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Resumo

Glutamicibacter creatinolyticus € um coco Gram-positivo, imével, que ndo esporula e habita
varios nichos ecolégicos. Essa bactéria € utilizada em processos biotecnoldgicos e pode
ser considerada um patdgeno oportunista por ter sido isolada de humanos. Poucas
informacdes foram encontradas na literatura relacionadas aos estudos gendmicos de
linhagens do género e das espécies de G. creatinolyticus. Neste estudo, sequenciamos o
primeiro genoma de uma linhagem de G. creatinolyticus, denominada LGCM 259, que foi
isolada de nodulos subcutaneos de uma égua em Régio de Calabria na Italia. As
sequéncias de DNA obtidas da linhagem LGCM 259 foram montadas usando uma
abordagem ab initio, resultando em um cromossomo de 3,3 Mb. Andlises genémicas
comparativas foram realizadas entre a linhagem LGCM 259, e outras espécies do género
Glutamicibacter isoladas de diferentes ambientes, incluindo: planta, queijo, solo, cujas
sequéncias completas estavam disponiveis no National Center for Biotechnology
Information (NCBI). A linhagem LGCM 259 apresenta um cromossomo circular com 3,3 Mb,
um conteudo de GC de 66,4%, 2882 CDSs, 4 clusters de rRNAS (5S, 16S e 23S) e 61 tRNA
genes, respectivamente. Alguns locus _tag (LGCM259 1698, LGCM259 0905) foram
encontradas, e podem estar envolvidos na resisténcia multipla a medicamentos para
rifampicina, elfamicina e fluoroquinolona. O genoma de G. creatinolyticus apresentou genes
de tolerancia ao cobre, arsénico, cobalto-zinco-cadmio e compostos de cromo que sdo
sérios contaminantes ambientais. O genoma de LGCM 259 também apresentou 23 ilhas
genbmicas, que podem contribuir para sua adaptacdo no hospedeiro. A analise comparativa
de busca por genes de resisténcia revelou que todas as linhagens selecionadas contém
pelo menos um gene codificador para a classe de antibiético rifampicina e algumas ilhas
genbmicas sdo compartilhadas entre os todos 0s genomas, mas muitas delas sao
exclusivas para cada espécie. Estudos do genoma de G. creatinolyticus podem contribuir
para uma melhor compreensdo das suas ilhas gendGmicas, genes de resisténcias a
antibidticos, ganho/ perda de genes que possam estar envolvidos na especializacao pelo
hospedeiro, na identificacdo dos genes adquiridos por transferéncia horizontal, no papel
destes genes na adaptacdo ao hospedeiro e viruléncia bacteriana. Além disso, estudos
dessas espécies podem contribuir para novas estratégias de tratamento e diagnostico

desses tipos de infeccbes causadas em égua.

Palavra Chaves: Glutamicibacter creatinolyticus; genoma,; resisténcia; LGCM 259;

sequenciamento; anéalises comparativas.



Abstract

Glutamicibacter creatinolyticus is a Gram-positive, non-motile coccus, no spore forming and
inhabits various ecological niches. This bacterium is used in a variety of biotechnological
processes, and may be regarded as an opportunistic pathogen, once it was isolated from
humans isolated from humans. Very little data has been found in written literature regarding
the study of the genomes of both its genus and the G. creatinolyticus species itself. In this
work, we have sequenced the first genome of a G. creatinolyticus strain, named LGCM 259,
which has been isolated from the subcutaneous nodules of a mare in Reggio di Calabria, in
Italy. The DNA sequences obtained from strain LGCM 259 were assembled through an ab
initio approach, resulting in a 3,3 Mb chromosome. Comparative genomic analyses were
performed between LGCM 259 and other species from the Glutamicibacter genus, isolated
from different environments, including plants, cheese and soil. These species’ complete
sequences were available in the National Center for Biotechnology Information (NCBI)
database. The LGCM 259 strain has a circular chromosome, 3,3 Mb in size, a GC content
of 66,4%, 2882 CDSs, 4 rRNA clusters (5S, 16S and 23S), and 61 tRNA genes, respectively.
The LGCM259 1698, LGCM259 0905 were found, which may be involved in the strain’s
multi-drug resistance to rifampicin, elfamycin and fluoroquinolone. The G. creatinolyticus
genome presented genes encoding for copper, arsenic, cobalt-zinc-cadmium, and chrome
compost resistance, which are all severe environmental contaminants. The strain’s genome
also displayed 23 genomic islands, which may contribute to its host adaptation. A
comparative analysis seeking resistance genes showed that all selected strains harbor at
least one gene encoding for rifampicin resistance and that some genomic islands are shared
between all genomes, but many of them were unique for each species. Studying the G.
creatinolyticus genome may lead to a better understanding of its genomic islands, antibiotic
resistance genes, acquisition/loss of genes that may be involved in host adaptation,
acquisition of genes through Horizontal Gene Transfer events, and the role of these genes
in host adaptation and bacterial virulence. Additionally, studying these species may lead to

new treatment and diagnosis strategies.

Keywords: Glutamicibacter creatinolyticus; genome; resistance; LGCM 259;

sequencing; comparative analyses
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1. INTRODUCAO GERAL
1.1.1. Aspectos microbioldgicos do género Glutacimibacter

O género Arthrobacter, foi proposto por Conn Dimmick (1947) e inclui as espécies,
Arthrobacter globiformis (CONN; DIMMICK, 1947; SKERMAN,’; MCGOWAN; SNEATH’,
1980), Arthrobacter tumerens (COLLINS; DORSCH; STACKEBRANDT, 1989) e
Arthrobacter helvolum e pertencem a familia Micrococcaceae (BUSSE et al 2012). Em
2016, houve uma proposta de reclassificacdo de espécies selecionadas do género
Arthrobacter em 5 novos géneros: Glutamicibacter, Paeniglutamicibacter,
Pseudoglutamicibacter, Paenarthrobacter e Pseudarthrobacter (BUSSE, 2016). Essa
mudanca se deve ao fato de que as anadlises filogenéticas empregando o algoritmo
neighbor-joining e abrangendo grande parte das espécies do género Arthrobacter ndo
indicam uma estrutura interna estavel do género. Isso € indicado pelo fato de que muitos
nés ramificados ndo sdo suportados por altos valores de inicializacéo (> 70%) e varios nés
ndo foram encontrados com o algoritmo de maxima verossimilhanga ou maxima-parcimonia
(DING; HIROSE; YOKOTA, 2009; GANZERT et al., 2011; YASSIN et al., 2011). Da mesma
forma, quando representantes de membros adicionais da familia Micrococcaceae séo
incluidos em reconstrugdes de arvores, além de espécies do género Arthrobacter, as
relagBes filogenéticas tornam-se mais incertas (BUSSE, 2016). Dessa forma, Arthrobacter
creatinolyticus como era conhecido, a partir de 2016 foi renomeada para Glutamicibacter
creatinolyticus permanecendo com as mesmas caracteristicas descritas para a espécie na

literatura.

O género Glutamicibacter foi proposto por Busse (2016) e a nomenclatura refere-
se as caracteristicas celulares relacionadas a presenca de &cido glutamico na ponte
interpeptidica de peptidoglicano. O género esta agrupado na familia Micrococcaceae,
pertencente a classe das Actinobacterias e contém espécies de importancia médica,
ambiental e biotecnolégica. O género apresenta caracteristicas em comum que incluem: (i)
conteudo G+C do DNA gendémico na faixa de 55-67%; (ii) o tipo do peptidoglicano é Ada
(Lys-Ala-Glu; A11.35); (iii) o sistema quinona que contém menaquinonas exclusivamente
insaturadas (MK-8 e / ou MK-9); (iv) o perfil lipidico polar composto pelos difosfatidilglicerol,
fosfatidilglicerol e dimanossildiacilglicerol; (v) o monogalactosildiacilglicerol e quantidades
menores de trimanossilditilglicerol podem estar presentes, sendo que o fosfatidilinositol
pode estar ausente (BUSSE, 2016).
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Os membros do género Glutamicibacter sédo consideradas ubiquas, pois podem ser
encontrados no solo, na agua e no ar. Foram isolados de diferentes habitats, incluindo
diferentes tipos de solos, amostras clinicas, queijos e plantas como G. nictoninae, G.
creatinolyticus, G. arilaitensis e G. halophytocola, respectivamente (FENG et al., 2017; HOU
et al., 1998; MONNET et al., 2010; WANG et al., 2015; YAMAMOTO et al., 2017).

1.1.2. Glutamicibacter creatinolyticus

Glutamicibacter creatinolyticus € uma bactéria Gram-positiva, que possui um
crescimento favoravel aerobicamente a 37°C, se apresenta em formas de hastes irregulares
com um comprimento de cerca 1.4 - 3.6 ym. As células dessas bactérias podem mudar
para cocos em culturas mais antigas e seu diametro € 0,5 - 0,8 ym. As colbénias sao
circulares, lisas e amarelas pigmentadas em meio Brain Heart Infusion (BHI) Agar, seu
diametro mede cerca de 1-1.5 mm apds 24 h de cultura, ndo esporula e é imével. Os
componentes e propor¢ao de aminoacidos da parede celular séo Glu: Ala: Lys, 1,9: 3,1: 1,
o diaminoécido € a lisina. Em relagdo ao seus testes bioquimicos, catalase é produzido,
creatinina e xantina sdo hidrolisadas, nitrato é reduzido, acido € produzido a partir de
glicerol, e seu contetudo G + C é 66-67 %, suas principais menaquinones sao MK-8 e MK-

9 (HOU et al., 1998) e além disso apresenta ampla resisténcia a antibiéticos.

G. creatinolyticus revelou sua patogenicidade em humanos pela primeira vez em
1998, quando foi isolado da urina, com concentracdes de creatinina baixas, devido a sua
capacidade de hidrolisar a creatinina (HOU et al., 1998). Em 2017 foi isolada de uma
paciente diabética com colangite aguda que apresentou um quadro de bacteremia
(YAMAMOTO et al., 2017) .

