and DRs were assigned to a position according to their proximity to a
DG, where the DR and spacer closer to a DG were assigned as position one, as this
spacer was the first one to be acquired. Each Spacer ID established in the unified
spacer library were arrayed for each locus and each strain studied, where we aimed
to identify any patterns of spacer incorporation and similar patterns between strains.
All spacers found in our strains and their positions in CRISPR loci can be verified in

Online Resource 3.



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

61

RESULTS
Analysis of CRISPR loci of P. aeruginosa

CRISPR/Cas types I-F and I-E were determined for 130 clinical isolates of
Pseudomonas aeruginosa, and we observed the following frequencies: 73 isolates
negative for any type (56,2%), 50 positive for I-F (38,5%), 5 positive for I-E (3,8%),
and 2 positive for both system’s types (1,5%).

We attempted to amplify CRISPR1 and CRISPR2 loci, related to I-F system
type, in 30 isolates, to better understand the structural basis in these loci and their
spacer content. CRISPR1 locus was amplified in 18 isolates, and CRISPR2 locus, in
27 isolates. Fifteen strains amplified both loci. Aside from two CRISPR1 (isolates
Pae 8 and Pae_39) and three CRISPR2 products (isolates Pae 96, Pae 99 and
Pae 101), all PCR amplicons were successfully sequenced.

To identify if CRISPR loci were sequenced in their entirety in each strain, we
investigated the DG sequence and the ending marker of the locus in both extremities
of the sequence obtained. Spacers closer to DG are the first ones to be incorporated,
therefore, we considered DG as the CRISPR’s beginning, the adjacent spacer as the
first one, and the next DR as the first repeat. A small and specific sequence was
sought in the locus’ another extremity, closer to the Leader end, where new spacers
are incorporated. This sequence was defined according to UCBPP-PA14 genome
sequence, and it assigns the ending of the locus (ending marker). These markers are
slightly different in the Pcyll-10 genome, in accordance with our findings, but all our
clinical strains possessed the UCBPP-PA14 markers.

DG could not be observed in all sequences, because the forward primer for

CRISPR1 and CRISPR2 were designed disregarding this feature and favoring
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internal sequences. Even so, the beginning of CRISPR2 was reliably recognized in
all sequences, due to first spacer being the same for all loci. As for CRISPR1, since
the beginning (from DG to second spacer) is identical in UCBPP-PA14 and other
genomes, we looked for the first DR as the beginning marker. Markers and point
mutations are described in Table 2, and a graphic representation of CRISPR1 and

CRISPR2 are provided in Fig 1.

Table 2 Genetic markers, direct repeats and degenerate repeats sequence’s characteristics

found in Brazilian clinical isolate’s CRISPR loci

Element Sequence Sequence in Reverse-

complement

CRISPR1 ending | GGTCTA TAGACC

marker

CRISPR1 ordinary DR | GTTCACTGCCGTATAG | TTTCTTAGCTGCCTAT

GCAGCTAAGAAA? ACGGCAGTGAAC?

CRISPR1 first DR | TTTCACTGCCACATAG |TTTCTTGACGACCTAT

(beginning marker) GTCGTCAAGAAAP GTGGCAGTGAAAP
CRISPR2 ending | GAGCTA TAGCTC
marker

CRISPR2 ordinary DR | GTTCACTGCCGTGTAG | TTTCTTAGCTGCCTAC

GCAGCTAAGAAA? ACGGCAGTGAAC?
CRISPR2 DG | GTTCGCTGCCGTCTAG | GGGTGGTTCTGCCTA
(beginning marker) GCAGAACCACCCP GACGGCAGCGAACP

aphases underlined correspond to point mutations between ordinary DRs in both loci
bbases underlined correspond to point mutations between the ending markers and their respective’s

loci ordinary DR.
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Fig 1 Graphic representations of both CRISPR loci from isolate Pae_12. A) CRISPR1; B)

CRISPR2. Colors represent the elements inside a CRISPR locus: Yellow — DR; Red — polymorphisms

when compared with the ordinary DR; Green — DG (beginning marker); Blue — ending marker.

A.

Leader end

GGTCTA

B.

GTTCACTGCCGTATAGGCAGCTAAGAAATGTCAGAAGGGATTACCGCGGACCTGGTCGCA
GTTCACTGCCGTATAGGCAGCTAAGAARATCAGGCTCATTTCGTTGTCCTCGATGCCCCGG
GTTCACTGCCGTATAGGCAGCTAAGAAATGCTCGCTGATGACCAGCCGCAGCGCATGGTT
GTTCACTGCCGTATAGGCAGCTA.GAAACGCAAAGCCCCGCAGGACAATGACTTGATATC
GTTCACTGCCGTATAGGCAGCTAAGAAAAATCCGAGGCGGAGTTCAGCCACTTGGCATAG
GTTCACTGCCGTATAGGCAGC.AAGAAAGCAGTGATCGAGCGCGCACGGTCGCGCAAGAC
GTTCACTGCCGTATAGGCAGCTAAGAAAAGAAGCGCATCCAGCGATACGAAGATGCACTC
GTTCACTGCCGTATAGGCAGCTAAGAAAAACCAGCGTGTCGATGCCGAAGCGAAGGCCCG
GTTCACTGCCGTATAGGCAGCTAAGAAAAGTGAGCACGATCATCATGTCGGCCTGCTGGC
GTTCACTGCCGTATAGGCAGCTAAGAAAATCACCGGAGGCCACGGATTCGCTGTAGCTCA
GTTCACTGCCGTATAGGCAGCTAAGAAAACCAGCTGCTGCGAGTGCTGGTTCGCGCTGGC
GTTCACTGCCGTATAGGCAGCTAA.AAATGTCCCGAAGTTCATAAGCGGGCTTCGGGCGA
TTTCACTTGCCCCCTAGGTCGTCAAGAA

DG end

Leader end

GAGCTA

GTTCACTGCCGTGTAGGCAGCTAAGAAAATCGAGTTCGTCCGCCTCCGAACCCATCAGTT
GTTCACTGCCGTGTAGGCAGCTAAGAAATGGGGCGAAACCCCTAGGCGCCGGGCTAGCTC
GTTCACTGCCGTGTAGGCAGCTAAGAAAATCACGCCCCAGCCACTTTTCAACCCCGCACT
GTTCACTGCCGTGTAGGCAGCTAAGAAAGGTGTGTGCGGCCAGCTCGGACCCGAACTTGA
GTTCACTGCCGTGTAGGCAGCTAAGAAAAGTCACAGCCGCCGCAGCAGCCAGACCGCCCG
GTTCACTGCCGTGTAGGCAGCTAAGAAATTAGCGAGTCACCGGGACAAAGGTGACCACGG
GTTCACTGCCGTGTAGGCAGCTAAGAAATGTCCGAACTCCCATCTGTTGCCCTGATCAAC
GTTCACTGCCGTGTAGGCAGCTAAGAAAAGAAACTGCGGAACCGGAAGTGCATTGATCAA
GTTCACTGCCGTGTAGGCAGCTAAGAAACGGCATTGCTGAATGCCATAGCGGATCTGCTC
GTTCACTGCCGTGTAGGCAGCTAAGAAAGGCATCCCCGAGCGCAAGCTTCCATCCCCGCC
GTTCACTGCCGTGTAGGCAGCTAAGAAAAGCGGCCTGGACCTGGTTCGGCCCGTCCAGGC
GTTCACTGCCGTGTAGGCAGCTAAGAAACAGAAGCGCCGGCCGTTGGCGAAGAACCAGTA
GTTCACTGCCGTGTAGGCAGCTAAGAARAGATACCTGACGGCCTGGTGCTGGATCACCTGT
GTTCACTGCCGTGTAGGCAGCTAAGAAATGTCCTTTCAACTCGGTCTGCTCGTAGAGGTT
GTTCACTGCCGTGTAGGCAGCTAAGAARATTGAGAAGCCGCGGGTGTCTAAGAAACTGGTA
GTTCACTGCCGTGTAGGCAGCTAAGAAAAAGACGTGGCAGGCGGCCTACAACCACGACGA
GTTCACTGCCGTGTAGGCAGCTAAGAARATGACTGCGGGGCTGCACGACATAGTCGTCGAC
GTTCACTGCCGTGTAGGCAGCTAAGAAAGTATGAAGTGTGTTACCGCGTGGGCGATTCCT
GTTCACTGCCGTGTAGGCAGCTAAGAAATCGTAGTGGCCCCACGTCGGCGGTAGCTCGCC
GTTCACTGCCGIGTAGGCAGCTAAGAAACTCGAACCCACCTCGGCCACAACAGCCACCGG
GTTCGCTGCCGTCTAGGCAGAACCACCC
DG end