Segundo Vila et al. (2012), o sistema APl Coryne (bio Mérieux, Marcy ['Etoile,
Franca), complementado com testes fenotipicos convencionais, sdo mais comumente
usados em laboratorios de rotina para identificacdo desse microrganismo. No entanto, esse
meétodo é demorado e nem sempre fornece uma identificacdo confiavel em nivel de espécie
(VILA et al.,, 2012). Consequentemente, a infeccdo por Glutamicibacter pode ser
subestimada porque a identificacdo correta da linhagem de G. creatinolyticus so foi possivel
através da aplicacdo de métodos de identificagdo por sequenciamento, do gene 16S rRNA
e MALDI Biotyper (HOU et al., 1998; YAMAMOTO et al.,, 2017, RIFICI et al., 2019).
Glutamicibacter creatinolyticus LGCM 259 foi isolada de nédulos subcutaneos de uma égua

de 12 anos de idade proveniente da cidade Reggio Calabria na Italia. Pelas manifestactes
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clinicas do animal, analises morfolégicas e pelo procedimento de identificacdo bioquimica,
realizado pelo painel RapID™ CB Plus System (ThermoFisher, Italia), a linhagem foi
identificada primeiramente como Corynebacterium pseudotuberculosis com um teste
(urease) atipico (RIFICI et al., 2019).

ApoOs essa identificacdo e com finalidade de confirmacdo da espécie, 0 Nnosso
grupo do Laboratorio de Genética Celular e Molecular (LGCM) realizou o cultivo da
linhagem, a reagdo em cadeia da polimerase (PCR) multiplex e o MALDI Biotyper. O
resultado da PCR multiplex foi negativo para C. pseudotuberculosis e o0 MALDI Biotyper
identificou a linhagem como Arthrobacter creatinolyticus, com um valor superior ou similar
a 2,3 o que indica que as identificacdes do género e espécie sdo confiaveis (SINGHAL et
al., 2015, RIFICI et al., 2019).

1.1.3. Importancia biotecnolégica de Glutamicibacter creatinolyticus

A fitorremediacdo é uma tecnologia promissora que utiliza plantas para despoluir metais
toxicos e contaminantes organicos do ambiente, especialmente do solo (KONG; GLICK,
2017). Para tornar essa tecnologia mais eficaz, os cientistas verificaram a possibilidade de
usar varias bactérias do solo junto com as plantas. Essas bactérias incluem bactérias
biodegradativas, bactérias promotoras de crescimento de plantas e bactérias que facilitam
a fitorremediacao por outros meios, o que torna a fitorremediacdo amplamente aceita como
uma tecnologia de restauracdo ambiental econémica (LASAT, 2002). Em um estudo de
Prum (2018), G. creatinolyticus foi capaz de melhorar as plantas para remover o arsénico
das aguas residuais melhor do que Bacillus subtilis através de interacdes com Echinodorus
cordifolius. A interacdo endofitica de plantas-micrébio, mostraram que raizes de E.
cordifolius mergulhadas em suspensao de G. creatinolyticus por 5 min, proporcionou as
melhores condi¢cbes pararemocdo de arsénio. Isso se deve ao fato de que
a capacidade dos microrganismos de sintetizar acido indol-3-acético (AlA) e reduzir as
espécies reativas do oxigénio (EROs) nos tecidos vegetais pode melhorar a planta para
tolerar atoxicidade por arsénicoe aumentar asua remocdo (PRUM; DOLPHEN;
THIRAVETYAN, 2018).

Metais sdo contaminantes ambientais estaveis e persistentes uma vez que nao
podem ser degradados ou destruidos, sendo eles os agentes tdéxicos mais conhecidos.
Entre os mais perigosos estdo: o cromo, cadmio, cobre, arsénico, mercurio e zinco

(ALTIMIRA et al., 2012; SANJAY et al., 2018). Alguns metais como o zinco em quantidades
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pequenas sdo requeridos como nutrientes essenciais aos seres vivos, podendo atuar na
regulacdo da expressdo génica, atividade de biomoléculas e estabilizacdo estrutural do
DNA (BRUINS; KAPIL; OEHME, 2000), ja outros como o mercurio e chumbo mesmo em
guantidades bem pequenas sdo toxicos aos seres vivos (PAN; WANG, 2012) . G.
creatinolyticus foi utilizada na triagem e producédo de uma potente urease extracelular para
determinacao de ions de metais pesados (RAMESH et al., 2014). Segundo Ramesh (2014),
os resultados desses estudos sugerem que a enzima poderia ser utilizada como sensores
para determinar os niveis de ions de Nitrato de cobre (ll) (Cu Il) em efluentes industriais,
solo contaminado e 4gua subterranea (RAMESH et al., 2015). Além disso, G. creatinolyticus
foi utilizada em um biossensor potenciométrico para determinacdo de uréia em leite
utilizando urease imobilizada (RAMESH et al., 2015).

1.1.4. Importancia dos estudos de multirresisténcia e fatores de viruléncia

bacteriana

O surgimento de bactérias resistentes aos antimicrobianos tornou-se um problema
critico de saude publica, uma vez que existem menos agentes antimicrobianos eficazes
disponiveis para o tratamento de infec¢cbes causadas por essas bactérias. Padrdes
resistentes a multiplos farmacos em bactérias Gram-positivas e negativas resultaram
em infec¢des dificeis de tratar ou mesmo intrataveis com antimicrobianos convencionais
(FRIERI; KUMAR; BOUTIN, 2017). A resisténcia antimicrobiana pode ser definida como a
capacidade dos microrganismos resistirem aos efeitos das drogas (antibiéticos) ou seja, o0s
microrganismos nao sdo mortos e seu crescimento ndo é interrompido. Os mecanismos de
resisténcia a antibiéticos podem ser intrinsecos do microrganismo ou podem ser adquiridos
por meio de muta¢des cromossdmicas ou, mais comumente, pela aquisicdo de um gene de
resisténcia a antibioticos de outra bactéria via plasmideos ou transposons moveis
(transferéncia horizontal de genes), fagos que podem carrear dna de uma bactéria a outra
(LI; WEBSTER, 2018).

Atualmente, a classificacdo mais comum dos antibiéticos baseia-se no seu
mecanismo de ac¢do, sendo eles inibicdo da sintese da parede celular; inibicdo da sintese
ou dano da membrana citoplasmatica; inibicdo da sintese proteica nos ribossomos;
alteracbes na sintese dos &cidos nucleicos; alteracdo de metabolismos celulares
(BAPTISTA, 2013). A resisténcia a antibioticos pode ser essencialmente adquirida através

de quatro diferentes vias (transformacao, transducdo, conjugacao e mutacao) e expressas


https://www.sinonimos.com.br/microrganismo/
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por quatro mecanismos diferentes (prevencao da penetracdo celular, expulsdo via bombas

de efluxo, inativacéo de proteinas e modificacdo do alvo) (LI; WEBSTER, 2018).

Alguns dos patdgenos resistentes a drogas, com grande problematica relacionada
as infeccbes nosocomiais incluem o Staphylococcus aureus resistente a meticilina,
o Streptococcus pneumoniae e espécies do género Enterococcus spp resistente
a vancomicina dentre as bactérias Gram-positivas. Acinetobacter baumannii, Klebsiella
pneumoniae , Escherichia coli e Pseudomonas aeruginosa estdo dentre as bactérias
Gram-negativas multirresistentes (LISTER; WOLTER; HANSON, 2009). Pseudomonas
aeruginosa é um patdégeno ambiental, ubiquo, oportunista, capaz de causar uma ampla
gama de infec¢bes agudas e crbnicas, sendo resistentes a uma ampla gama de antibiéticos.
P. aeruginosa possui capacidade metabdlica extensa, devido a producdo de mudltiplos
metabdlitos e polimeros secundarios. A presenca onipresente de P. aeruginosa bem como
a sua prevaléncia e persisténcia em situacdes clinicas, incluindo a resisténcia intrinseca a
terapéutica, sdo atribuidas a sua extraordinaria capacidade de sobrevivéncia através do
recrutamento de um arsenal de mecanismos responsivos. A diversidade desses
mecanismos, faz com que P. aeruginosa se adapte e prospere em condicdes
desfavoraveis, particularmente durante a patogénese, sendo 0s principais mecanismos de
sua adaptacao estratégica, o quorum sensing (QS), formacao de biofiime (MORADALI;
GHODS; REHM, 2017).

G. creatinolyticus LGCM 259 também apresentou resisténcia a alguns antibidticos o que
dificultou o tratamento do equino. Inicialmente a égua apresentou nédulos subcutaneos
difusos que variaram de 2-3 a 5-20 cm em tamanho, apresentando-se aderente aos
musculos. Os nodulos eram fortemente vascularizados sendo a doencga citologicamente
diagnosticada como miosite granulomatosa. Miosite granulomatosa se da pela infecgéo
bacteriana multipla em equinos (RIFICI et al., 2019) e o tratamento do animal foi realizado
através de antibioticoterapia, sendo a penicilina o primeiro medicamento administrado.
As penicilinas sédo antibioticos do grupo dos beta-lactamicos e estavam entre 0s primeiros
medicamentos a serem eficazes contra vérias infeccdes bacterianas. Atualmente, as
penicilinas ainda s&o amplamente usadas, embora as bactérias tenham
desenvolvido resisténcia ap0s uso extensivo. Apds trés meses de tratamento com a
penicilina, houve um agravamento da condi¢gdo clinica geral da égua infectada por G.
creatinolyticus LGCM 259 (KARDOS; DEMAIN, 2011). Posteriormente, foram

administradas no equino outras antibioticoterapias como: cefalosporinas de terceira
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geracdo, ceftiofur e tetraciclinas. O ceftiofur € um antibiético do tipo cefalosporina de
terceira geracao, liberado para uso em medicina veterinaria (YANCEY et al., 1987). As
tetraciclinas sdo um grupo de antibidticos naturais ou semi-sintéticos usados no tratamento
da maioria das bactérias Gram-positivas e Gram-negativas, quer anaerdbias como aerobias
(CHOPRA; ROBERTS, 2001). Assim, houve um desaparecimento inicial da maioria das
lesbes e uma melhora geral da égua, mas a condicdo clinica piorou novamente
apresentando o surgimento de novas lesbes (RIFICI et al., 2019). Uma terceira terapia
direcionada foi realizada com sulfametoxazol combinado com trimetoprima (10g / 100 kg x
no primeiro dia e depois 5 g / 100 kg x 10 dias) resultando em redu¢cfes do numero e
tamanho das lesGes detectadas. Sulfametoxazol combinado com trimetoprima é um
medicamento sintetizado em laboratoério para combater microrganismos, com propriedades
bactericidas e duplo mecanismo de acdo (ALVAREZ et al, 2005)

(http://www.anvisa.gov.br). Apds um ano de acompanhamento, e tratamento com diferentes

terapias antibiéticas, houve uma reducdo no numero dos nodulos, mas ndo ocorreu o
desaparecimento total das lesdes (RIFICI et al., 2019).

Os fatores de viruléncia bacteriana sado importantes para a invasdo e evasao das
defesas do hospedeiro. Alguns dos fatores de viruléncia bacterianos mais importantes sao:
() fatores de adesdo: muitas bactérias patogénicas colonizam as mucosas
usando pili (fimbriae) para aderir as células, (Il) fatores de invasdo: os componentes da
superficie que permitem que a bactéria invada as células do hospedeiro podem ser
codificados em plasmideos, mas mais frequentemente estdo no cromossomo. (lll)
Cépsulas: muitas bactérias sdo cercadas por capsulas que as protegem da opsonizacéo e
da fagocitose. (IV) endotoxinas: essas toxinas lipopolissacaridicas em bactérias Gram-
negativas causam febre, alteracbes na pressdo sanguinea, inflamacao, choque letal e
muitos outros eventos toxicos. (V) exotoxinas: que incluem varios tipos de toxinas proteicas
e enzimas produzidas e/ou secretadas por bactérias patogénicas. As principais categorias
incluem citotoxinas, neurotoxinas e enterotoxinas. (VI) sideréforos: séo fatores que atua na

captacao de ferro pelos organismos como bactérias (PETERSON, 1996).
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1.1.5. Estudos de gendbmica bacteriana

Os sequenciamentos gendémicos podem ser realizados com o intuito de identificar
e caracterizar um determinado organismo, bem como analisar questdes evolutivas (VERLI,
2014). O sequenciamento bacteriano aumentou significativamente o conhecimento de sua
estrutura, funcdo, variacdo e sua relacdo com 0s mecanismos genéticos envolvidos na
relacdo entre patdogeno e hospedeiro (LAND et al., 2015; LOMAN; PALLEN, 2015). O
primeiro genoma de bactéria patogénica inteiramente sequenciado foi da espécie
Haemophilus influenzae (FLEISCHMANN et al., 1995). Desde entdo, a genOmica tem
transformado o entendimento da interacdo bactéria-bactéria e bactéria-hospedeiro
(LOMAN; PALLEN, 2015). A primeira técnica de sequenciamento foi desenvolvida por
Sanger e colaboradores em 1977 através do sequenciamento por dideoxinucleotideos,
concomitante com a técnica de Maxam-Gilbert (SANGER et al., 1977). O avango continuo
das tecnologias de sequenciamento possibilitou o desenvolvimento dos sequenciadores de
nova geracao (NGS, do inglés Next-generation sequencing), tais como, lon Torrent (Thermo
Fisher Scientific) e lllumina (lllumina Inc., San Diego, CA, USA), que sao considerados
sequenciadores de segunda geracdo e PacBio e NanoPore, considerados sequenciadores
de terceira geracdo. O NGS refere-se as tecnologias de sequenciamento de DNA que
surgiram ap6s o método de Sanger. Essas novas tecnologias permitiram a analise massiva
e paralela de um ndmero muito maior de amostras a um menor custo e tempo quando
comparado com este método. As tecnologias ditas de segunda geracéo (lon Torrent e
lllumina) caracterizam-se pela necessidade de amplificar o material genético via reacdo em
cadeia da polimerase (PCR) antes do sequenciamento em si. Ja as tecnologias de terceira
geracdo (PacBio e NanoPore) caracterizam-se pelo sequenciamento de uma Unica
molécula de DNA (BUERMANS; DEN DUNNEN, 2014).

A plataforma de sequenciamento lllumina utiliza nucleotideos marcados por
fluoréforos que séo inseridos a um chip de sequenciamento (flow cell), que contém
adaptadores fixos (sequéncias universais especificas de cada plataforma de
sequenciamento), e uma DNA polimerase. Os nucleotideos sédo terminadores reversiveis,
0 que garante que apenas um nucleotideo seja inserido por vez na fita crescente de DNA
prevenindo assim problemas com homopolimeros (MARDIS, 2013). Além disso, essa
plataforma utiliza a tecnologia paired-end, que consiste na leitura de ambas as dire¢des dos
fragmentos de DNA (forward e reverse), o que produz grande vantagem em comparacao
ao dado single-read, pois as sequéncias geradas tém maior acuracia e capacidade de
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detectar insercGes e delegbes (BERGLUND; KIALAINEN; SYVANEN, 2011)(lllumina,
2016).

Os genomas do género Glutamicibacter consistem em um cromossomo circular
variando aproximadamente de 2,5 a 4,0Mb, possuindo uma quantidade de proteinas que
variam de 2.776 a 3.600 e contetudo GC de cerca de 60-67 % (www.ncbi.nlm.nih.gov)(FENG
et al.,, 2017; MONNET et al., 2010). O primeiro genoma desse género foi sequenciado no
ano de 2010, e pertence a espécie G. arialitensis Rel117, isolada de queijo (MONNET et al.,
2010). Atualmente, dezessete genomas do género Glutamicibacter estdo depositados na
base de dados do National Center for Biotechnology Information (NCBI) e, destes, apenas
3 estdo depositados como completos. Apesar disso, dentre os genomas completos de
linhagens com informacfes sobre o hospedeiro de origem ou nicho especifico, ndo ha
informacgdes desses genomas associados a casos de infeccfes em animais. Os genomas
completos sao de extrema importancia para a genémica comparativa, pois contribuem para

a correta representacao dos genes (PURANIK et al., 2015).
1.1.6. Gendmica comparativa

A gendmica comparativa é uma ferramenta que permite avaliar as relacbes
evolutivas entre diferentes individuos, através da comparacao entre os genomas de dois ou
mais organismos (COSTA, 2015). Com as crescentes tecnologias de sequenciamento de
nova geracao, estudos direcionados a composi¢cdo do genoma e a provavel funcdo dos
genes que se diferenciam entre as linhagens, nos permite identificar mecanismos
importantes para a adaptagédo e sobrevivéncia de microrganismos nos seus respectivos
hospedeiros. Além disso, pode contribuir para o conhecimento de novos determinantes de
viruléncia bacterianos, resisténcia a antimicrobianos, e fun¢des atribuidas a determinados
segmentos do genoma, como regides génicas regulatérias (COSTA, 2015; METZKER,
2010).

Nesse contexto, a filogenética € o estudo das relacdes evolucionarias entre espécies
(CHOUDHURYI, 2014). A filogendmica consiste na analise comparativa em escala gendmica
para o estudo dos relacionamentos evolutivos entre espécies buscando uma melhor
compreensao dos mecanismos de evolugdo molecular (CHAN; RAGAN, 2013; EISEN,
1998). A filogenbmica é indispenséavel na avaliacdo de diversas hipoteses biologicas, por
exemplo, a distribuicdo e disseminacédo da patogenicidade bacteriana, a convergéncia ou

divergéncia da funcéo génica, a origem das organelas ou a resolucdo da arvore (ou rede)
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da vida. Relacdes entre taxa sédo representadas por um diagrama ramificado, ou arvore, em
gue os ramos representam o tempo de divergéncia, os ancestrais hipotéticos sao
representados pelos nds, e as unidades taxonémicas operacionais (OTU) sé&o
representadas pelos nos terminais (folhas). Um clado ou grupo monofilético € formado por
um grupo composto de um ancestral comum e todos os seus descendentes, jA um grupo
parafilético ndo contém todos os descendentes (CHAN; RAGAN, 2013). De modo geral,
utilizar o genoma inteiro ou uma grande quantidade de genes torna a filogenia mais
confidvel do que utilizando um ou alguns genes. Podendo assim, obter informacédo
detalhada das diferencas entre os genomas e nao simplesmente uma classificacao geral
destes (AGREN et al., 2012).

Estudos de gendmica comparativa tém auxiliado para uma melhor compreenséo de
caracteristicas como a patogenicidade e evolucdo bacteriana. O genoma bacteriano € um
mosaico de regides estaveis e instaveis. A variacdo na estrutura do genoma, ou plasticidade
genbmica, se deve a processos de aquisicdo (insercéo) e perda (delecdo) de sequéncias,
além de duplicacdes, inversdes e translocacdes (PATEL, 2016). O tamanho do genoma e
estilo de vida estdo diretamente relacionados, e pode influenciar no estilo de vida
bacteriano. O genoma bacteriano tem a tendéncia a reducdo, como por exemplo
organismos patogénicos podem ter genomas menores que organismos nao patogénicos
devido a sua habilidade de utilizar metabdlitos produzidos pelo hospedeiro (BARBOSA et
al., 2014; OCHMAN; DAVALQOS, 2006; TOFT; ANDERSSON, 2010) .

Outra caracteristica que auxilia no estudo da plasticidade genémica séo a predicéo
de llhas gendmicas (GEIs), as quais sdo formadas pela incorporacéo de grandes blocos de
sequéncias gendmicas atraveés da transferéncia horizontal de genes (SOARES et al., 2015).
GEls podem ser classificadas em quatro diferentes categorias: ilhas de patogenicidade
(PAIs), que possuem genes de fatores de viruléncia (DOBRINDT et al., 2000); ilhas
metabdlicas (MIs) que possuem genes associados a biossintese de metabdlicos (TUMAPA
et al., 2008); ilhas de resisténcia (RIs); com genes que codificam a resisténcia, tipicamente
contra antibioticos (KRIZOVA; NEMEC, 2010) e ilhas simbioticas (Sls); facilitando
associagoes simbioticas do hospedeiro com outros microrganismos (BARCELLOS et al.,
2007).