Analysis of CRISPR direct repeats

DRs presented some significant point mutations, like the single polymorphism

between DRs in CRISPR1 and CRISPR2 shown in Table 2. All positive isolates for

CRISPR1 also showed a specific polymorphism in the second DR (C to T). Although

expected for the oldest DRs to show some level of degeneration, this mutation was
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222  exclusive to CRISPR1 and may also pose as a marker for this specific locus in P.
223  aeruginosa.
224
225 Analysis of spacer sequences
226 The unified spacer library we propose (Online Resource 1) combines the spacer
227  findings in two previous works (Cady et al. 2011; Essoh et al. 2013). Although other
228 spacer libraries were generated (van Belkum et al. 2015), spacer sequences were
229 not explicitly described, so we were not able to include these data. The proposed
230 library lists 1054 spacers, 350 spacers found in our strains, of which 62 were
231  previously described (Online Resource 1), and 288 of which are first described in this
232  study.
233 We designed this unified library to approach our findings in a more realistic
234 manner, in a way that the spacers, reported here as new, have not yet been
235 described in those two previous works, have not been found in CRISPR database
236 (Grissa et al. 2007b) and have not been annotated as CRISPR related or adjacent to
237 any Cas protein in NCBI database. Following these parameters, we describe 97 truly
238 new spacers of P. aeruginosa (Table 3). These spacers were compared to those in
239 type I-F CRISPR/Cas loci in previously described Brazilian strains (van Belkum et al.
240  2015), to confirm their novelty.
241
242  Table 3 New spacers found in CRISPR loci related to type I-F CRISPR/Cas system in Brazilian
243  strains of P. aeruginosa
Spacer ID Sequence? Related to
S786 AAAGTGTCCGGCGCCGATCCGAAAGCCAGCGC Unknown
S787 AAATCCTGAAGGACGTTCGGCAGTGGCAAAAC Unknown
S789 AACAGGTCGAGTGGTATGGCCGGAAGCTGGAC Phage
S793 AACGAGCTGAACAGCTCGACCAACGTGGTGCC Phage
S795 AACGGGTTGCAAGGCTAACTGTACGTATTTGG Unknown
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S797 AACTCGCAGAAACGGGGCCACTGCACGCCAGC Phage
S801 AAGAGAAAACGAAGAGGTGCTTTCATCTCAGG Unknown
S804 AAGCTCTGTTTCGACGGCCAGTATTTCATCGA Phage
S805 AAGGACTACGTGTTCAGCAGTCTCGGCGGCGT Unknown
S813 AATTCCTCTATGGTTCCGGTCCGGTCGCGCAC Phage
S814 ACAAAGAGGGCAGCGCAGACGTTTCATCACGC Unknown
S817 ACAGGTCACAATGCGAACTGAACATCACACTC Unknown
S818 ACATTCGGTACAGCGGCGGCGGCAGCGTGCTG Phage
S820 ACCCTTGCGCGCAGTGCTGCGACTTCCTCCGT Phage
S824 ACGAAGCTGAGCGTCGACGAATTCGGCGTTTA Phage
S825 ACGATGATCAGCTTCCACGGCGGCCGCGGCTT Unknown
S826 ACTAAAAGACTCAGAAATCGTGCACGCCTTCC Unknown
S830 AGAAGGGCGGCCAGGGTGTGTTGGATCGTACT Unknown
S832 AGACCAGGCGGCACCCAGCCGATCAGGGCATC Phage
S834 AGCAGCAGGCAGGACAGCGCGATGGTTGTCCA Plasmid
S835 AGCAGCGCACGGACCTTGGTCTGTAGGTCGTC Phage
S839 AGCCGCAGGCGGCGCAGCCCGTTAAGCAGGCT Unknown
S851 AGGCGATGGCTGAAGTTCCGGCTGATGCTACT Unknown
S854 AGGGGGACGGCCTGTCGGCCAGTCAGTACCGG Unknown
S855 AGGTACAGGTACTGCTCATCCGCTGCGTACAG Phage
S856 AGGTGCCGAACGCCTCATCGACCGACTGATGCT Phage
S858 AGTAACAGTCATGATGTCGGCACTGGCCTGGC Phage
S862 AGTCGATGAACATGAAAATCCCTGTCAATATC Unknown
S864 AGTGCCGGGCGGCTCCGGTTCAAGCAGACGGC Unknown
S866 AGTTGCTGCTCGAACAGTGTGAGCCAGACGTG Phage
S867 ATAGACCTGAAAGAGGCCGCCCAAGTCCTGAT Phage
S870 ATCACCATCGACCTGACCAAGGCCGCCCAAGT Phage
S878 ATCGAGCGGGAAGATGCAGACGGCATCACGCT Phage
S883 ATGGCGTGCAGATCGTCGAGGAACGGCTGCAT Phage
S884 ATGTAGGCCGACTGCATATTGGTCTGGTAGAT Phage and Plasmid
S884v ATGTAGGCCGACT_TTAAGGGGTCTGGTAGAT Unknown
S898 CGACAATGACCAGGCGGTGATCTGGCCCTGGC Phage and Plasmid
S899 CGCAGTAGTACCCCGATCAGTAACGGCATCAG Unknown
S906 CTCGAACCCACCTCGGCCACAACAGCCGCCGG Unknown
S906 CTCGAACCCACCTCGGCCACAACANCCGCCGG

S908 GAACGGATCATCGGGTACCTCTACGAAACCTG Phage
S909 GACGCAGGGTGGCCGCCTTCCTCGACGAGAGC Unknown
S910 GACGGAAAAGAAGGGCCTGGAGCGACTGGTAA Unknown
S912 GATCTGTCCTCAGCACCCCTCGATAGGTATCT Unknown
S918 GCGCAAGGGTACGACAACGGTTTTCCGTACTT Phage
S920 GCTACGGGGTGGAGTTCTATACCGCCCTGGTG Phage
S923 GGCACCTTCAACAAGCAGCTCGCCCCCGCTGAA Unknown
S923 GGCACCTTCAACAAGCAGCTCGCCGCGCTGAA

S925 GGCGAGCCTGGTCGTCGTGGCGGAGTGATGGT Phage
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S926 GGGACGAACATGCGCCGGAGATCGCAGCCACT Phage
S929 GGTGATGGCTATGCCACACACGTGGATTTCAG Phage
S931 GTAAGGCATCGGCTGGTTCCATGCCAGCAGTT Phage
S932 GTAGTGTCTGATAGCAGCCGTTCGCCCCGCAC Unknown
S938 TACATGATGCGACCCGAATTTCGCATTCGAAA Phage
S941 TACGAGAAAACGTTCGACAACACCATTCCCGC Phage
S943 TACTCGGTGGCGGTGCTGCTGGCGGCACTGGC Phage
S945 TAGCCAGATTGCTGTGCGGCGACGGTTCATTC Phage
S946 TATCAGTGATGAGCAGTTGGCGGAGGTTGAGG Phage
S950 TATTACGACATCCAGTGGCGAGACATGGCCATC Phage
S951 TCAAAGAAAAGGTAGGAGTAGAGAATAGCGCG Unknown
S953 TCCAGGCTGCTGATGGCGTGTTCGAGGAAGGC Unknown
S954 TCCAGGTGCTGGCAAACGTCAGCCCCTTTGCA Unknown
S956 TCCATGTCCATGAACAACTCGGCCTGAGCCTG Phage
S961 TCGATGGAAGCAGGAAGTCCAACGCAGCCGGT Phage
S963 TCGGGCCATATCGTCGACGCCGACACCCGCAT Unknown
S963 TTCGGGCCATATCGTCGACGCCGACACCCGCCAT
S969 TCGTCGAATACCGGCAACGTCGCGACGTCGTA Phage
S970 TCTCCGAGAAAATCATGACCAGCAGACGACGA Unknown
S971 TCTGGGAAACTGGTAATTCACATAGAGTGAAA Unknown
S973 TGAAGGCCGGGCACCTCGGCGCGGATGCGCTC Phage
S981 TGATAGGTACCCTGATTACTGGTTACCTGATT Phage
S981 TGATTGGTACCCTGATTACTGGTTACCTGATT
S982 TGCAGAACCAGCGGCAGTTCCGGGGCTTTCGG Phage
S983 TGCAGACGATCAAGCCGGGTGCATCGAGTGAG Phage
S986 TGCAGTTGCCAGACGATGCGAGCGTCCACTAC Phage
S987 TGCCGCAGCGCCTGGCCCAGCCCGCTATGGTG Phage
S990 TGCGAGTCCAGAACCAGGTCGATGCCGACGGT Phage
S994 TGGAGCGAACCGATCAGCTACCGCGACTTCGC Phage
S995 TGGATGATTGGCCAGACCGACAAGGGGAGCAA Phage
S996 TGGATGTTGGTGGCGCCGTCCAGGGTGTAGGC Phage
S998 TGGCAGTGGTGCGTACGGTGACAACTTGATGA Phage
S1006 TGGCGGGCCATCTGGGACGGCCGGGTCTACAA Phage
S1007 TGGCGTAGGCGACGAGACTGTCCAATGGCCGC Unknown
S1007 TGGCGTAGGCGACGAGACTGTTICAATGGCCGC
S1009 TGGGAGTTCGTCATGCTCTTCAGGGCTTCGAT Unknown
S1010 TGGGCGAGATCGGCGCGTAGCCGTAAGGCGAG Unknown
S1011 TGGGCGATCGAGCACGGCATCACGCGCGAGAC Phage
S1015 TGGTCGATATTCACGACCGGAGACCGGTGGTG Phage and Plasmid
S1016 TGGTGGCGCTGCTGGTAGAAGTTCGCACCTTG Unknown
S1017 TGTACAAAGGCGTTTACCGCAGAGTTGATTCC Phage
S1023 TTATGCGCCTGGCCGGGTGCTGGTGTGTGGTG Phage
S1024 TTCAAGAATTCGGATCACATCCCGGCGCTTTT Phage
S1029 TTCCGGAAGAACCTGGCGTACTACCCGGAAGC Unknown
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S1031 TTCGCCGGTGGCTGGTGCGCGACCAACTGGCC Phage
S1034 TTCGGAATAAAGACGGCGCGCATCGAGCACTAC Phage
S1046 TTGTCGCTGATATCGAAGGTGTCCCACTTCCG Unknown
S1048 TTGTCGTAGTAGGTGCTGACGCCACGGACCTT Unknown
S1048 TTGTCGTAGTAGGTGCTGACGCCCACGGACCTT

S1048v TTGTCGTATTAAGTGCTGGAC_GCCCGGACCTT Unknown
S1049 TTGTGGGCGGCACATCGCTGTTGGCTCCTGGTA Phage
S1050 TTGTTGGATGACTGCAACTTGTGACATATTCG Phage
S1053 TTTGCCTGTGCTACGCCCAGGCTGCGAGTCAG Unknown
S1054 TTTTCCCAGTAGCGGCGGGACCGGTCATCACG Unknown
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aBold and underlined bases represent the differences between spacer sequences

and variant spacers.

We tried to determine the origins for our spacer’s sequences, or at least to what
those spacers may protect the isolate against, using three different online tools.
Results on origins’ hypothesis are completely described in Online Resource 2. We
observed that 53% of these spacers are related to phages; 6% to plasmids; 3% to
phages and plasmids; 0.86% to plasmid and ICE; 0.57% to phages and ICE; and
36% remain unknown. Also, we found one spacer related to a protein product of P.
aeruginosa itself (S874 - Oxygen-independent coproporphyrinogen Il oxidase). The
five most frequent results obtained from CRISPRTarget among our spacers, aside
from no significant matches, were from Pseudomonas phages phil and JBD58a
(both described 36 times), JBD26 (described 35 times), Bacteriophage D3112 (34
times) and Pseudomonas phage H70 (33 times).

The organization of CRISPR arrays were obtained by allocating spacers per
isolate according to their position in the locus (Fig 2). We observed some isolates
with similar patterns of spacer incorporation, allowing us to determine CRISPR
patterns and infer CRISPR rearrangements. Isolates were grouped in the same

pattern if they shared at least three spacers in the same incorporation order.
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Fig 2 Spacer arrays of I-F CRISPR loci in Brazilian strains of P. aeruginosa. Spacer position is
shown in ordinal numbers. The first depicted spacer, marked in grey, is the closest to DG, being the
first one incorporated in CRISPR locus. C1 and C2 correspond to CRISPR1 and CRISPR2 locus.
Color schemes represent identical spacers incorporated in the CRISPR locus in the same order, when

in comparison with other isolates in the same pattern. A) Patterns A, B, C and D. B) Patterns E, B/E,

E/D.
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As shown (Fig 2), S906 was the first spacer for CRISPR2 loci, and S1019 was
the second spacer for CRISPRL1 (the first one observed, our beginning marker being
the first DR). Even if they were only explicitly depicted in our study, these sequences
are found in the control strains we used, whose genomes are fully sequenced.

CRISPR1 sequences of six pattern E isolates held two sets of mutations in
DRs: T to C in 22" base of a DR and A to G in 24" base in another one, always
spaced apart by 117 base pairs. Strains with pattern C of spacer incorporation
showed point mutations in adjacent DRs of CRISPR1 (A to C in 15" position in one
DR, and C to T in 10" position in the other). A deletion of a T in position 22 on the
first DR of CRISPR1 was also found in five strains from other patterns, including
control Pcyll-10.

Most of our isolates belong to CRISPR pattern E, and as so, we observe the
most diversity between their loci, particularly in isolates Pae_74, Pae_104, Pae_105,
Pae 110 and Pae_ 116, evidencing the differential incorporation of spacers closer to
leader sequence. This pattern also has the most noticeable possible spacer
rearrangements and deletions, like the S977, S799, S843, S802 and S831
inconsistency in CRISPR2 loci (Fig 2B). Similar rearrangements can be seen in
pattern A (Fig 2A).

Isolates Pae_42 and Pae_107 showed two different patterns. Their CRISPR1
arrays clearly resemble one pattern’s signature, but CRISPR2 clearly relates to
another’s. Therefore, we name them B/E and E/D, respectively (Fig 2B).

All pattern D strains harbored a deletion of supposedly 20 base pairs between

DR three and spacer three (which is S896, with 21 base pairs only)
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DISCUSSION

The full extent of CRISPR/Cas function in P. aeruginosa is rather unclear, with
reports of successfully impeding MGE invasion in laboratory environment (Cady et al.
2012); having a role in regulating virulence (Li et al. 2016); and possibly only being
active under given nutritional circumstances and virus density (Westra et al. 2015). A
previous study with P. aeruginosa strains from India and United States reported the
system present in 33% of isolates (Cady et al. 2011). Among 17 Brazilian strains
used in Van Belkum et al (van Belkum et al. 2015), only 4 (23,5%) carried any
elements of type I-F CRISPR/Cas system, and no isolates carried I-E type.

The absence in most strains and the apparent inertness under certain nutritional
conditions suggest that CRISPR/Cas elements in P. aeruginosa are under constant
selective pressure due to its high fitness costs, and therefore, are excluded from
some P. aeruginosa’s lineages. Nevertheless, their persistence in some strains may
indicate they somehow confer advantages, such as regulating the transcription of
prophage or bacterial products. The absence of CRISPR/Cas system elements in P.
aeruginosa’s genomes, or even the presence of cas genes and absence of CRISPR
loci, seem to suggest the importance of MGEs in shaping the bacterial genome and
increasing virulent or resistant phenotypes (Barrangou 2015; van Belkum et al.
2015).

Furthermore, observing types I-F and I-E simultaneously in the same isolate is
rather uncommon. This feature has been described only once (Essoh et al. 2013), in
three isolates. The findings in Van Belkum et al (van Belkum et al. 2015), also show
this feature in 17 isolates inside a universe of 672 other isolates, accounting for
2,5%. However, this information is not described in their main article, and none of

these 17 isolates are Brazilian. This is the first report on I-F and I|-E types
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simultaneously in Brazilian strains. Further studies are needed to determine if both
CRISPR/Cas types are active in these isolates.

Concerning the spacers found in our strains, results obtained from
CRISPRTarget show spacers matching both bacteriophages and plasmids, although,
in most cases, these plasmids belong to other bacterial genera. Even though
plasmids are mobile elements and would be able to be transferred between different
species, these similarities could have happened occasionally. Therefore, these cases
do not offer a proper origin hypothesis for those spacers, and were considered as of
unknown origin.

The spacers found in our strains are mainly against bacteriophages (53%).
Most spacers match more than one MGE, which may suggest the protospacer region
is conserved between different bacteriophages or these bacteriophages are related,
which is the case with MP22 and DMS3, both D3112-like phages (Ceyssens and
Lavigne 2010). As so, exact origin cannot be established, but the spacer may confer
protection against all matched bacteriophages.

Different spacers against the same MGE reported in this study could be
explained by the rapid rate of mutation of these MGEs, especially bacteriophages
(Dy et al. 2014). The polymorphisms described between spacers or the partial
matches found between spacers and databases might be because when the
bacteriophage had its contact with our strain, it had already evolved and accumulated
the mutations in protospacer, when in comparison with its deposited genome.

Multiple spacers targeting the same bacteriophage or other MGEs in the same
strain suggest primed acquisition, event already described for type | CRISPR/Cas
systems where the presence of a spacer targeting a specific MGE leads to further

acquisition of more spacers against the same MGE, which can be a handful tool due
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to bacteriophage rate of mutation and possible mismatches generated by these
polymorphisms (Burmistrz and Pyrc 2015).

We observed spacers matching plasmids and ICEs (Online Resource 2). As
happens with spacers against bacteriophages, these spacers usually match more
than one plasmid or ICE simultaneously. Targeting plasmids and ICEs clearly
impacts on possible resistance and virulence genes acquisition. Genomic islands to
which we found spacers against are PAGI-5, PAGI-6 and PAPI-1. PAPI-1 is a
pathogenicity island first described in the UCBPP-PA14 genome, which is a highly
virulent strain (Morales-Espinosa et al. 2012). PAGI-5 was found to be a hybrid
genomic island of new sequences and PAPI-1 sequences, rendering the strain a
virulent phenotype (Battle et al. 2008). PAGI-6, interestingly, has many regions
homologous to phiCTX, a P. aeruginosa phage (Battle et al. 2009). This trait can be
observed in our findings (Online Resource 2), where all spacers matched for PAGI-6
also matched for phiCTX, probably conferring the isolate protection against both.

One spacer (S874) appears to be related to the oxygen-independent
coproporphyrinogen |ll oxidase protein in P. aeruginosa. This protein has been
reported in E. coli as part of tetrapyrrole rings of heme biosynthesis, and is present in
other bacterial species (Layer et al. 2002). Li et al (Li et al. 2016) have already
reported that type I-F CRISPR/Cas system in P. aeruginosa targets lasR, and
endogenous gene, to alter its expression. It could be possible for spacer S874 to be
acting in the same manner. Further studies are needed to address this hypothesis.

A total of 126 sequences (36%) returned no significant results, which was
expected, as a high number of CRISPR spacers are still of unknown origin (Burmistrz
and Pyrc 2015). This might happen because of the number of MGEs not yet

sequenced or even known. A practical example is the S70 spacer: it was previously
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described (Cady et al. 2011) as a spacer with no matches, however its sequence
was later deposited as plasmid pPA7790 in a P. aeruginosa strain.

Even though CRISPR array analysis is performed in other bacterial species as
a typing method (Barrangou and Dudley 2016), it has not been established for P.
aeruginosa as a valid technique, mainly because it is not present in all isolates. Here,
we aimed only to observe similarities between CRISPR loci in different strains in
order to observe possible spacer recombination or unusual incorporation of spacers,
and attempted no typing inferences. However, the CRISPR similarities found in our
strains could be indicative of genetic relationships, but further investigations are
needed to confirm this hypothesis. Analysis of CRISPR array showed that CRISPR
loci in P. aeruginosa displays a high plasticity and spacer diversity, but even so,
similarity between strains were undeniable, and spacer rearrangement can be
inferred.

Homologous recombination may occur within a CRISPR locus or between two
CRISPR loci in the same genome due to sequence similarity in DRs, promoting
spacer rearrangements and deletions. This phenomenon has already been described
for Streptococcus mutans and Salmonella spp, among other bacterial species
(Kupczok et al. 2015). The deletion in isolates harbouring CRISPR pattern C may be
due to a previous conjugative event, a homologous recombination deletion, or a DNA
polymerase slippage during replication.

Despite the ever increasing number of publications regarding CRISPR/Cas
system mechanistic and their applicability in genetic engineering, there are still some
aspects of this systems’ structure that are mysterious, such as its evolutionary origins

and spacers unrelated to known sequenced elements (Nature Editorial 2018).
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Although many characteristics observed here are also present in control strains,

this is the first detailed description of CRISPR/Cas types I-F and I-E frequencies,
point mutations, DR and DG sequences, and the first focused description of subtype
I-F CRISPR loci in Brazilian strains of P. aeruginosa. Also, we report for the first time
the presence of I-F and I-E types simultaneously, and 97 new spacers, in Brazilian
isolates. We can conclude that CRISPR loci in P. aeruginosa appear to be diverse,
adaptable, and possibly active due to incorporation of different spacers at the
beginning of the loci observed in several grouped strains. The new spacers and the
polymorphic sequences described may represent a growing adaptation to
bacteriophage threats specific to the hospital environment from where these isolates
were obtained, another indicative of CRISPR/Cas activity. Understanding the
nuances of CRISPR/Cas components in P. aeruginosa and other human pathogens
may provide insights about their relationship with bacteriophages and other MGEs, in
addition to infer possible dynamics on plasmid and resistance genes uptake. Even
though some issues may still be addressed in the future, as CRISPR/Cas’ possible
function of transcriptional regulator in this species, the data gathered here is
important to aid in future genetic studies of this bacterium, and may also aid in the

successful development of phage therapy strategies for P. aeruginosa.
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ABSTRACT

Pseudomonas aeruginosa is a versatile and adaptable species, acting as an
opportunistic pathogen, commonly infecting burned and immunocompromised
patients, or those with other conditions of susceptibility. Strains of P. aeruginosa may
carry CRISPR/Cas systems types I-F, I-E and I-C, however, this system’s function in
this species is not yet fully understood. Here, we report 13 genomes of clinical P.
aeruginosa Brazilian strains positive for CRISPR/Cas systems, two of which harbor
types I-F and I-E simultaneously, a rare feature between this species’
representatives. The phylogenetic tree, constructed with other 161 publicly available
genomes, suggests no direct relationship between positive strains, with the various
types of CRISPR/Cas systems spread through the tree. We established the common
genetic background for types I-F, I-E and a specific orphan CRISPR (without cas
genes in the same genome), named LES-orphan CRISPR, showing this orphan locus
does not appear to be directly related to type I-F due to its different backgrounds. We
also report the presence of prophages to which there are spacers in the genome’s
CRISPR locus, and the presence of anti-CRISPR genes. Observing anti-CRISPR-
free genomes carrying prophages and spacers against these prophages is a finding
that contradicts the very basis of CRISPR/Cas function, suggesting this system’s
main function in P. aeruginosa may not be immunity against bacteriophages, but

actually regulation of gene expression of phage products.

Key words: bacteriophage; I-F; I-E; anti-CRISPR; prophage; Brazillian strains.

INTRODUCTION

The Pseudomonas genus includes a great number of ubiquitous and
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opportunistic species, responsible for infecting plants and humans (Silby et al. 2011).
Pseudomonas aeruginosa, one the most prominent pathogens in hospitals and
clinics, infects burnt or immunocompromised patients, causing healthcare-associated
pneumonia, cystic fibrosis (CF) associated infections of respiratory system,
bacteremia, and severe urinary tract, gastrointestinal and skin infections (Azam &
Khan 2018). This pathogen’s success is mainly due to its remarkable ability to resist
antibiotic treatment by acquiring new resistance genes and forming biofilm, leading to

high morbidity, mortality, and healthcare costs (Pereira et al. 2018).

Pseudomonas aeruginosa typically presents a large and plastic genome
(higher than 6 Mbp) when in comparison with other bacterial human pathogens.
Aside from metabolism-associated genes, the core genome of P. aeruginosa also
comprises resistance encoding genes, such as cephalosporinases (AmpC) and efflux
pumps (MexAB-OprM), as well as a number of virulence-related genes. This specie’s
accessory genome is a major determinant to each strain success and evolution,
since it harbours components obtained by horizontal gene transfer, conferring
different phenotypes. This extensive pangenome is responsible for P. aeruginosa’s
high adaptability to different niches and stress situations (Valot et al. 2015; Azam &

Khan 2018).

Some housekeeping genes have been studied and typified, and their allelic
combination make for the Multilocus Sequence Typing (MLST) of P. aeruginosa
strains. Observing the Sequence Types (STs) of several P. aeruginosa isolates
distributed worldwide, this microorganism usually shows a nonclonal dispersion, with
very few Clonal Complexes (CCs) being able to be defined (van Belkum et al. 2015;

Parkins et al. 2018).
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The CRISPR/Cas system in P. aeruginosa is considered a part of its
accessory genome, as this system is not observed in all isolates. It is an adaptive
immunity mechanism against bacteriophages and plasmids, preventing recurring
invasions by mobile genetic elements (MGE). CRISPR (Clustered Regularly
Interspaced Short Palindromic Repeats) is a locus composed of several repeats
interspaced by different and unique sequences called spacers. These spacers are
the key to the adaptive characteristic of the system: they are segments of MGE’s
DNA incorporated in the CRISPR locus during the first contact with the given MGE. In
a second contact, the bacterial cell is able to cleave the invading DNA molecule,
guided by the spacer sequence. The effectors proteins in this entire process are the
Cas (CRISPR-associated) proteins (van der Oost et al. 2014; Hille et al. 2018).
According to the latest classification, CRISPR/Cas systems are divides in two
classes, six types and more than 30 subtypes. Subtypes I-F, I-E and I-C have
already been found in P. aeruginosa isolates in different frequencies, being I-F the
most frequent, and I-C identified in very few strains (Cady et al. 2011; van Belkum et

al. 2015; Koonin et al. 2017).