As abordagens de gendmica citadas acima sao muito utilizadas para o estudo de
diversos organismos (COSTA, 2015; SOARES et al., 2013). No presente trabalho, essas

abordagens foram utilizadas a fim de estudar o genoma da linhagem LGCM 259 de G.
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creatinolyticus e buscar compreender seu repertorio de viruléncia e resisténcia a
antibidticos bem como compreender os determinantes genéticos envolvidos em suas
adaptaces. Entretanto, estudos adicionais sdo necessarios para que os resultados deste
trabalho sejam mais bem compreendidos para que novos métodos de tratamento e

identificacdo possam ser desenvolvidos.
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2. JUSTIFICATIVA

Glutamicibacter creatinolyticus recentemente tem sido utilizada em processos
biotecnolégicos (PRUM; DOLPHEN; THIRAVETYAN, 2018; RAMESH et al., 2014, 2015) e
vem sendo relatada como um patégeno de importancia médica que pode causar infecgcdes
em animais e humanos (HOU et al., 1998; YAMAMOTO et al., 2017). Neste trabalho
apresentamos o primeiro isolado desta espécie causadora de infeccdo em uma égua, que
até o momento da realizacdo desse trabalho informacgdes sobre a infeccdo nesses animais
estava ausente na literatura. A identificacdo dessa espécie enfrenta dificuldades, uma vez
gue o sistema API é demorado e nem sempre fornece uma identificacao confiavel em nivel
da espécie. A infeccdo por bactérias do género Glutamicibacter pode ser subestimada,
porque a identificacdo correta das linhagens de G. creatinolyticus s6 tem sido possivel
através da aplicacdo de métodos de identificagcdo de sequenciamento do gene 16S rRNA
e\ou MALDI Biotyper (HOU et al., 1998; YAMAMOTO et al.,, 2017). O tratamento das
infeccbes urinarias em humanos e dos nodulos causados na égua, provocadas por G.
creatinolyticus se deu principalmente com o uso de antibiéticos, o que pode levar ao
aumento da resisténcia bacteriana e pode ocasionar a reincidéncia da infec¢ao (HOU et al.,
1998) (RIFICI et al., 2019 artigo submetido para publicacdo).

Apesar da importancia deste patégeno, pouco se conhece sobre 0s mecanismos
moleculares e os fatores de viruléncia associados a este organismo (HOU et al., 1998;
YAMAMOTO et al., 2017). Adicionalmente, novos estudos s@o necessarios para revelar e
compreender as caracteristicas deste organismo, podendo auxiliar na melhor compreenséao
dos determinantes moleculares de viruléncia e patogenicidade, o que podera contribuir para

melhores praticas de tratamento.

Até o momento ndo existe genomas dessa espécie sequenciados e depositados no
banco de dados do NCBI. Em relagéo ao género ainda ha poucos genomas disponiveis.
Dentre os isolados do género apenas 3 espécies tém seu genoma completo e depositado,
e como ainda néo se tem uma reclassificagdo do género Arthrobacter no NCBI, pode dizer
gue nao se tem uma certeza na quantidade desses dados. Com isso, pouco se sabe sobre
o perfil exclusivos dos genomas G. creatinolyticus isoladas de equinos. Diante desse
cenario, o presente estudo se propde realizar estudos genémicos da linhagem isolada de

uma égua a fim de analisar caracteristicas que podem estar associadas a viruléncia, a
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genes de resisténcia a antibioticos, a especificidade pelo hospedeiro, a fim de contribuir
para novos estudos que auxiliam em novas estratégias de diagndstico e tratamento dessa
infeccdo. A contribuicdo desse trabalho também pode ir além da genémica estrutural, uma
vez que a linhagem, aqui utilizada, esta disponivel em banco de dados publicos a fim de
contribuir para novos estudos envolvendo outras abordagens émicas (HOU et al., 1998;
YAMAMOTO et al., 2017, RIFICI et al., 2019).
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3. OBJETIVOS
3.1.1. Objetivo geral

Caracterizar o genoma de Glutamicibacter creatinolyticus LGCM259 e realizar uma

analise comparativa com o género Glutamicibacter.
3.1.2. Objetivos especificos

e Sequenciar e montar o primeiro genoma da linhagem G. creatinolyticus LGCM 259;

e Identificar o repertdrio de genes de viruléncia e resisténcia a antibidticos presentes
na linhagem LGCM 259, em comparacao com outras linhagens do mesmo género e
uma linhagem do género Arthrobacter.

e Avaliar a presencga de ilhas gen6micas na linhagem LGCM 259, em comparagéo com
linhagens do género Glutamicibacter;

e I|dentificar a sintenia génica entre a G. creatinolyticus LGCM 259 e as quatro
linhagens completas do NCBI;
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4. MANUSCRITO COMPLETO

Complete genome analysis of Glutamicibacter creatinolyticus from mare
abscess and comparative genomics provide insight of diversity and

adaptation for Glutamicibacter.

Roselane Goncgalves dos Santos, Raquel Hurtado Castillo, Lucas Gabriel, Rodrigo Profeta,
Rifici Claudia, Attili Anna Rita, De Biase Davide, Scaramozzino Carmelo, Paciello
Orlando,Cuteri Vincenzo, Spier Sharon J., Mazzullo Giuseppe, Anne Cybelle Pinto Gomide,
Bertram Brenig, Alfonso Gala-Garcia, Thiago Luiz de Paula Castro, Vasco Azevedo,
NubiaSeyffert

O Manuscrito completo referente as analises realizadas neste trabalho, foi preparado para

submissédo a revista “GENE”.
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Abstract

Bacteria of the genus Glutamicibacter are considered ubiquitous because they can be found
in soil, water and air. They have already been isolated from different habitats, including
different types of soll, clinical samples, cheese and plants. Glutamicibacter creatinolyticus is
a Gram-positive bacterium important to various biotechnological processes, however, as a
pathogen it is associated to wurinary tract infections and bacteremia.
Recently, Glutamicibacter creatinolyticus LGCM 259 was isolated from a mare, which
displayed several diffuse subcutaneous nodules with heavy vascularization. In this study,
sequencing, genomic analysis of G. creatinolyticus LGCM 259 and comparative
analyses were  performed among 4 representatives of different members of
genus from different habitats, available in the NCBI database. The LGCM 259 strain’s
genome carries important factors of bacterial virulence that are essential in cell viability,
virulence, and pathogenicity. Genomic islands were predicted for 4 members of
genus Glutamicibacter, showing a high number of GEls, which may reflect a high
interspecific diversity and a possible adaptive mechanism responsible for the survival of
each species in its specific niche. Furthermore, G. creatinolyticus LGCM 259
shares syntenic regions, albeit with a considerable loss of genes, in relation to the other
species. In addition, G. creatinolyticus LGCM 259 presents resistance genes to 6
different classes of antibiotics and heavy metals, such as: copper, arsenic, chromium and
cobalt-zinc-cadmium. Comparative genomics analyses could contribute to the identification
of mobile genetic elements particular to the species G. creatinolyticus compared to other
members of genus. The presence of specific regions in G. creatinolyticus could be indicative
of their roles in host adaptation, virulence, and the characterization of astrain that affects

animals.

Keywords: marei, pathogenicityz, resistances, virulence factorss, sequencings,

genomic islandss.
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Introduction

Glutamicibacter  creatinolyticus, previously described as Arthrobacter
creatinolyticus, belonged to the genus Arthrobacter of the family Microccaceae. The new
reclassification proposal occurred in 2016, when the genera of the family Micrococcaceae
were renamed as Glutamicibacter, Paeniglutamicibacter, Pseudoglutamicibacter,

Paenarthrobacter and Pseudarthrobacter (Busse, 2016).

The environmental prevalence of Glutamicibacter sp. strains can be considered to
be due to their nutritional versatility and ability to respond to environmental stresses (Yao et
al., 2015). It is unsurprising that strains of the genus Glutamicibacter are phenotypically
heterogeneous and have been isolated from distinct sources, such as soil (Shen et al.,
2013), clinical specimens (Hou et al., 1998),(Yamamoto et al., 2017), cheese (Monnet et al.,
2010), and plants (Feng et al., 2017). Bacteria of the genus Glutamicibacter are thought to
play a significant role in many ecosystems and to affect human welfare (Yamamoto et al.,
2017). The currently identified Glutamicibacter species are Glutamicibacter nicotianae,
Glutamicibacter arilaitensis, Glutamicibacter halophytocola, Glutamicibacter soli,
Glutamicibacter mysorens and Glutamicibacter creatinolyticus (Information acquired from
the NCBI Database).

The species G. creatinolyticus is thought to be associated to biotechnological
processes and has been reported in a limited number of clinical cases related to infection
processes such as bacteremia and urinary tract infections (Hou et al., 1998, Yamamoto et
al., 2017) ). The general morphological characteristics of Glutamicibacter creatinolyticus
have been described as follows: circular colonies, smooth and pigmented yellow when
grown on brain heart infusion agar (BHI), the bacteria are endospore negative, non-motile,
creatinine hydrolysis positive, shaped like irregular rods, aerobic, catalase-positive, and
have a genomic G + C content of 66-67% (Hou et al., 1998). The peptidoglycan composition
and quinone system are in accordance with the genus’ description, but its polar lipid and
fatty acid profiles are unknown (Busse, 2016). G. creatinolyticus as a bioremediation
treatment, works efficiently in the decontamination of arsenic contaminated water, through
the interaction between plants and bacteria (Prum et al., 2018). This species has shown to
be a potent producer of extracellular urease for the determination of heavy metal ions
(Ramesh et al., 2014) and been deployed as a potentiometric biosensor for the

determination of urea content in milk, using immobilized urease (Ramesh et al., 2015).
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Likewise, G. creatinolyticus strains have been isolated from human urine with
unusually low creatinine concentrations, due to their ability to hydrolyze creatinine (Hou et
al., 1998). Strains of this species were also isolated from an elderly diabetic man with acute
cholangitis, to whom this species caused bacteremia (Yamamoto et al., 2017). G.
creatinolyticus strain LGCM 259 was recently isolated from diffuse subcutaneous nodules

and masses from a mare in Italy (RIFICI et al., 2019).

Due to the inefficiency of classical biochemical methods in the taxonomic
classification of this species, better prediction strategies were required, such as 16S rRNA
and MALDI Biotyper sequence analyses (Funke et al., 1996). Currently in the genus
Glutamicibacter, three species have complete genomes and 9 have incomplete genomes
without a definite species deposited in the National Center for Biotechnology Information
(NCBI) database.