As well as bacteria have evolved to evade bacteriophage infections,
bacteriophages have evolved to better infect bacteria. This constant arms race has
led to the discovery of anti-CRISPR proteins, bacteriophage products capable of
inactivate the CRISPR/Cas system mechanism. Pseudomonas aeruginosa is the
bacterial species with the greatest number of anti-CRISPR proteins known, with at
least 11 proteins already described against system’s types I-F and I-E (Pawluk et al.

2018).

Here, we report 13 Brazilian isolates harboring the CRISPR/Cas system, their

phage and anti-CRISPR protein content, and their genetic relationship with other
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publicly available genomes.

MATERIALS AND METHODS
Bacterial strains

The 13 P. aeruginosa isolates were provided purified by the bacteriology
sector from two public hospitals in Recife (State of Pernambuco, northeast Brazil) by
spontaneous demand, derived from clinical routine, already isolated and identified.
We had no contact with patients, nor received any patient information. The strains
are stored in BHI-glycerol at -80°C in the Department of Microbiology of Aggeu
Magalhédes Institute, and their characteristics are found in Table 1. All isolates were

previously screened for CRISPR/Cas system through PCR (data not shown).

Table 1. Characteristics of Pseudomonas aeruginosa Brazilian isolates.

Isolate Genome ST CRISPR/Cas | Year of | Hospital Clinical
Coverage type collection | unit specimens
Pael2 176 244 I-F 2015 Ward Bone

(Hospital 1) | fragment

and tissue
Pae21 161 1394 I-F 2015 Ward Urine
(Hospital 1)
Pae22 123 252 I-F and I-E 2015 ICu? Sputum
(Hospital 1)
Pae28 151 3079 I-F 2015 Ward Surgery

(Hospital 1) | material
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Pae29 124 357 I-F 2015 ICU Sputum
(Hospital 1)

Pae39 122 3079 I-F 2015 ICU Sputum
(Hospital 1)

Pae4?2 348 357 I-F 2016 ICU Sputum
(Hospital 1)

Pae66 142 3078 I-F 2016 Ward Bone
(Hospital 1) | fragment

Pae70 182 275 I-F 2016 Ward Urine
(Hospital 1)

Pae74 156 244 I-F 2016 ICU Sputum
(Hospital 1)

Pae81 186 3080 I-F 2016 Ward Urine
(Hospital 1)

Pae83 123 3079 I-E 2016 ICU Sputum
(Hospital 1)

Paell3 | 19 3137 I-F and I-E 2010 Ward Tissue
(Hospital 2) | fragment

2CU: intensive care unit

Genome extraction, sequencing, de novo assembly and annotation

Genomic DNA was extracted with DNeasy Blood and Tissue Kit (Qiagen)

following manufacturer’s instructions. Genomic libraries were obtained with Nextera

XT Library Preparation Kit (Illumina) and quantified with NEBNext Library Quant Kit
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for lllumina (New England Biolabs). Libraries were sequenced in MiSeq Plataform
(lumina) using MiSeq Reagent Kit V3 600 cycles (lllumina). The output reads were
visualized and check quality using FastQC (Andrews, 2010). We removed the
adapters using CUTADAPT (Martin 2013) and then filtered the reads by size (17
base pairs) and quality (20) with SICKLE (Joshi &Fass, 2011) software. The
remaining reads were then used to assemble the genomes using the Unicyler (Wick
et al. 2017) which has the SPAdes 3.12.0 (Bankevich et al. 2012) implemented. To
view and check the quality of both Unicycler and SPAdes assemblies, we use Quast
(Gurevich et al. 2013) in order to decide the best assembly, where metrics were
evaluated, such as largest contig, GC content, N50, number of contigs larger than
500 bp, genome size and total contigs. The assembled genomes were then

annotated by PROKKA (Seemann 2014).

MLST and phylogenetic analysis

MLST was performed online, in the specific database for P. aeruginosa
(https://pubmlst.org/paeruginosa/), where new alleles and STs were submitted as
well (Table 1). E-burst analysis was performed with eBurst V3
(http://eburst.mist.net/). Phylogenetic analysis was performed comparing the
genomes of our 13 isolates to 161 genomes available in GenBank as complete
genomes and chromosomes (Supplementary file 1). We created a local database
with all genomes. To retrieve MLST sequences, we performed a local blast using the
alleles from pubMLST as query sequences, with the following parameters: 70%
identity and coverage, and le-25 e-value. After blast, sequences were aligned with

MAFFT algorithm, and in order to choose the best possible alignment, we treated the
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sequences with both GUIDANCE 2 (Sela et al. 2015) using default configurations,
and GBLOCKS (Castresana 2000) using a less restrictive configuration. The
evolutionary model was calculated for each individual gene, using PAUP* (Swofford
2003) and MrModelTest (Nylander 2004). Phylogeny was obtained using MrBayes

software (Ronquist et al. 2012), with 5 million generations.

CRISPR/Cas confirmation and spacer analysis

CRISPR/Cas system type was confirmed for the 13 genomes, and
investigated for the 174 publicly available genomes, through analysis in
CRISPRCasFinder (https://crisprcas.i2bc.paris-saclay.fr/CrisprCasFinder/index).
Spacers in CRISPR loci were submitted to analysis in CRISPRtarget
(http://bioanalysis.otago.ac.nz/CRISPRTarget/crispr_analysis.html) to identify their
possible origin (Supplementary file 2). CRISPR/Cas system overall structure was
observed with Artemis (https://www.sanger.ac.uk/science/tools/artemis), and proteins
of interest were confirmed through BlastP in NCBI database

(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Bacteriophage and anti-CRISPR proteins investigation

Prophages in the studied genomes were investigated using the online
software PHASTER (http://phaster.ca/). Phages found were compared to phages
related to each genome’s spacer content. Anti-CRISPR proteins were investigated
using the blast tool available at NCBI database
(https://blast.ncbi.nim.nih.gov/Blast.cgi), using the specific DNA sequences of 14

different proteins (Supplementary file 3), previously defined (van Belkum et al. 2015;
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Pawluk et al. 2016, 2018).

RESULTS

Our genomes present nine different STs (Table 1), showing a non-clonal
dispersion of CRISPR/Cas positive isolates in Brazil. The Brazilian isolates studied
comprehended the already described STs 244, 1394, 252, 357 and 275, and the
newly stablished STs 3078, 3079, 3080, and 3137 (Table 1). Using e-burst algorithm
for MLST data, no single-locus variants or double-locus variants were found (data not
shown). Therefore, no direct genetic relationship between different isolates was

determined through this technique.

CRISPR/Cas confirmation and investigation has classified each genome
accordingly to their CRISPR/Cas content. Aside from I-F, I-E and I-C containing
genomes, some isolates were classified as containing an orphan CRISPR locus (one
or more CRISPR loci without any cas genes associated), or absent (without CRISPR
loci and cas genes) (Supplementary file 2). CRISPR/Cas system types I-F and I-E
usually carry two CRISPR loci each, and I-C, only one locus. However, some
genomes harbor an uneven number of these loci. Analyzing these orphan CRISPR
loci, either if they coexist with CRISPR/Cas types or not, we noticed a common
genetic background in 47 isolates. This background was named LES background,
because they are present in all Liverpool Epidemic Strains (LES) of Pseudomonas
aeruginosa studied, and these loci are here on described as LES-orphan CRISPR.

The I-F, I-E and LES backgrounds are depicted in Figure 1.
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Figure 1. Genetic context for CRISPR/Cas in P. aeruginosa. A) type I-F; B) type I-E; C) LES-

orphan CRISPR.
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Regarding the 13 Brazilian isolates here described, we attempted to determine
the prophages in these genomes. Comparing their phage content with their
CRISPR’s spacer content, we were able to observe spacers against phages already
incorporated (Table 2), contradicting the principle of CRISPR/Cas’ primary function,
immunity. In order to find if our strains’ systems are somehow inactive, we performed
a search for anti-CRISPR genes (Table 3), but we found that only five of our 13

genomes may carry inactive CRISPR/Cas systems.
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Table 2. Prophages in P. aeruginosa Brazilian isolates. Prophages without a genus specified are

all related to the Pseudomonas genus. Genomes that harbor a prophage, and also show a spacer in

their CRISPR arrays against this prophage, are denoted by the color grey.

Phage
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39
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66

70

74

81

83

113

Genome
count

D3

+

+

2

F10

F116

JBD18

JBD25

JBD44

MP38

Pfl

phi2

phi297

phi3

phiCTX

phiPSAL

PMG1

vB PaeP_Tr60 Ab31l

vB_PaeS_PM105

YMC11/02/R656

YMC11/07/P54_PAE_BP

Sphingomonas phage
PAU
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Burkholderia phage KL3

Salmonella phage SJ46

Vibrio phage VP882

Mannheimia phage
vB_MhM_3927AP2
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Synechococcus phage
S-CBS1
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199 Table 3. Anti-CRISPR genes search.
anti-CRISPR genes CRISPR/Cas
Isolates | AcrE1 | AcrE2 | AcrE3 | AcrE4 | AcrF1 | AcrF2 | AcrF3 | AcrF4 | AcrF5 | AcrF6 | AcrF7 | JBD24- | JBD24- | MP29- | possible function
35 36 29 status
12 Active
21 + + + Inactive I-F I-E
22 Active
28 + + + Inactive I-F I-E
29 Active
39 + + + Inactive I-F I-E
42 + Inactive I-F
66 Active
70 Active
74 Active
81 Active
83 + + + Inactive I-F I-E
113 Active
200
201 The phylogenetic tree, comprehending 174 genomes, show that CRISPR/Cas systems presence varies between strains and
202 does not appear to follow a clear distribution (Figure 2). Therefore, we chose to evaluate CRISPR/Cas presence by lineage, according
203  to their STs.

204
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Figure 2. Phylogenetic tree of 174 genomes of P. aeruginosa. Strains have their ST stated next to
their name. Bold blue names correspond to the 13 Brazilian isolates reported in this study. Colored
circles next to the names represent each strain’s CRISPR/Cas status: Olive — absent CRISPR/Cas;

blue — type I-F; pink — type I-E; green — type I-C; purple — orphan CRISPR; yellow — LES-orphan
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Strains with the same ST usually present the same CRISPR/Cas status
(presence, absence or orphan CRISPR). The most noticeable difference is in ST111,
where two isolates harbor type I-E, while the other six isolates are CRISPR/Cas
negative. Inside ST2619, strain SJTD-1 possess type I-F and a LES-orphan
CRISPR, while the other strain, 8380, shows only the LES-orphan CRISPR. A similar
event has occurred in ST1394, where Pae21 presents I-F and LES-orphan CRISPR,

but PACS2 appears to have lost the LES-orphan CRISPR locus.

Among our 13 isolates, two (Pae22 and Pael13) harbors CRISPR/Cas system
types I-F and I-E simultaneously. This feature is rather uncommon, as it appears in
only four other publicly available complete genomes: DK1, NHmuc, SCVFeb and
SCVJan. However, SCVFeb and SCVJan are small colony variants recovered from
murine models infected with NHmuc, and are genetically identical to NHmuc (Irvine et
al. 2018). Thus, we can consider I-F/I-E to be a feature observed in four lineages
between the genomes here considered: Pae22, Paell3, DK1 and NHmuc.
Interestingly, the Brazilian lineages are not closely related with the other I-F/I-E
lineages, and are not closely related between them. Regarding to the system’s
general structure in these lineages, Pael13 is the only one that presents a mutation
in any of these CRISPR/Cas systems. In this case, cas3 gene of I-E type is
interrupted, close to protein’s C-terminus, probably rendering interference by I-E type

inactive.

DISCUSSION

The non-clonal dispersion of Pseudomonas aeruginosa has been established

previously in globally distributed isolates (Wiehlmann et al. 2007). We attempted to
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comprehend where the Brazilian strains of P. aeruginosa fit in this background, and
we observed our isolates scattered through the phylogenetic tree, most likely being

not closely related.

In the phylogenetic tree, aside from our strains, seven isolates belonging to
ST277 are Brazilian as well. They carry CRISPR/Cas system type |-C, which is a
very rare feature in P. aeruginosa. In this bacterial species, type I-C is associated
with a pKLC102-like integrative and conjugative element (van Belkum et al. 2015),
and even though none of our isolates carry this CRISPR/Cas type, it is interesting to
observe type I-C circulating in Brazilian strains, with the possibility to spread among

isolates.

Orphan CRISPRs have already been known to exist in P. aeruginosa (van
Belkum et al. 2015). Also, a type I-F orphan CRISPR in LES and related strains have
already been described (England et al. 2018). In these LES-orphan CRISPR, we do
observe a direct repeat similar to those in type I-F, but their genetic background is
completely different, and, therefore, we feel we cannot assume this CRISPR locus is
related to this specific CRISPR/Cas type. However, they might be functional when
present with a complete CRISPR/Cas system in the same genome, and only I-F
system type was observed in this situation. We observed a few strains with orphan
CRISPR loci with completely different genetic backgrounds, but they were rare, and
LES-orphan CRISPR was the third most frequent background in all CRISPR loci we
analyzed. LES are a group of well-studied epidemic strains infecting CF patients,
spread in Europe and North America. Considered a highly resistant and adaptable
epidemic clone, this adaptability is believed to be related to virulence genes in
prophage -rich genomic islands (Parkins et al. 2018). This intimate relationship with

prophages may be the reason why all LES-related strains retain no cas genes, even
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though they still carry an orphan CRISPR.

In previous works, types I-F and I-E were explicitly described once (Essoh et
al. 2013) in three CF related isolates, where CRISPR/Cas typing was performed
through PCR and, therefore, we could not compare their results to ours. The findings
of one other previous study (van Belkum et al. 2015) also show 17 draft genomes
(therefore, not considered here for phylogeny) containing I-F and I-E CRISPR/Cas
types, accounting for 2,5% of their analyzed strains. Gathering these data, we can
notice all strains carrying this feature are derived from clinical sources, with one

exception of a strain from well water (Supplementary file 4).

DK1 and NHmuc present the same ST and are placed adjacent in the
phylogenetic tree, but Pae22 and Paell3 are distant, showing the I-F/I-E feature
distant in the phylogenetic tree. Also, these isolates were derived from two different
hospitals, with a five-year period between them. Aside from Paell3, we have no
reason to believe that only one CRISPR/Cas type is being expressed or is fully active
in these lineages, but we are approaching this subject only in structural terms.
Functional studies are needed to better comprehend what this feature can mean to

the bacterial fitness or to the bacterium-bacteriophage relationship.

Finding lysogenic phages in our genomes and spacers against these same
phages in the same genomes was not expected, and suggests no immunity function.
We have no reason to infer these systems are inactive, since their system’s structure
appears to be intact and not all of our isolates harbor anti-CRISPR genes. This
observation contradicts the foundation of CRISPR/Cas immunity, the primary

objective of this system.

In P. aeruginosa, CRISPR/Cas has been shown to be active in a controlled
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environment, against temperate phages (Cady et al. 2012). Studies, also in P.
aeruginosa, have already suggested this system is the preferred mechanism of
defense only in nutrient-poor media (Westra et al. 2015). It has been proved that
CRISPR/Cas interferes with the expression of phage DMS3 products, altering the
biofilm production (Zegans et al. 2009). Also, CRISPR/Cas appears to regulate the
expression of lasR, a gene related to the control of quorum-sensing systems (Li et al.
2016). Observing this possible inactivity of interference in our genomes is another
evidence that raises the question if the CRISPR/Cas system, in P. aeruginosa, would
mainly be a machinery to better regulate the expression of phage and internal

proteins.

SUPPLEMENTARY DATA

Supplementary file 1. Information on the 161 publicly available genomes.
Information comprehend access numbers, ST, CRISPR/Cas status, and

epidemiologic data.

Supplementary file 2. Non-redundant list of targets for spacers in CRISPR loci in the

13 brazilian clinical strains. Results obtained from CRISPRtarget online software.
Supplementary file 3. Anti-CRISPR gene sequences investigated.

Supplementary file 4. Information on all discussed I-F/I-E genomes.

ACKNOWLEDGMENTS

The authors thank the Nucleo de Plataformas Tecnoldgicas (NPT) from Aggeu

Magalhées Institute for use of the sequencing platform. This work was supported by



310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

100
Conselho Nacional Conselho Nacional de Desenvolvimento Cientifico e Tecnologico
[Grant Number 404016/2016-2]; and Fundacdo de Amparo a Ciéncia e Tecnologia

do Estado de Pernambuco [Grant Number: APQ-0836-2.02/16].

LITERATURE CITED

Andrews S. 2010. FastQC: A quality control tool for high throughput sequence

data. Babraham Bioinformatics.

Azam MW, Khan AU. 2018. Updates on the pathogenicity status of
Pseudomonas aeruginosa. Drug Discov. Today. 00:1-10. doi:

10.1016/j.drudis.2018.07.003.

Bankevich A et al. 2012. SPAdes: a new genome assembly algorithm and its
applications to single-cell sequencing. J. Comput. Biol. 19:455-477. doi:

10.1089/cmb.2012.0021.

van Belkum A et al. 2015. Phylogenetic Distribution of CRISPR-Cas Systems
in  Antibiotic-Resistant Pseudomonas aeruginosa. MBio. 6:1-13. doi:

10.1128/mBi0.01796-15.

Cady KC et al. 2011. Prevalence, conservation and functional analysis of
Yersinia and Escherichia CRISPR regions in clinical Pseudomonas aeruginosa

isolates. Microbiology. 157:430-437. doi: 10.1099/mic.0.045732-0.

Cady KC, Bondy-Denomy J, Heussler GE, Davidson AR, O'Toole GA. 2012.
The CRISPR/Cas adaptive immune system of Pseudomonas aeruginosa mediates
resistance to naturally occurring and engineered phages. J. Bacteriol. 194:5728—

5738. doi: 10.1128/JB.01184-12.



333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

101
Castresana J. 2000. Selection of conserved blocks from multiple alignments

for their use in phylogenetic analysis. Mol. Biol. Evol. 17:540-552.

England WE, Kim T, Whitaker RJ. 2018. Metapopulation Structure of CRISPR-

Cas Immunity in Pseudomonas aeruginosa and Its Viruses. mSystems. 3:e00075-18.

Essoh C et al. 2013. The Susceptibility of Pseudomonas aeruginosa Strains
from Cystic Fibrosis Patients to Bacteriophages. PLoS One. 8. doi:

10.1371/journal.pone.0060575.

Gurevich A, Saveliev V, Vyahhi N, Tesler G. 2013. QUAST: Quality
assessment tool for genome assemblies. Bioinformatics. 29:1072-1075. doi:

10.1093/bioinformatics/btt086.

Hille F et al. 2018. The Biology of CRISPR-Cas: Backward and Forward. Cell.

172:1239-1259. doi: 10.1016/j.cell.2017.11.032.

Irvine S et al. 2018. Genomic inversion drives small colony variant formation
and increased virulence in P. aeruginosa. bioRXxiv.

http://biorxiv.org/content/early/2018/07/09/356386.abstract.

Joshi N, Fass J. 2011. Sickle - A windowed adaptive trimming tool for FASTQ

files using quality. (Version 1.33).

Koonin E V., Makarova KS, Zhang F. 2017. Diversity, classification and
evolution of CRISPR-Cas systems. Curr. Opin. Microbiol. 37:67-78. doi:

10.1016/j.mib.2017.05.008.

Li R et al. 2016. Type | CRISPR-Cas targets endogenous genes and regulates
virulence to evade mammalian host immunity. Cell Res. 26:1273-1287. doi:

10.3389/fmich.2017.00319.



356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

102
Martin M. 2013. Cutadapt removes adapter sequences from high-throughput
sequencing reads kenkyuhi hojokin gan rinsho kenkyu jigyo. EMBnet.journal. 17:10—

12. doi: 10.14806/ej.17.1.200.

Nylander JAA. 2004. MrModeltest v2. program distributed by the author.

Evolutionary biology centre, Uppsala University.

van der Oost J, Westra ER, Jackson RN, Wiedenheft B. 2014. Unravelling the
structural and mechanistic basis of CRISPR-Cas systems. Nat. Rev. Microbiol.

12:479-92. doi: 10.1038/nrmicro3279.

Parkins MD, Somayaiji R, Waters J. 2018. Epidemiology , Biology , and Impact
of Clonal Pseudomonas aeruginosa Infections in Cystic Fibrosis. Clin. Microbiol. Rev.

31:1-38.

Pawluk A et al. 2016. Inactivation of CRISPR-Cas systems by anti-CRISPR
proteins in diverse bacterial species. Nat. Microbiol. 1:1-6. doi:

10.1038/nmicrobiol.2016.85.

Pawluk A, Davidson AR, Maxwell KL. 2018. Anti-CRISPR: Discovery,
mechanism and function. Nat. Rev. Microbiol. 16:12-17. doi:

10.1038/nrmicro.2017.120.

Pereira RPA, Peplies J, Mushi D, Brettar I, Hofle MG. 2018. Pseudomonas-
Specific  NGS Assay Provides Insight Into Abundance and Dynamics of
Pseudomonas Species Including P. aeruginosa in a Cooling Tower. Front. Microbiol.

9:1-15. doi: 10.3389/fmich.2018.01958.

Ronquist F et al. 2012. MrBayes 3.2: efficient bayesian phylogenetic inference
and model choice across a large model space. Syst. Biol. 61:539-542. doi:

10.1093/sysbio/sys029.



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

103
Seemann T. 2014. Prokka: Rapid prokaryotic genome annotation.

Bioinformatics. 30:2068—2069. doi: 10.1093/bioinformatics/btul53.

Sela |, Ashkenazy H, Katoh K, Pupko T. 2015. GUIDANCEZ2: Accurate
detection of unreliable alignment regions accounting for the uncertainty of multiple

parameters. Nucleic Acids Res. 43:W7-W14. doi: 10.1093/nar/gkv318.