In this study, we present the first complete genome of the species G. creatinolyticus
LGCM 259.The comprehensive analyses of this genome sequence provide better ways of
understanding the molecular and genetic basis of this species. Comparative genomic
analyses between species could allow for the identification of mobile genetic elements (e.g.
pathogenicity islands and bacteriophage sequences) as genetic characteristics determinant
of the completely different habitats described for each species of the genus. In addition,
phylogenomic analyses allow for the verification of the taxonomic reclassification of all

completely sequenced strains of members of genera Arthrobacter and Glutamicibacter.
Material and Methods
Bacterial culture and DNA extraction from G. creatinolyticus

G. creatinolyticus strain LGCM 259 was previously isolated from the abscess of a
12-year-old mare in ltaly (RIFICI et al., 2019, article accepted for publication).In order to
extract the genomic DNA, this strain was first cultivated on BHI (Brain Heart Infusion) agar
and, next, on 30mL of BHI broth, at 37°C, overnight. The culture was centrifuged for bacterial
pellet formation and the supernatant was discarded. The pellet was suspended in 600puL of
solution (Tris-HCI pH 7.0, 0.5M EDTA pH 8.0, NaCl 5M, and distilled H20 enough to obtain
50 mL) and transferred to a 2mL tube containing glass beads (VKO1) (Bertin Technologies)
to subject the bacteria to mechanical lysis. Two homogenization cycles of 15sec each, at
6,500rpm, were performed using Precellys 24 (Bertin Technologies). Subsequently, 1mL of
phenol: chloroform: isoamyl alcohol (25:24:1) solution was added to the tube and the mixture
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was homogenized and centrifuged at 13,000rpm, for 7min. Next, the upper aqueous phase
of the mixture was transferred to a new tube, and a second round of phenol: chloroform:
isoamyl alcohol purification was performed. Next, the upper agueous phase was recovered
and mixed with 1mL of chloroform. Following centrifugation at 13,000rpm, for 7min, the
upper aqueous phase was transferred to a new tube. 1mL of ethyl alcohol, 40uL of 3M NaAc,
and 4pL of 20mg/mL glycogen were added. Following gentle inversion, the mixture was
placed at -20°C, overnight, for DNA precipitation. Following centrifugation at 13,000rpm, for
15min, the supernatant was discarded. 1mL of 70% ethyl alcohol was added to rehydrate
the DNA pellet. A second round of 70% ethyl alcohol wash was performed using
centrifugation at 13,000rpm, for 15min. The DNA pellet was placed at 60°C to dry. Finally,
the DNA precipitate was suspended in 50 pL of sterilized ultra-pure water. DNA quantity and
quality assessments were conducted using NanoDropTM 2000 (Thermo ScientificTM),
Qubit Fluorometer (Thermo ScientificTM) and 1% agarose gel electrophoresis (Pacheco et
al., 2007).

Genome sequencing, assembly and annotation

Chromosomal sequencing of G. creatinolyticus strain was performed using Hiseq
technology (Illumina, San Diego, CA, USA), using paired-end libraries (2 x 150 bp). The ab
initio assembly was performed using the software Spades, version 3.9 (Bankevich et al.,
2012). For assembly by reference, was made the choice of the best references, the contigs
generated for the strain were submitted to the Basic Local Alignment Search Tool for
nucleotides (BLASTn) (Altschul et al., 1990). The assembled contigs were oriented to
generate a scaffold using Medusa v.1.3 (Bosi et al., 2015), and the strains Arthrobacter sp.
YC-RL1 and Arthrobacter/Glutamicibacter arilaitensis Rel117 were used as reference. Gaps
resulting from the assemblies were manually filled using the CLC Genomics Workbench
software, for visualization, version 7.0 (Qiagen, USA), where the reads were mapped
against a reference genome to generate a consensus sequence, which was then used to
close the gaps. The genome of the G. creatinolyticus LGCM 259 was automatically

annotated using PROKKA v3 (Seemann, 2014) and deposited in National Center for

Biotechnology Information database (NCBI) (https://www.ncbi.nlm.nih.gov).

https://www.ncbi.nim.nih.gov.



https://www.ncbi.nlm.nih.gov)./
about:blank
about:blank
https://www.ncbi.nlm.nih.gov./

35

Complete genomes of the Arthrobacter genus and its new reclassification available

for comparative genomics analysis

The sequences of 26 genomes were downloaded from NCBI (Table 1). The
software Prokka was used to homogenize the genome annotation to perform the

comparative analyses (Seemann, 2014).
Phylogenomic analyses

The Taxonomical Revision, a proposal to reclassify the species of the genus
Arthrobacter, has divided it into 5 different genera (Busse, 2016). Due to this new
classification, we performed a phylogenomic analysis, using all complete genomes from the
Arthrobacter genus, as well as the new genera Glutamicibacter, Pseudoarthrobacter, and
Paenarthrobacter that were available in the NCBI database (Table 1). The other two genera
(Paeniglutamicibacter and Pseudoglutamacibacter) have no available complete genome.
For that purpose, a phylogenomic tree using a fasta file and amino acid sequences was
generated using the Phylogenomic Tree Tool in Pathosystems Resource Integration Center
(PATRIC) (http://www.patricbrc.org), version 3.5.17 (Wattam et al., 2014). The Maximum

Likelihood method was used, with the Automated Progressive Refinement option selected.
Micrococcus luteus NCTC 2665 was used as an outgroup. The software MEGA X: Molecular
Evolutionary Genetics Analysis was used to construct the Maximume-likelihood tree using

the 16S gene sequence (Kumar et al., 2018).

Table 1: Genomes downloaded from the NCBI used in this work.

N° Strain Name Accession Size (bp)
1 Arthrobacter sp. Rue6la PRINA78011 4,736,495
2 Arthrobacter sp. FB24 PRINA12640 4,698,945

Arthrobacter sp. PAMC
3 25486 PRINA244892 4,593,579

4 Arthrobacter sp. ERGS1:01 PRINA293260 4,030,317

5 Arthrobacter sp. YC-RL1 PRINA302833 3,846,272
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21

Arthrobacter sp. ATCC
21022

Arthrobacter sp. U41
Arthrobacter sp. ZXY-2
Arthrobacter sp. QXT-31
Arthrobacter sp. YN
Arthrobacter sp. Hiyo4
Arthrobacter sp. PGP41
Arthrobacter sp. DCT-5
Arthrobacter sp. Hiyo8

Glutamicibacter arilaitensis
Rell7

Glutamicibacter
halophytocola KLBMP 5180

Glutamicibacter nicotianae
OTC-16

Arthrobacter
crystallopoietes DSM 20117

Arthrobacter alpinusR3.8

Pseudarthrobacter

phenanthrenivorans Sphe3

Paenarthrobacter
aurescensTC1

PRINA306041

PRINA320863

PRINA341911

PRINA361372

PRINA393603

PRJDB3373

PRINA431708

PRINA473399

PRJDB3373

PRINA224116

PRINA289022

PRINA490584

PRINA357926

PRINA295631

PRINA295631

PRINA12512

4,434,904

4,386,369

4,495,402

5,041,568

5,063,552

3,779,248

4,270,237

4,359,122

4,698,617

3,859,257

3,911,798

3,643,989

5,032,705

4,046,453

4,046,453

4,597,686
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Arthrobacter radiotolerans

22 RSPS-4 PRINA241417 3,267,233

23 Pseudarthrobacter equi PRJEB16401 4,459,178
Pseudarthrobacter

24 sulfonivorans Ar51 PRJIJNA305788 5,043,757
Pseudarthrobacterc

25 hlorophenolicus A6 PRINA20011 4,980,870

Micrococcus luteus NCTC
26 2665 PRINA20655 2,501,097

Average Nucleotide Identity (ANI) and Tetra nucleotide

http://www.patricbrc.org

Average nucleotide identity (ANI) and tetra nucleotide frequencies were estimated
by JSpecies Web Server (available at http://imedea.uib-csic.es/[species/about.html) (Richter
et al., 2016) based on BLAST (Altschul et al., 1990), selecting the ANIb and Tetra nucleotide
options. In a given genome pair, the ANI performs pairwise comparisons of 1020bp

fragments between a query and a reference genome (Tindall et al.,, 2010). The tetra
nucleotide frequencies perform signatures between paired genome comparisons (Tindall et
al., 2010). Typically, the threshold frontier to consider two organisms to belong to the same
species could be set at >95% identity for ANl and >99% for Tetra (Busse et al., 2010; Richter
et al., 2016).

Identification of genes encoding virulence factors

The presence of virulence genes in the genome was identified using BLASTp
(Altschul et al., 1990)against the Virulence Factor Database (VFDB) (Chen et al., 2004). The
parameters considered were an e-value of 1e-5, a minimum identity percentage of 50% and
minimum coverage of 70%, between the query and subject sequences (Lindahl and
Elofsson, 2000; Yang and Honig, 2000). The functional annotations were obtained from the

categories provided by the Virulence Factor Database (Chen et al., 2004).

Genome plasticity analysis of G. creatinolyticus compared to other Glutamicibacter


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA241417/
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https://www.ncbi.nlm.nih.gov/bioproject/PRJNA20011/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA20655
http://www.patricbrc.org/
http://imedea.uib-csic.es/jspecies/about.html
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Genomic island (GEIs) predictions were performed using Genomic Island prediction
Software (GIPSy), version 1.1.2 (Soares et al., 2016), using the genome of G. arilaitensis
strain Rell7 as a reference. Gipsy classifies GEls into four different categories: (i)
pathogenicity islands (PAIs), which carry virulence factor genes (Dobrindt and Hacker,
2001); (i) metabolic islands (Mls), which harbor genes associated to the biosynthesis of
(secondary) metabolites (Tumapa et al., 2008); (iii)) resistance islands (RIs), containing
genes that code for resistance, typically against antibiotics (Krizova and Nemec, 2010); and
symbiotic islands (Sls), facilitating symbiotic associations of the host with other
microorganisms (Barcellos et al., 2007). In addition, we evaluated the presence of genomic
islands for each species of the genus Glutamicibacter. To define homologous GEls, we
considered an identity higher than 70%. Finally, BLAST Ring Image Generator (BRIG),
version 0.95 (Alikhan et al., 2011), was used to map the GEls.

http://imedea.uib-csic.es/jspecies/about.html

To identify conserved genomic regions among species of genus Glutamicibacter, including
DNA rearrangements and inversions, a synteny analysis was conducted using Mauve
(Darling et al., 2004), version 2.4.0, with the most accurate option for alignment selected,

Progressive Mauve.