Silby MW, Winstanley C, Godfrey SAC, Levy SB, Jackson RW. 2011.
Pseudomonas genomes: Diverse and adaptable. FEMS Microbiol. Rev. 35:652-680.

doi: 10.1111/j.1574-6976.2011.00269.x.

Swofford DL. 2003. PAUP*: phylogenetic analysis using parsimony, version

4.0b10.

Valot B et al. 2015. What it takes to be a Pseudomonas aeruginosa? The core
genome of the opportunistic pathogen updated. PLoS One. 10:1-15. doi:

10.1371/journal.pone.0126468.

Westra ER et al. 2015. Parasite Exposure Drives Selective Evolution of
Constitutive versus Inducible Defense. Curr. Biol. 25:1043-1049. doi:

10.1016/j.cub.2015.01.065.

Wick RR, Judd LM, Gorrie CL, Holt KE. 2017. Unicycler: Resolving bacterial
genome assemblies from short and long sequencing reads. PLoS Comput. Biol.

13:1-22. doi: 10.1371/journal.pcbi.1005595.

Wiehlmann L et al. 2007. Population structure of Pseudomonas aeruginosa.

Proc Natl Acad Sci U S A. 104:8101-8106. doi: 10.1073/pnas.0609213104.

Zegans ME et al. 2009. Interaction between bacteriophage DMS3 and host

CRISPR region inhibits group behaviors of Pseudomonas aeruginosa. J. Bacteriol.



403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

104

91:210-219. doi: 10.1128/JB.00797-08.

TABLES AND FIGURES CAPTIONS
Table 1. Characteristics of Pseudomonas aeruginosa Brazilian isolates.

Fig 1. Genetic context for CRISPR/Cas in P. aeruginosa. A) type I-F; B) type I-E;

C) LES-orphan CRISPR.

Table 2. Prophages in P. aeruginosa Brazilian isolates. Prophages without a
genus specified are all related to the Pseudomonas genus. Genomes that harbor a
prophage and also show a spacer in their CRISPR arrays against this prophage, are

denoted by the color grey.
Table 3. Anti-CRISPR genes search.

Fig 2. Phylogenetic tree of 174 genomes of P. aeruginosa. Strains have their ST
stated next to their name. Bold blue names correspond to the 13 Brazilian isolates
reported in this study. Colored circles next to the names represent each strain’s
CRISPR/Cas status: Olive — absent CRISPR/Cas; blue — type I-F; pink — type I-E;

green — type I-C; purple — orphan CRISPR; yellow — LES-orphan CRISPR.
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5 DISCUSSAO GERAL

O primeiro estudo direcionado ao sistema CRISPR/Cas de P. aeruginosa foi
realizado em 2009 (ZEGANS et al., 2009), e desde entdo, informacao acerca deste
microrganismo tem crescido bastante. Nessa espécie, o sistema do tipo I-F
apresenta algumas particularidades, as quais tornaram P. aeruginosa, em especial a
cepa UCBPP-PA14, um dos mais bem estudados microrganismos para o estudo do
mecanismo e funcionamento do sistema. No entanto, apesar do grande numero de
trabalhos com a cepa UCBPP-PA14, considerada a referéncia da espécie, poucos
estudos tém utilizado isolados clinicos como objeto de estudo (CADY et al., 2011;
ESSOH et al., 2013; van BELKUM et al., 2015; ENGLAND et al., 2018).

Estudos tém utilizado genomas brasileiros, porém as informacdes sobre estes
isolados acabam perdidas diante do volume de informacdes discutido nestes
trabalhos. Van Belkum e colaboradores, em 2015, descreveram o0 sistema
CRISPR/Cas tipo I-C em P. aeruginosa pela primeira vez, e dos 20 isolados que
possuem este sistema, trés séo brasileiros (van BELKUM et al., 2015). Em nossas
andlises, dos 161 genomas disponiveis no banco de dados do NCBI, sete
correspondem a isolados brasileiros, e seis possuem o sistema do tipo I-C. Como
descrito por Van Belkum e colaboradores, este tipo de sistema esta associado a um
ICE, e, portanto, € passivel de ser compartilhado entre isolados diferentes. A
circulacado deste MGE em isolados brasileiros sugere que, futuramente, poderemos
observar uma maior frequéncia do sistema tipo I-C em isolados brasileiros de P.
aeruginosa.

A transferéncia horizontal é o principal mecanismo pelo qual bactérias

evoluem. Enquanto, por um lado, o sistema CRISPR/Cas prové bactérias com um
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mecanismo de protecdo capaz de se adaptar as ameacas do meio, por outro, ele
impede a aquisicao de plasmideos conjugativos, elementos
integrativos/conjugativos, ou DNA livre no meio (JIANG et al., 2013). A perda de
elementos do sistema CRISPR/Cas, ou dele completo, permite a incorporacao de
novos elementos genéticos, os quais podem trazer beneficios para a célula
bacteriana. Bactérias patogénicas, em particular, sdo beneficiadas pela aquisicdo de
plasmideos contendo genes de resisténcia, ou fagos que carregam genes de
viruléncia, pois aumentam as chances de uma infeccdo bem-sucedida. A auséncia
deste sistema em espécies de Campylobacter, Enterococcus, Streptococcus e
Staphylococcus pode ser um retrato da importancia que MGEs possuem para a
evolucdo destes patdégenos (JIANG et al.,, 2013; BARRANGOU, 2015). Apesar da
sua auséncia em 73 (56%) dos nossos 130 isolados clinicos, o que corrobora a
hipétese de que agentes patogénicos que possuem o sistema CRISPR/Cas
apresentariam uma desvantagem adaptativa, Gophna e colaboradores
demonstraram que, em escalas evolutivas, o impacto do sistema CRISPR/Cas néo é
detectavel (GOPHNA et al., 2015).

A diversidade dos espacadores encontrados e a incorporacao diferencial
observada ao final dos locos CRISPR permite sugerir que estes locos sao ativos e
potencialmente de evolucdo rapida. A relacdo dos espacadores com fagos,
plasmideos e ilhas gendmicas de patogenicidade evidenciam a importancia que este
sistema pode ter na aquisicdo de novos determinantes de viruléncia e resisténcia
(JIANG et al., 2013).

A presenca dos tipos I-F e I-E concomitantemente nos genomas ndo é uma
caracteristica observada com frequéncia. De fato, esta caracteristica so foi descrita

uma vez, por Essoh e colaboradores em 2013, em apenas trés isolados (ESSOH et
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al.,, 2013). Apesar de ndo ser mencionado no trabalho de Van Belkum e
colaboradores, em 2015, estudando o material suplementar fornecido, séo
observados 23 genomas com esta mesma caracteristica (van BELKUM et al., 2015).
Neste trabalho, que compreendeu 672 genomas, 17 isolados correspondem a 2,5%
de frequéncia. Entre 0os nossos isolados, esta caracteristica foi presente em dois
(Pae22 e Paell3), o que corresponde a 1,5% dos 130 isolados analisados.

Espécies bacterianas que ndo possuem o sistema CRISPR/Cas distribuido
uniformemente entre seus isolados, ndo sdo boas candidatas para a aplicacdo de
tipagem molecular através do contetdo espacador do loco CRISPR. Desta maneira,
esta técnica nunca foi padronizada para P. aeruginosa. Comparando 0s locos
CRISPR dos nossos isolados com o intuito de observar padrdes de incorporacéao,
seria possivel assumir que estes isolados fossem geneticamente mais préximos.
Esta hipGtese se manteve para quase todos os isolados cujos genomas foram
sequenciados, onde isolados correspondentes aos padrdes D e E apresentam 0s
mesmos STs e localizam-se proximos na arvore filogenética. O mesmo foi
verdadeiro para isolados dos padrbes B (Pae29) e B/E (Pae42). A excecao, porém,
foram os isolados que apresentaram o padréo de incorporagédo A Pae66 e Paell3,
gue apresentam STs diferentes e estéo localizados distantes na arvore filogenética.
Diante destes dados, a inferéncia de relacdo genética entre isolados com padrdes
semelhantes de incorporacdo de espacadores no loco CRISPR n&o parece ser uma
ferramenta completamente confiavel.

Com relacdo a funcdo do sistema, esta permanece relativamente
desconhecida em P. aeruginosa. Embora ndo se conheca a expressao e atividade
do sistema do tipo I-E, o sistema tipo I-F é bem estudado e possui relatos

controversos quanto a sua eficiencia. Zegans e colaboradores, em 2009, ao
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estudarem o mecanismo da interacdo do fago DMS3 com o sistema CRISPR/Cas
para inibicdo da producdo de biofilme, observaram que o fago em questdo se
encontrava como profago no genoma da UCBPP-PA14, apesar desta cepa possuir
ao menos um espacador contra este fago, sugerindo que a interferéncia do sistema
na aquisicdo de MGEs nao ocorre em P. aeruginosa (ZEGANS et al., 2009). No
entanto, Cady e colaboradores, em 2011, descreveram a producdo de crRNA por
isolados de P. aeruginosa, e em 2012, a eficiéncia do sistema contra fagos
temperados em condi¢des laboratoriais (CADY et al.,, 2011; CADY et al., 2012).
Essoh e colaboradores, em 2013, descreveram que 0 sistema ndo parece ser efetivo
contra fagos liticos (ESSOH et al., 2013), e Westra e colaboradores, em 2015,
identificaram que este sistema pode apenas proteger contra MGEs em situa¢des nas
guais 0 meio € pobre em nutrientes, enquanto em meios ricos, outros mecanismos
de defesa sdo preferiveis (WESTRA et al.,, 2015). Em 2016, Li e colaboradores
detectaram a regulacdo da expressdo do gene lasR através de um espacador
especifico contra este gene constitutivo (LI et al., 2016).

Além do observado por Li e colaboradores, funcdes relacionadas a regulacéo
da expressédo de genes ja foi descrita em Pyrococcus furiosus, Campylobacter jejuni,
Francisella novicida, e Listeria monocytogenes. Porém, nenhuma destas espécies
possui sistemas do tipo | (WESTRA et al., 2014).

A observacao de fagos incorporados aos genomas dos nossos isolados, onde
também ha contra estes mesmos fagos, representa mais uma evidéncia para a
ineficacia do sistema CRISPR/Cas como um mecanismo de imunidade adaptativa
em P. aeruginosa, e sua possivel funcdo na regulagdo da expressédo de proteinas
fagicas. Outra evidéncia que suporta esta hipétese € o espacador encontrado em um

dos nossos isolados, contra o gene de uma proteina do metabolismo normal de P.
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aeruginosa, a coproporfirinogénio oxidase Il independente de oxigénio, cuja
expressao poderia estar sendo regulada de maneira semelhante a regulacdo do
gene lasR. A presenca de genes codificantes de proteinas anti-CRISPR em apenas
cinco dos nossos 13 isolados ndo sdo o suficiente para que possamos definir que
estes 13 sistemas estdo inativos, e, portanto, justificar a presenca dos fagos
lisogénicos nestes genomas.

As trés proteinas anti-CRISPR encontradas em quatro genomas dos nossos
isolados (Pae21, Pae28, Pae29 e Pae83) correspondem ao fago JBD5, o que indica
gue este estaria lisogénico nestes genomas. Avaliando-se a organizacdo dos
espacadores nestes isolados, observa-se um espacador contra este mesmo fago.
Assim como descrito por Zegans e colaboradores, em 2009, h& a incorporacdo bem
sucedida do fago JBD5, mesmo havendo espacadores especificos contra 0 mesmo
(ZEGANS et al., 2009). No entanto, nestes casos, a incorporacdo seria justificada
pela presenca das proteinas anti-CRISPR, que estariam inativando o sistema.

Segundo Borges e colaboradores, as proteinas AcrEl, AcrF3 e AcrF5 atuam
na etapa de interferéncia do sistema, o que é consistente com nossos dados, visto
que apesar do sistema supostamente inativo, ha a incorporacdo diferencial e
polarizada nos locos CRISPR destes isolados. A proteina AcrF3, porém, também
parece estar implicada na inativacdo dos mecanismos de aquisicdo de novos
espacadores, o que impediria a incorporacéao diferencial observada (BORGES et al.,
2017). Uma hipotese que podemos sugerir para esta observacao € a incorporacao
do fago JBD5 apenas apos a aquisicao diferencial de espacadores no final do loco,
gue nao seria impedida pela existéncia de um espacador contra o proprio fago
devido a suposta funcao do sistema CRISPR/Cas em mecanismos nao relacionados

a imunidade adaptativa em P. aeruginosa.
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O presente estudo teve por objetivo conhecer o panorama do sistema
CRISPR/Cas em isolados clinicos brasileiros de P. aeruginosa. Os resultados
obtidos permitiram: compreender a frequéncia deste sistema; a diversidade de
espacadores nos isolados; a relacdo destes com fagos, plasmideos e ilhas
gendmicas; inferir acerca da funcionalidade deste sistema de acordo com achados
estruturais; e observar a caracteristica nao-clonal da distribuicdo do sistema

CRISPR/Cas nessa espécie bacteriana.
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6 CONCLUSOES

a)

b)

Como hipotese para a fungdo em P. aeruginosa, levando-se em consideracao
0 espacador encontrado contra uma proteina do metabolismo da proépria
bactéria, bem como os espacadores e profagos observados nos genomas, é
que este sistema possivelmente atue apenas como um regulador
transcricional de produtos bacterianos e virais.

Levando-se em conta a quantidade de espacadores diferentes, a organizacao
destes nos locos CRISPR, e os rearranjos observados, este sistema em
isolados brasileiros é diverso, adaptavel e possivelmente esta ativamente

incorporando novos espacadores;

c) A presenca de dois sistemas diferentes (I-F e I-E) em um mesmo isolado,

apesar de ser encontrado em outros poucos genomas, ainda ndo havia sido
encontrado em isolados brasileiros, e o estudo das consequéncias desta

caracteristica ainda se fazem necessarios;

d) A auséncia do sistema CRISPR/Cas em parte dos isolados sugere uma

possivel desvantagem evolutiva ha manutencdo deste sistema em algumas

linhagens;

e) A analise da organizacédo dos espacadores pode corresponder ao perfil ST e

a filogenia, mas nao parece ser o suficiente para estabelecer relacdes

genéticas com sucesso;
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ANEXO A - NORMAS PARA SUBMISSAO - ARTIGO |

Revista: Molecular Genetics And Genomics
Disponivel em: https://academic.oup.com/gbe/pages/General_Instructions

Acesso em: 21/11/18

Original Papers and Methodology Papers should be written using the following
structure

Introduction

The introduction should guide the reader and hence contain the following:

* A short introduction to the field of research

* The scope and incentives of the work

* The background, i.e. previous work by your and other research groups strictly on
the subject

* A conclusion summarizing the novelty and the significance of this paper.

Make sure that the introduction focuses on the background that is relevant for the
data presented and the conclusions drawn.

Materials and Methods

This section should provide sufficient information to precisely evaluate how the data
have been obtained, including the number of repetitions, and should permit a
different research group to repeat the experimental work.

Results

Data should be presented as precisely and concisely as possible, if appropriate in the
form of tables or figures.

Make sure not to repeat in the text values given in figures or tables.



119
The data presentation should follow a logical flow starting with a short description of
the incentive of the experiment, followed by a description of the results. Do not repeat
information on the experimental details; those belong to Materials and Methods.
Describe and discuss the data, but interpretations and conclusions should be given in
the Discussion.
Avoid combining Results and Discussion: separate Results and Discussion sections
make for easier reading and a better structure of your article.
Discussion
The discussion should cover the following aspects:
* An interpretation of the results and their significance with reference to previous
work.
* A description how the data advance the state-of-the-art
» The importance of the findings for the research field
* Any models realistically emerging from the data presented
* Implications for future research
Avoid repeating Introduction or Results.
Present your work so that it attracts the interest of referees and readers. This will
increase the chances of acceptance and subsequent citation of the published work.
Interest is attracted early on in the manuscript by highlighting the research questions
addressed, the main results and conclusions derived from the work and their broader
scientific impact.
For Reviews authors should use a suitable structure of their choice. The manuscript
should be broken down using informative headings. The Abstract and Introduction
should be written so as to attract the reader and point out the broader impact and

importance of the field covered.
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Title page
The title page should include:
The name(s) of the author(s)
A concise and informative title
The affiliation(s) and address(es) of the author(s)
The e-mail address, and telephone number(s) of the corresponding author
If available, the 16-digit ORCID of the author(s)
Abstract
Please provide an abstract of 150 to 250 words. The abstract should not contain any
undefined abbreviations or unspecified references.
Keywords

Please provide 4 to 6 keywords which can be used for indexing purposes.

Text Formatting

Manuscripts should be submitted in Word.

Use a normal, plain font (e.g., 10-point Times Roman) for text.
Use italics for emphasis.

Use the automatic page numbering function to number the pages.
Do not use field functions.

Use tab stops or other commands for indents, not the space bar.
Use the table function, not spreadsheets, to make tables.

Use the equation editor or MathType for equations.

Save your file in docx format (Word 2007 or higher) or doc format (older Word
versions).

Manuscripts with mathematical content can also be submitted in LaTeX.
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LaTeX macro package (zip, 182 kB)
Headings
Please use no more than three levels of displayed headings.
Abbreviations
Abbreviations should be defined at first mention and used consistently thereafter.
Footnotes
Footnotes can be used to give additional information, which may include the citation
of a reference included in the reference list. They should not consist solely of a
reference citation, and they should never include the bibliographic details of a
reference. They should also not contain any figures or tables.
Footnotes to the text are numbered consecutively; those to tables should be
indicated by superscript lower-case letters (or asterisks for significance values and
other statistical data). Footnotes to the title or the authors of the article are not given
reference symbols.
Always use footnotes instead of endnotes.
Acknowledgments
Acknowledgments of people, grants, funds, etc. should be placed in a separate
section on the title page. The names of funding organizations should be written in full.
Scientific Style
Please follow the download below:
Scientific Style guidelines (pdf, 118 kB)
References
Cite references in the text by name and year in parentheses. Some examples:
Negotiation research spans many disciplines (Thompson 1990).

This result was later contradicted by Becker and Seligman (1996).
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This effect has been widely studied (Abbott 1991; Barakat et al. 1995a, b; Kelso and
Smith 1998; Medvec et al. 1999, 2000).
Reference list
The list of references should only include works that are cited in the text and that
have been published or accepted for publication. Personal communications and
unpublished works should only be mentioned in the text. Do not use footnotes or
endnotes as a substitute for a reference list.
Reference list entries should be alphabetized by the last names of the first author of
each work. Order multi-author publications of the same first author alphabetically with
respect to second, third, etc. author. Publications of exactly the same author(s) must
be ordered chronologically.
Journal article
Gamelin FX, Baquet G, Berthoin S, Thevenet D, Nourry C, Nottin S, Bosquet L
(2009) Effect of high intensity intermittent training on heart rate variability in
prepubescent children. Eur J Appl Physiol 105:731-738.
https://doi.org/10.1007/s00421-008-0955-8
Ideally, the names of all authors should be provided, but the usage of “et al” in long
author lists will also be accepted:
Smith J, Jones M Jr, Houghton L et al (1999) Future of health insurance. N Engl J
Med 965:325-329
Article by DOI
Slitka MK, Whitton JL (2000) Clinical implications of dysregulated cytokine
production. J Mol Med. https://doi.org/10.1007/s001090000086
Book

South J, Blass B (2001) The future of modern genomics. Blackwell, London
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Book chapter
Brown B, Aaron M (2001) The politics of nature. In: Smith J (ed) The rise of modern
genomics, 3rd edn. Wiley, New York, pp 230-257
Online document
Cartwright J (2007) Big stars have weather too. IOP Publishing PhysicsWeb.
http://physicsweb.org/articles/news/11/6/16/1. Accessed 26 June 2007
Dissertation
Trent JW (1975) Experimental acute renal failure. Dissertation, University of
California
Always use the standard abbreviation of a journal’s name according to the ISSN List
of Title Word Abbreviations, see ISSN LTWA
If you are unsure, please use the full journal title.
For authors using EndNote, Springer provides an output style that supports the
formatting of in-text citations and reference list.
EndNote style (zip, 2 kB)
EndNote style for Molecular Genetics and Genomics
Instead of the general file in the above download, please use the Endnote style given
below
EndNote style for Molecular Genetics and Genomics (zip, 1 kB)
Tables
All tables are to be numbered using Arabic numerals.
Tables should always be cited in text in consecutive numerical order.
For each table, please supply a table caption (title) explaining the components of the

table.
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Identify any previously published material by giving the original source in the form of
a reference at the end of the table caption.
Footnotes to tables should be indicated by superscript lower-case letters (or asterisks
for significance values and other statistical data) and included beneath the table
body.
Artwork and Illustrations Guidelines
Electronic Figure Submission
Supply all figures electronically.
Indicate what graphics program was used to create the artwork.
For vector graphics, the preferred format is EPS; for halftones, please use TIFF
format. MSOffice files are also acceptable.
Vector graphics containing fonts must have the fonts embedded in the files.
Name your figure files with "Fig" and the figure number, e.g., Figl.eps.
Line Art
Definition: Black and white graphic with no shading.
Do not use faint lines and/or lettering and check that all lines and lettering within the
figures are legible at final size.
All lines should be at least 0.1 mm (0.3 pt) wide.
Scanned line drawings and line drawings in bitmap format should have a minimum
resolution of 1200 dpi.
Vector graphics containing fonts must have the fonts embedded in the files.
Halftone Art
Definition: Photographs, drawings, or paintings with fine shading, etc.
If any magnification is used in the photographs, indicate this by using scale bars

within the figures themselves.
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Halftones should have a minimum resolution of 300 dpi.
Combination Art
Definition: a combination of halftone and line art, e.g., halftones containing line
drawing, extensive lettering, color diagrams, etc.
Combination artwork should have a minimum resolution of 600 dpi.
Color Art
Color art is free of charge for online publication.
If black and white will be shown in the print version, make sure that the main
information will still be visible. Many colors are not distinguishable from one another
when converted to black and white. A simple way to check this is to make a
xerographic copy to see if the necessary distinctions between the different colors are
still apparent.
If the figures will be printed in black and white, do not refer to color in the captions.
Color illustrations should be submitted as RGB (8 bits per channel).
Figure Lettering
To add lettering, it is best to use Helvetica or Arial (sans serif fonts).
Keep lettering consistently sized throughout your final-sized artwork, usually about 2—
3 mm (8-12 pt).
Variance of type size within an illustration should be minimal, e.g., do not use 8-pt
type on an axis and 20-pt type for the axis label.
Avoid effects such as shading, outline letters, etc.
Do not include titles or captions within your illustrations.
Figure Numbering
All figures are to be numbered using Arabic numerals.