For this analysis, sequences from the chromosome of strains A. sp.YCRL1 isolated
from petroleum-contaminated soil, G. halophytocola KLBM5180, isolated from the roots of

the plant Limonium sinense (Feng et al., 2017), G. nicotinae OTC16 isolated from active

sludge around pharmaceutical company (Wang et al.,, 2015), and G. arilaitensis

RE117isolated from the surface of cheeses (Monnet et al., 2010).
Results
G. creatinolyticus general genomic features

The G. creatinolyticus LGCM 259 chromosome sequence has been deposited in the
NCBI database under accession number CP034412. The strain was sequenced and
assembled in a circular chromosome, which exhibits a length of 3,3 Mb, with a G+C content
of 66.4%, and a total of 2882 CDSs, 4 clusters of rRNAS (5S, 16S, and 23S), and 61 tRNA
genes, respectively. To further analyze the genome of G. creatinolyticus LGCM 259,

functional characterization of genome sequences was realized with Kyoto Encyclopedia of


http://imedea.uib-csic.es/jspecies/about.html
https://en.wikipedia.org/w/index.php?title=Limonium_sinense&action=edit&redlink=1
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Genes and Genomes (KEGG) using BLASTKOALA (Kanehisa et al., 2016). Gene clustering
analysis (Supplementary table 1), revealed the presence of a total of 1487 KEGG-
associating genes; the top categories belonged to carbohydrate metabolism (174 genes;
11,58%); protein families: genetic information processing (173 genes; 11.51%), genetic
information processing (161 genes; 10.71%); signaling and cellular processes (155 genes;
10.31%); amino acid metabolism (133 genes; 8.85%); environmental information processing
(104 genes; 6.92%), unclassified: metabolism (82 genes; 5.46%), metabolism of cofactors
and vitamins (81 genes; 5.39%), and other categories (440 genes; 29.27%), respectively
(Figure 1).
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Functional Annotation of G.creatinolyticus LGCM 259 genes

@ Carbohydrate metabolism @ Protein families: genetic information processing
Genetic Information Processing @ Protein families: signaling and cellular processes
@ Amino acid metabolism @ Environmental Information Processing @ Unclassified: metabolism
Metabolism of cofactors and vitamins @ Others

Figure 1: Functional Annotation of G. creatinolyticus LGCM 259 genes. This figure was
prepared by analysis of the whole genome and relative abundance and distribution of KEGG

categories plotted using Microsoft Excel.

Phylogenomic analysis with G. creatinolyticus

Phylogenomic analyses were performed between the completed sequence of strain
LGCM 259 and twenty-six (Table 1) other whole bacterial genomes previously described.
The phylogenetic tree based on core genes was constructed using the Maximum Likelihood
method (Figure 2). Additionally, a phylogenetic analysis using 16S rRNA genes was
performed (Supplementary figure 1). In both comparisons, the species Arthrobacter
radiotolerans had the most divergent genome in relation to the closest available complete
sequences of the same family found in the database, once this species has already been
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reclassified as Rubrobacter radiotolerans (Egas et al., 2015). In both approaches, it is
possible to see that the G. creatinolyticus LGCM 259 forms a clade with its respective genus
(Figure 2). The genome of Arthrobacter sp. YCRL1, was grouped with the Glutamicibacter
genus, suggesting that this strain may be part of the genus. However, more studies need to
be performed, with genomes representing every genus, in order to reclassify all these
genomes in accordance to the new classification suggested by Busse, 2016 (Busse, 2016).
The resulting Newick tree file was visualized using iTOL v4.261 (Letunic and Bork, 2016).
Thus, all comparative analyses were performed using the complete genomes
representatives of the members of the genus Glutamicibacter and the genome of A. sp

YCRL1, because it is so close to the genus.

Micrococcus luteus NCTC2665
Arthrobacter radiotolerans RSPS-4
] Glutamicibacter creatinolyticus LGCM 259
100 Arthrobacter sp YCRL1
100 ‘7 Glutamicibacter halophytocola KLBMP5180
Glutamicibacter nicotianae OTC16

{:@utamicibacter arilaitensis RE117
Arthrobacter crystallopoietes DSM 20117
Arthrobacter sp PAMC25486
Arthrobacter alpinus R3.8
Arthrobacter sp ERGS1 01
Arthrobacter sp DCT5
Arthrobacter sp Hiyo8

i { Arthrobacter sp ZXY2
Arthrobacter sp ATCC21022

OO

Arthrobacter sp YN

Arthrobacter sp Rue6la
Paenarthrobacter aurescens TC1
Arthrobacter sp QXT31

— Arthrobacter sp U41

L Arthrobacter sp FB24

— Pseudarthrobacter sulfonivorans Ar51
L Arthrobacter Hiyo4

™ —— Arthrobacter sp PGP41

00 Pseudarthrobacter chlorophenolicus A6
‘““'_(E Pseudarthrobacter equi
Pseudarthrobacter phenanthrenivorans Sphe3

00

TOU 00

00

Figure 2: Phylogenomic analysis based in the Maximum Likelihood method. The
Glutamicibacter genus is highlighted in red, along with the genome of G. creatinolyticus
LGCM 259, and A. sp. YCRL1. Arthrobacter radiotolerans is the most divergent strain in the
tree. The genome Micrococcus luteus NCTC 2665, members of Microccaceae family was

used as an outgroup. The numbers represent the bootstrap values.
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Average Nucleotide Identity (ANI) and Tetra nucleotide

In order to better understand how strain LGCM 259 is genetically correlated with the
genomes of other genera, formerly known as Arthrobacter and the new genera proposed by
Busse, 2016, mean nucleotide identity predictions were conducted, using all completed
genomes, encompassing the entire Arthrobacter genus and its new classification, that
include the 3 different species of Glutamicibacter genus downloaded from NCBI (Busse,
2016). All genomes displayed a low degree of similarity with the reference strain, G.
creatinolyticus LGCM 259 (ANI<80% and tetra nucleotide <96%), thus, we can hypothesize

that none of genomes belonged to the same species (Supplementary figures 2 and 3).

Virulence factors (VFs) predicted in G. creatinolyticus may have arole in infection

We identified 10 virulence factors (VFs) in the genome, detailed in (Supplementary
Table 2).We identified the gene, isocitrate lyase activity (ICL) (locus tag: LGCM259 0286),
that is related the metabolism of fatty acids and necessary for the assimilation of acetates
in Rhodococcus equi (Wall et al., 2005). Isocitrate lyase activity (ICL) were previously
studied in other organisms including M. tuberculosis and have been associated with

increased virulence (Mufioz-Elias and McKinney, 2005).

Bacterial ABC transporters involved in cell viability, virulence, and pathogenicity
were also identified. We identified a cluster of genes coding for enzymes involved in ABC
transportation, which includes groEL (locus tag: LGCM259 0465), groES (locus tag:
LGCM259 0460) and fepG (locus tag: LGCM2_0733). The groEL gene prevents misfolding
and promotes the refolding and proper assembly of unfolded polypeptides generated under
stress conditions. To function properly, groEL requires the lid-like cochaperonin protein
complex GroES (groES gene) (Maguire et al., 2002). Already fepG is part of the genes
involved in the iron transport, important elements for growth and bacterial metabolism (Bunet
et al.,, 2006). We also identified the virulence factor involved in two-component signal
transduction systems (TCSs) (locus tag: LGCM259 0734), allows bacteria to sense,
respond, and adapt to changes in their environment or in their intracellular state (Othmer et
al., 2013). TCSs usually consist of a membrane-bound sensor histidine protein kinase (HPK)
that perceives environmental stimuli, and a response regulator (RR) that affects gene

expression (Yamamoto et al., 2005). This virulence factor is involved in metal ions fulfill, a
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plethora of essential roles within bacterial pathogens. Aside of being indispensable for the
structure and for the function of proteins, they also fulfill roles in signaling and virulence
regulation (Begg, 2019). We identified the ideR (locus tag: LGCM259 0465) gene acts as a
siderophore biosynthesis repressor and as an iron storage positive modulator (Gold et al.,
2001). A protein involved in kinase activity, the GTP pyrophosphokinase RelA (locus tag:
LGCM259 1510), a stringent response mediator that coordinates a variety of cellular
activities in response to changes in nutritional abundance, was also identified (Edwards et
al., 2011). In this analysis we find the UDP-galactose 4-epimerase (GalE) (locus tag:
LGCM259 1204) which is also called UDP-glucose 4-epimerase, is an enzyme responsible
for interconversion of UDP-galactose and UDP-glucose (Li et al., 2014). GalE is also an
important virulence factor in a few bacterial pathogens (Li et al., 2014). Other VFs involved
in pentose-phosphate shunt and Peptidyl-prolyl cis-trans isomerase or PPlase (Unal and
Steinert, 2014) (cypB gene locus tag: LGCM259 _0015) were found. PPlases accelerate the
folding of proteins and have also been identified as virulence-associated proteins. The
extent of their contribution to virulence is highly variable and dependent on the pleiotropic
roles of a single PPlase in the respective pathogen (Unal and Steinert, 2014).

Genome reduction and unique genomic island profile of G. creatinolyticus compared

to other Glutamicibacter

Comparative analysis using MAUVE evidenced an overall structural conservation
and collinearity among the chromosomes of the different genomes (Figure 3). The multiple
alignments showed the existence of locally collinear blocks (LCBs). However, it was
observed that specific regions of each genome were present in the LCBs (white segments),
which may harbor specific adaptations of each bacterium and infer adaptation by species
(Darling et al., 2004). These regions probably represent DNA acquired during Horizontal
Gene Transfer (HGT) events. Regions that are inverted in relation to the strain LGCM 259
are shown as dislocated below the central genome axis. Regarding the size of the
chromosome, the LGCM 259 strain chromosome presented to be smaller (3.3 Mpb) than
the four other species used for this work (3.8, 3.8, 3.9, 3.6 Mbp for A. sp.YCRL1, G.
arilaitensis RE117, G. halophytocola KLBM5180, and G. nicotinae OTC16, respectively).
The genome of G. halophytocola KLBM5180 showed the largest chromosome size. This is
probably due to the accumulation of genes related to their adaptation to a different ecological
niche, since this strain is a bacterium capable of producing a wide range of secondary

biological metabolites and their beneficial effects on host plants (Feng et al., 2017). The GC
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content of strain LGCM 259 strain is 66.4%, higher than the other genomes (64.26, 59.29,
60.91, 62.92% A. sp. YCRL1, G. arilaitensis RE117, G. halophytocola KLBM5180, and G.
nicotinae OTCL16, respectively).
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Figure 3: Whole genome comparative alignments between G. creatinolyticus LGCM 259
with A. sp. YCRL1, G. arilaitensis RE117, G. halophytocola KLBM5180, and G. nicotinae
OTC16. Each analyzed genome is displayed horizontally, with each conserved segment
represented by colored blocks, connected between each genome, and sequence
coordinates are shown in scale. The aligned region is in the forwards orientation in relation
to the first genome sequence if a block is above the central line, and blocks below the central
line indicate regions aligned in the complementary inverted orientation. Regions not
belonging to any blocks are regions that do not show significant homology between the

analyzed genomes. Regions in white are unique to each species.