Figures should always be cited in text in consecutive numerical order.
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Figure parts should be denoted by lowercase letters (a, b, c, etc.).
If an appendix appears in your article and it contains one or more figures, continue
the consecutive numbering of the main text. Do not number the appendix figures,
"Al, A2, A3, etc." Figures in online appendices (Electronic Supplementary Material)
should, however, be numbered separately.
Figure Captions
Each figure should have a concise caption describing accurately what the figure
depicts. Include the captions in the text file of the manuscript, not in the figure file.
Figure captions begin with the term Fig. in bold type, followed by the figure number,
also in bold type.
No punctuation is to be included after the number, nor is any punctuation to be
placed at the end of the caption.
Identify all elements found in the figure in the figure caption; and use boxes, circles,
etc., as coordinate points in graphs.
Identify previously published material by giving the original source in the form of a
reference citation at the end of the figure caption.
Figure Placement and Size
Figures should be submitted separately from the text, if possible.
When preparing your figures, size figures to fit in the column width.
For most journals the figures should be 39 mm, 84 mm, 129 mm, or 174 mm wide
and not higher than 234 mm.
For books and book-sized journals, the figures should be 80 mm or 122 mm wide
and not higher than 198 mm.

Permissions
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If you include figures that have already been published elsewhere, you must obtain
permission from the copyright owner(s) for both the print and online format. Please
be aware that some publishers do not grant electronic rights for free and that
Springer will not be able to refund any costs that may have occurred to receive these
permissions. In such cases, material from other sources should be used.
Accessibility
In order to give people of all abilities and disabilities access to the content of your
figures, please make sure that
All figures have descriptive captions (blind users could then use a text-to-speech
software or a text-to-Braille hardware)
Patterns are used instead of or in addition to colors for conveying information
(colorblind users would then be able to distinguish the visual elements)
Any figure lettering has a contrast ratio of at least 4.5:1
Electronic Supplementary Material
Springer accepts electronic multimedia files (animations, movies, audio, etc.) and
other supplementary files to be published online along with an article or a book
chapter. This feature can add dimension to the author's article, as certain information
cannot be printed or is more convenient in electronic form.
Before submitting research datasets as electronic supplementary material, authors
should read the journal’s Research data policy. We encourage research data to be
archived in data repositories wherever possible.
Submission
Supply all supplementary material in standard file formats.
Please include in each file the following information: article title, journal name, author

names; affiliation and e-mail address of the corresponding author.
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To accommodate user downloads, please keep in mind that larger-sized files may
require very long download times and that some users may experience other
problems during downloading.
Audio, Video, and Animations
Aspect ratio: 16:9 or 4:3
Maximum file size: 25 GB
Minimum video duration: 1 sec
Supported file formats: avi, wmv, mp4, mov, m2p, mp2, mpg, mpeg, flv, mxf, mts,
m4v, 3gp
Text and Presentations
Submit your material in PDF format; .doc or .ppt files are not suitable for long-term
viability.
A collection of figures may also be combined in a PDF file.
Spreadsheets
Spreadsheets should be submitted as .csv or .xIsx files (MS Excel).
Specialized Formats
Specialized format such as .pdb (chemical), .wrl (VRML), .nb (Mathematica
notebook), and .tex can also be supplied.
Collecting Multiple Files
It is possible to collect multiple files in a .zip or .gz file.
Numbering
If supplying any supplementary material, the text must make specific mention of the
material as a citation, similar to that of figures and tables.
Refer to the supplementary files as “Online Resource”, e.g., "... as shown in the

LU 11

animation (Online Resource 3)", “... additional data are given in Online Resource 4”.



129
Name the files consecutively, e.g. “ESM_3.mpg”, “ESM_4.pdf”.
Captions
For each supplementary material, please supply a concise caption describing the
content of the file.
Processing of supplementary files
Electronic supplementary material will be published as received from the author
without any conversion, editing, or reformatting.
Accessibility
In order to give people of all abilities and disabilities access to the content of your
supplementary files, please make sure that
The manuscript contains a descriptive caption for each supplementary material
Video files do not contain anything that flashes more than three times per second (so

that users prone to seizures caused by such effects are not put at risk)
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ANEXO B - NORMAS PARA SUBMISSAO — ARTIGO Il

Revista: Genome Biology and Evolution
Disponivel em: https://academic.oup.com/gbe/pages/General_Instructions

Acesso em: 21/11/18

PREPARATION OF MANUSCRIPTS
General Format

Prepare your manuscript text using a Word processing package (save in .doc
or .rtf format). Remember to number each page. Use double spacing (space between
lines of type not less than 6 mm) throughout the manuscript and leave margins of 25
mm (1 inch) at the top, bottom and sides of each page. Please avoid footnotes. Type
references in the correct order and in GBE style (see below). Type without
hyphenation, except for compound words. Type headings in the style of the journal.
Use the TAB key once for paragraph indents. Where possible use Times for the text
font and Symbol for the Greek and special characters.

Use the word processing formatting features to indicate strong Bold, Italic,
Greek, Maths,swescirt  and s Characters. Clearly identify unusual symbols and
Greek letters. Differentiate between the letter O and zero, and the letters | and | and
the number 1. Mark the approximate position of each figure and table.

Check the final copy of your paper carefully, as any spelling mistakes and

errors may be translated into the typeset version.

Sections of the Manuscript
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Title: The title should accurately advertise the paper’s content and contain 150

characters or less including spaces.

Authors and affiliations: Provide the name and institutional address of all
authors, match addresses to names using superscript numbers.

Corresponding author: The name of the author to whom all correspondence
IS to be addressed should be indicated with an asterisk in the author line and
specified as follows:

*Author for Correspondence: John Smith, Department of Science,
University of Somewhere, Anytown, USA, telephone number, fax number, email
address

Data deposition: Supply all accession numbers for the relevant databases.
New sequence data must be deposited in GenBank/DDBJ/EMBL. Any sequence
alignments used must be made available as supplemental information or by the
corresponding author upon request.

Abstract: The first page of the manuscript should begin with the abstract,
which should be a concise summary of the paper. Avoided reference citations in the
Abstract; if mentioned, the full reference must be given. The Abstract should contain
250 words or less.

Key words: Up to six key words should be given below the abstract. Key
words facilitate retrieval of articles by search engines, web directories and indexes;
therefore, terms that are too general should be avoided. The selected key words
should not repeat words given in the title. The aim is to assist potential readers to find
the article by clearly and specifically describing its subject matter, including aspects
of methodology or the theoretical framework.

References: Published articles and those in press (state the journal that has
accepted them, provide a doi where possible) may be included. Do not include any
reference cited only in Supplementary files.

In the text citation, a reference should be cited by author and date. Do not place text
other than the author and date within the parentheses. No more than two authors
may be cited per text citation; if there are more than two authors, use et al. in the text
(unless more are necessary to distinguish between references).

In the reference list, list all authors if the author total is five authors or fewer; with

more than five list the first author (only) followed by et al.
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At the end of the manuscript, the references should be typed in alphabetical order,
with the authors' names, year, paper title, journal, volume number, inclusive page
numbers, and name and address of publisher (for books only). The name of the
journal should be abbreviated according to the World List of Scientific Periodicals.
References should therefore be listed as follows:

Cagan RH, Rhein LD. 1980. Biochemical basis of recognition of taste
and olfactory stimuli. In: van der Starre H, editor. Olfaction and Taste VII. Oxford: IRL
Press. p. 35-44.

Marshall DA, Moulton DG. 1981. Olfactory sensitivity to alpha-ionone in
humans and dogs. Chem Senses. 6:53-61.

van der Starre H, editor. 1980. Olfaction and Taste VII. Oxford: IRL
Press.

Avoid personal communications and mention of unpublished data.

References to websites should be avoided, but if they are given, the
references should give authors (if known), title of cited page, URL in full, and year of
posting in parentheses.

Tables: Tables should be prepared on separate sheets and numbered
consecutively with Arabic numerals. They must be supplied in an editable format
(.xIsx or .docx, for example) rather than an image. They should be self-explanatory
and include a brief descriptive title. They should be of such a size that they fit easily
onto a journal page, the type area of which is 234 (height) x 185 mm (double column
width) or 89 mm (single column width). Footnotes to tables indicated by lower case
letters are acceptable, but they should not include extensive experimental details.

lllustrations: All illustrations (line drawings and photographs) must be
referred to in the text (as Figure 1 etc.) and should be abbreviated to 'Fig. 1." only in
the figure legend. At online submission, you will be required to submit images
electronically in one of the following formats: .jpg, .gif, .tif, .pdf or .eps.

Each figure should be on a separate page and should be submitted at roughly
final magnification. Use sans serif fonts such as Arial or Helvetica in figures. Use
uniform font size in each figure whenever possible and recall that labels should never
smaller than 6 pt at final magnification.

Electronic submission of figures: Save figures at a resolution of at least 300

pixels per inch at the final printed size for color figures and photographs, and 600
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pixels per inch for black and white line drawings. Color art must be submitted in
CMYK rather than RGB format. Authors should be satisfied with the colors in CMYK
(both on screen and when printed) before submission. Please also keep in mind that
colors can appear differently on different screens and printers. Failure to follow these
guides could result in complications and delays. For useful information on preparing
your figures for publication, click here.

Figure legends: These should be included at the end of the manuscript text.
Define all symbols and abbreviations used in the figure. Common abbreviations and
others in the preceding text need not be redefined in the legend.

Color Figures: All figures submitted to the journal in color will be published in
color online at no cost to authors.

Permissions for Illlustrations and Figures: Permission to reproduce
copyright material, for print and online publication in perpetuity, must be cleared and
if necessary paid for by the author; this includes applications and payments to DACS,
ARS, and similar licensing agencies where appropriate. Evidence in writing that such
permissions have been secured from the rights-holder must be made available to the
editors. It is also the author's responsibility to include acknowledgements as
stipulated by the particular institutions. Oxford Journals can offer information and
documentation to assist authors in securing print and online permissions: please see

the Guidelines for Authors section. Information on permissions contacts for a number

of main galleries and museums can also be provided. Should you require copies of
this, please contact the editorial office of the journal in question or theOxford Journals

Rights department.

Funding: Authors who are NIH-funded will have their paper automatically
deposited in PubMed Central. Details of all funding sources for the work should be
given in the 'Acknowledgements' section. A full list of RIN-approved UK funding
agencies may be foundhere.

The following convention should be followed:

The sentence should begin: ‘This work was supported by ...’

The full official funding agency name should be given, i.e. ‘the National
Cancer Institute at the National Institutes of Health’ or simply 'National Institutes of
Health' not ‘NCI' (one of the 27 subinstitutions) or 'NCI at NIH (full RIN-approved list
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of UK funding agencies)Grant numbers should be complete and accurate and
provided in brackets as follows: ‘[grant number ABX CDXXXXXX]

Multiple grant numbers should be separated by a comma as follows:
‘[grant numbers ABX CDXXXXXX, EFX GHXXXXXX]’

Agencies should be separated by a semi-colon (plus ‘and’ before the
last funding agency)

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

Example: This work was supported by the National Institutes of Health
[AP50 CA098252 and CA118790 to R.B.S.R.]; and the Education Research Council
[hfygr667789].

Oxford Journals will deposit all NIH-funded articles in PubMed Central.
See this page for details. Authors must ensure that manuscripts are clearly indicated
as NIH-funded using the guidelines above.
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