Another interesting trait of the strain LGCM 259 is that the genome presented
several genomic islands. The number of predicted GEIs was 23 (Figure 4). Of these 23
GEls, 15 islands were pathogenic, 4 resistance, 2 metabolic and 2 symbiotic islands. As
expected, the GEls displayed a different GC content from the rest of the genome, as well as
factor codifying products typically involved in genetic mobility, such as integrases,
recombinase and transposases, this suggests that some GEls were likely recruited through
Horizontal Gene Transfer (HGT), to facilitate the bacterium’s survival in diverse niches
(Bellanger et al., 2014). These resources are commonly incorporated in GEI prediction

markers (Bellanger et al., 2014). Additionally, the GEIs displayed genes implicated
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Arsenical-resistance protein, Vancomycin resistance protein VanJ). Bacterial Horizontal
Gene Transfer can be greatly advantageous to the bacterium. This can contribute to the
generating novel metabolic functions, genomic plasticity and adaptive value. Therefore, it

plays a fundamental role in bacterial evolution (Gal-Mor and Finlay, 2006).
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Figure 4: Circular genome map representing all genomic islands found in the G.
creatinolyticus LGCM 259 genome. Representation, from the inner to the outer circle, is: G.
creatinolyticus LGCM 259, GC Content, G. arilaitensis Rell7, A. sp. YCRL1, G.
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hlophytocola KLBM5180 and G. nicotinae OTC16. Pathogenicity islands (PAIs); Metabolic

islands (MlIs), Resistance islands (RIs), and symbiotic islands (SIs).

The genomes of 4 species of the genus Glutamicibacter and a genome of the
Arthrobacter genus were analyzed for the prediction of GEIs. This analysis showed a
considerable variation in the number of genomic islands (Supplementary Table 3). GEls
were predicted for each genome, with each Glutamicibacter genome containing, in average,
25 GEls. Each species was represented by a strain isolated from a specific niche. Through
GEI prediction, we hoped to identify genes in the islands functionally related to the

bacterium’s specialization to their specific niche.

The comparative analysis between the GEIs of G. creatinolyticus LGCM 259
identified 10 specific GEls for this species (Supplementary Table 4) (Figure 2). Of these
10 exclusive genomic islands, 5 are PAIs. For PAls 4 and 5, products were reported (Table
2), of which most are involved in sugar transportation, transcriptional regulators, and the
products microssistin degradation and copper homeostasis. In addition, the island MI2 was
identified, displaying genes involved in the regulation and structure of the bacterium’s
lipopolysaccharide cover. These genes may be important to the species’ classification and
identification. Furthermore, 3 RIs, 1 Ml and 1 SI were reported, of which SI2 displayed
products related to transcriptional regulation, cobalt metabolism and amino acid metabolism
(Table 2).

Table 2: Description of the products of some exclusive islands of G. creatinolyticus LGCM
259.

Strain Name Exclusive island Products

Cadmium-transporting ATPase, Copper

] ] chaperone CopZ, CAMP receptor protein,
G. creatinolyticus LGCM

25 PAI4 HAD family hydrolase, Hypothetical protein,

Restriction endonuclease, Microcystin

degradation protein MIrC



G. creatinolyticus LGCM
259

G. creatinolyticus LGCM
259

G. creatinolyticus LGCM
259

PAI5

MI2

SI2
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Fatty acid desaturase, hypothetical protein,
Cold shock protein, 1S1380 family
transposase, Lacl family transcriptional
regulator, Alpha-amylase, ABC transporter
substrate-binding protein, Maltose ABC
transporter permease, Sugar ABC transporter
permease, 3,4-dihydroxyphenylacetate 2,3-
dioxygenase

16S ribosomal RNA, 23S ribosomal RNA,
5S ribosomal RNA, Dehydrogenase, Formate
dehydrogenase, nitrate-inducible, major
subunit precursor, Formate dehydrogenase,
nitrate-inducible, iron-sulfur subunit,
Polysulfide reductase NrfD, Selenide, water
dikinase, Transposase, tRNA-Sec, L-seryl-
tRNA(Sec) selenium transferase,
Selenocysteine-specific elongation factor,
Trehalose 6-phosphate phosphatase

XRE family transcriptional regulator,
Alanine racemase, Aspartate
aminotransferase family protein,
Recombinase, Amino acid permease, cobT
Aerobic cobaltochelatase subunit CobT, IcIR
family transcriptional regulator,

Sulfoacetaldehyde acetyltransferase

In the species G. arilaitensis RE117 identified 10 specific GEls for this species

(Supplementary Table 5; Supplementary figure 4).We report 5 unique pathogenicity

islands, of which PAI3 and PAI12 displayed some proteins, mainly involved in oxidative

stress, metal transport, transcriptional regulation, amino acid metabolism, and a toxin-

antitoxin system virulence factor (Table 3), (Zhang et al., 2017, Monnet et al., 2010 ) . Genes

involved in the environmental adaptation to cheese were not reported in genomic island
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content, which may be due to their transmission being chromosomal, not having been

acquired from HGT events (Bonham et al., 2017).



49

Table 3: Description of the products of some exclusive islands of G. arilaitensis RE117 and

A. sp. YRLCL.

Strain Name

Exclusive island

Products

G. arilaitensis RE117

G. arilaitensis RE117

PAI3

PAI12

recombinase family protein,hypothetical protein,
single-stranded DNA-binding protein, type VI
secretion protein, hypothetical protein, ATP-binding
protein, hypothetical protein, ABC transporter ATP-
binding protein, Zn-dependent oxidoreductase,
membrane protein, class | SAM-dependent

methyltransferase, M23 family

metallopeptidase,chromosome partitioning protein
ParB, DUF2637 domain-containing protein, DNA
primase, ImmA/IrrE family metallo-endopeptidase,
AraC family transcriptional regulator, 6 ABC
transporter ATP-binding protein, iron ABC transporter
permease, siderophore-interacting protein, helix-turn-
helix domain-containing protein, DNA cytosine
methyltransferase, conjugal transfer protein, DNA-
processing protein DprA, 1S3 family transposase,

integrase

IcIR family transcriptional regulator, dihydroorotate
dehydrogenase, MFS transporter, Zn-dependent
hydrolase, dihydroorotate oxidase electron transfer
subunit, dihydroorotase, aspartate ammonia-lyase,
cyclohexadienyl dehydratase, SDR family
oxidoreductase, MFS transporter, transketolase, GntR
family transcriptional regulator, transcriptional
regulator, type Il toxin-antitoxin system HipA family

toxin, alkene reductase,SDR family oxidoreductase.
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cyclic amidohydrolase, ribonuclease BN, hypothetical
protein, monooxygenase, glutaminase, aldehyde
dehydrogenase, hydrolase, ferredoxin, dehydrogenase,
A.sp. YRLCL MI3 phosphoenolpyruvate synthase, cytochrome, IcIR
family transcriptional regulator, metal-dependent
phosphohydrolase, monooxygenase, formate--

tetrahydrofolate ligase

glycosyltransferase, hypothetical protein,

acetyltransferase, CAAX protease, alkaline

phosphatase, sugar ABC transporter permease, sugar
A.sp. YRLC1 MI6 o )

ABC transporter substrate-binding protein, fructose-

bisphosphate aldolase, hypothetical protein, sugar

isomerase

hypothetical protein, iron-binding protein, ABC

transporter, phosphonate ABC transporter permease,

phosphonate ABC transporter, phosphonate ABC
A.sp. YRLC1 SI1 o ) )

transporter substrate-binding protein, oxidoreductase,

GntR family transcriptional regulator, HAD family

hydrolase, transcriptional regulator

In the species A. sp. YRLC1, we report 10 specific GEIs (Supplementary Table 6;
Supplementary figure 5), them being: 1 pathogenicity, 3 of resistance, and 4 metabolic. Of
these, MI3 displays proteins involved in electron transportation, which are important in soll
with high mineral content. (Table 3) (Zhang et al., 2017). MI6 displayed some products
involved in sugar transportation and metabolism, which are involved in nutrient rich soil
(Table 3). 2 Sls were also found, of which SI1 displayed proteins involved in transmembrane
transportation and transcriptional regulation, both of which are important to virulence and
soil adaptation. (Table 3) (Zhang et al., 2017). For G. nicotinae OCT16, the metabolic
islands MI1 and SI3 were reported as exclusive genomic islands (Supplementary Table 7;
Supplementary figure 6), these two islands display genes encoding for proteins involved
in sugar transportation, oxidative stress and transcriptional regulation, all of which are

important in adaptation to soil environments (Table 4). Strains YCRL1 and OTC16 were
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isolated from soil, but belonged to different soils, which is why islands were predicted
individually. In addition, these 2 strains, as well as strain RE117 (isolated from cheese) had
the largest number of shared genomic islands.

The species G. halophytocola KLMB5180 had 18 exclusive genomic islands
(Supplementary Table 8; Supplementary figure 7). Of these 18 GEIs, 2 are symbiotic
islands, 5 pathogenic, and 7 metabolic. Islands MI1, MI10 and MI13 display genes involved
in transcriptional regulation, sugar transportation, and iron and amino acid metabolism
(Table 4). Genomic islands functionally involved in niche adaptation were reported, but
genes involved in specialization were not found, which could be due to the fact that
specialization genes cannot be transferred through HGT (Bonham et al., 2017). In addition,
strains isolated from specific niches are likely not niche restricted, having an ample niche
adaptation spectrum (Feng et al., 2017).

Table 4: Description of the products of some exclusive islands of G. nicotinae OCT16 and
G. halophytocola KLMB5180.

_ Exclusive
Species _ Products
island

amino acid permease, hypothetical protein, TRAP
transporter large permease subunit, NAD(P)-
dependent oxidoreductase, methyltransferase , IcIR
family  transcriptional  regulator, tripartite
tricarboxylate transporter TctB family protein,
tripartite  tricarboxylate transporter permease,
G. nicotinae OCT16 MI1l tripartite  tricarboxylate transporter substrate
binding protein, lycoside hydrolase family 3
protein, TRAP transporter large permease, TRAP
transporter  small  permease, Lacl family
transcriptional regulator, glucuronate isomerase,
mannitol dehydrogenase family protein, D-

galactonate dehydratase family protein



G. nicotinae OCT16

G. halophytocola
KLMB5180

G. halophytocola
KLMB5180

SI3

MI1l

MI10
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glycerate kinase, MFS transporter, SDR family
oxidoreductase, M20 family peptidase, PLP-
dependent aminotransferase family protein, M24
family metallopeptidase, LysR family
transcriptional regulator, aspartate
aminotransferase family protein, NAD-dependent
succinate-semialdehyde  dehydrogenase,  ald
alanine dehydrogenase, ulP family inorganic anion
transporter, GGDEF domain-containing protein,
EAL domain-containing protein,

glycosyltransferase family 2 protein

Lacl family transcriptional regulator, MFS
transporter, mandelate racemase/muconate
lactonizing enzyme family protein, sugar ABC
transporter ~ permease,  carbohydrate =~ ABC
transporter  permease, gfo/ldh/MocA  family
oxidoreductase, NAD(P)-dependent
oxidoreductase, M24 family metallopeptidase,
sugar phosphate isomerase/epimerase,
dihydrodipicolinate  synthase family protein,
carbohydrate ABC transporter substrate-binding
protein

N-acetyltransferase, AraC family transcriptional
regulator, ABC transporter ATP-binding protein,
iron-siderophore  ABC transporter substrate-
binding protein, iron ABC transporter permease,
hypothetical protein, ROK family protein,
extracellular solute-binding protein, sugar ABC
transporter permease, arbohydrate ABC transporter
permease, alpha-amylase, FAD-dependent
oxidoreductase, APC family permease, TetR/AcrR

family transcriptional regulator
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sugar ABC transporter substrate-binding protein,

antibiotic biosynthesis monooxygenase, gale UDP-

glucose 4-epimerase, galK galactokinase, galT

G. halophytocola MI13 galactose-1-phosphate uridylyltransferase,
KLMB5180 DeoR/GIpR transcriptional regulator, alpha-
galactosidase, sugar ABC transporter permease,

carbohydrate ABC transporter permease, sugar

ABC transporter substrate-binding protein

In this experiment 126 GEIs were predicted, of which 67 are homologous between
two or more genomes. In the results, there were only 2 GEls present in all genomes,
suggesting that these 2 GEIs may be a characteristic of the genus. The pathogenicity-related
islands accounted for 43.65% (55 in total), MIs accounted for 25.39% (32 in total), RIs
accounted for 19.04% (24 in total) and Sls accounted for 11.9% (15 in total).

Antibiotic and bioremediation resistance genes in G. creatinolyticus

The search of the resistance and virulence repertoire shared between genomes,
was facilitated by BLASTX sequence comparison to the MEGARes: An Antimicrobial
Database for High-Throughput Sequencing database (Lakin et al., 2017) (percentages of
identity with the matching regions are shown in the parenthesis).

The genome of the G. cretinolyticus LGCM 259 displayed various antibiotic
resistance genes. The rifamycin-resistant beta-subunit of RNA polymerase (rpoB) (77%)
gene was identified, a marker that includes amino acid substitutions which disrupt the affinity
of rifampin for its binding site (Miller et al., 1994) . Elfamycin EF-Tu_inhibition (75%) was
also detected. The tufA and tufB genes encode the components of EF-Tu, the target of the

elfamycins. Mutations in them may cause elfamycin resistance via evasion of the
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mechanism of action (Vorstenbosch et al., 2000). Among the other identified genes are
Aminocoumarin (100%) resistance genes. Aminocoumarin acts through the inhibition of the
DNA-gyrase enzyme involved in bacterial cell division (Flatman et al., 2005), and the ABC
transporter (100%) gene, one of the most widely recognized mechanisms of multidrug
resistance, which can be considered a hijacking of their normal roles in the transport of
xenobiotics, metabolites and signaling molecules across cell membranes (Fletcher et al.,
2016). Besides, the genome of strain LGCM 259 presents arsenic resistance genes, as the
arsC and arsB genes. ArsC codes for a small-molecular mass arsenate reductase, and ArsB
codes an arsenic efflux pump protein which forms an anion-translocating ATPase (Cai et
al., 2009). Moreover, heavy metal resistance genes (related to copper, arsenic, chromium,

and cobalt-zinc-cadmium resistance) were identified.

Interestingly, rifampicin resistance genes are shared among all genomes. Other
resistances genes antibiotic is present in one or more genomes (Figure 5). Only strain
LGCM 259 displayed chloramphenicol resistance genes. Elfamycin resistance genes is
shared only by strains KLBM5180 and YCRL1. Fluoroquinolone resistance genes was
present in nearly all genomes, except for strain KLBM5180. Aminocoumarin resistance
genes was present in strains LGCM 259, KLBM5180, and OTC-16. Spiramycin resistance
genes could only be detected in the OTC-16 genome. The A. sp. YCRL1genome displayed
a gene conferring Multi-drug resistance. The ABC transporter resistance gene was present
only in strains LGCM 259 and YCRLL1.
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Figure 5: Cluster of the genus Glutamicibacter, together with an f the genus Arthrobacter
species including information on the presence of resistance classes of genes. The cluster is
highlighted in red and black squares represent gene presence of the resistance class. Purple

balls represent a bootstrap of 100%.

Discussion and conclusion

The bacteria that make up the Glutamicibacter genus are aerobic, Gram-positive,
and metabolically diverse bacteria that are broadly distributed between soil, human and, in
this case, as an occasional pathogen associated to infections (Hou et al., 1998). In general,
this study seeks increase our comprehension of the genomic resources of G. Creatinolyticus
LGCM259 that may be employed in order to resist and survive in a habitat unlike those

previously described for the genus.

Bacterial virulence factors allow for a bacterium to replicate and multiply within a
host (Cross, 2008). The G. creatinolyticus LGCM 259 genome has displayed virulence
factors associated with an increase in virulence, probably influencing the bacterium’s
capacity to infect, and survive within, a host, as well as virulence factors essential to cellular
viability and pathogenicity (Mufioz-Elias and McKinney, 2005; Wall et al., 2005b).

Genomes share many common islands, but some of them are unique to each
species, suggesting that these unique GEIs may be related to the adaptation of each
species, but if these islands are unique for each strain or if it is species related, further
studies are needed involving more representatives of each species. The G. creatinolyticus
LGCM 259 genome is smaller than that of the other four species used in this work, due to
the loss of genomic regions. This functional loss is likely tied to the adaptation of G.
creatinolyticus LGCM 259 to its specialized environment, or animal host (mare). Typically,
when a bacterium is adapted to infecting a host, there is a reduction of its genome size,
since environmental species need genes encoding environmental stress resistance, such
as to extreme temperatures, pH, and high salinity (Krasensky and Jonak, 2012; Toft and
Andersson, 2010).

The genome displayed a broad repertoire of antimicrobial resistance genes. The

emergence of antimicrobial resistant bacteria has become a major public health issue, due
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to the lack of effective antimicrobial agents available for the treatment of bacteria-caused
diseases (Aslam et al., 2018). We also observed that the 4 genomes were resistant to
multiple antibiotic classes, such as Rifampin, Elfamycin and Fluoroquinolone. Multiple drug
efflux mechanisms contribute significantly to intrinsic and acquired antimicrobial agent
resistance. The following locus tags were found (GcLGCM259 1698, GcLGCM259 0905
and GcLGCM259 1698) in the LGCM 259 genome, which may be involved in multiple drug
resistance. Among resistance mechanisms, the multiple drug efflux system, or pump
system, deserves special attention, since it allows the bacterium to reduce, or even nullify,
its susceptibility to a broad range of antimicrobial agents (Moreira et al., 2004). According to
the World Health Organization, antimicrobial resistance is a complex problem that affects all
of society and is driven by many interconnected factors. Single isolated interventions have
limited impact. Coordinated action is required to minimize the emergence and spread of

antimicrobial resistance (World Health Organization, 2018).

According to Prum, 2018, G. creatinolyticus has proven to be efficient in the
decontamination of arsenic contaminated water, through the interaction between plants and
bacteria (Prum et al., 2018). That is because it can tolerate higher levels of arsenic toxicity,
as well as its capacity to produce higher levels of indol-3-acetic acid (IAA) and ammonia
than Bacillus subtilis (Prum et al., 2018). In other works, G. creatinolyticus has proven to be
a potent producer of extracellular urease for the determination of heavy metal ions (Ramesh
et al., 2014) and been deployed as a potentiometric biosensor for the determination of urea
content in milk, using mobilized urease (Ramesh et al., 2015). Heavy metals are very useful,
due to being used in the manufacture of tools, such as pipes and batteries, but are also
among the most well-known toxic substances. However, some bacteria isolated from various
sources have demonstrated a capacity to survive in high concentration of toxic heavy metals
(Castro-Silva et al., 2003; Pontes et al., 2007).

G. creatinolyticus has displayed genes that may help confer it resistance to heavy
metals such as: arsenic, cobalt-zinc-cadmium (cobT, cobS, cadA), and chrome composts
(locus tag GcLGCM259 2553 - Chromate efflux transporter ChrA), which are serious
environmental contaminants. Species such as Klebsiella pneumoniae MS 1.5 and
Mangrovibacter yixingensis strain MS 2.4 have displayed a high capacity to reduce chrome,
and because of it, may be useful for the decontamination of chrome contaminated
environments (Sanjay et al.,, 2018). The genome also displayed copper tolerance genes

(copZ, csoR_1, cutC, aniA, pcoC), copper is an essential element amongst heavy metals,
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which plays a major role in the growth and physiology of aerobic organisms, however, this
metal can cause cellular death when in excess. In the species Cupriavidus metallidurans
CH34, Pseudomonas syringae pv. tomato PT23, Xanthomonas axonopodispv.
VesicatoriaE3C5 and Pseudomonas aeruginosa PAOL1, the cop genes have been identified
(copA, copB, copC e copD) which confer copper resistance (Altimira et al., 2012). Some
microorganisms are responsible for environmental transformations of the metal, and
therefore may be useful as indicators for assays both in polluted and non-polluted
environments (Castro-Silva et al., 2003; Trevors et al., 1985). This implies there may be
biotechnological applications for metal resistant bacteria in the control of toxic metals in
residual water treatment (Sanjay et al., 2018). These discoveries are relevant for the mining
industry, as they pertain to bioremediation (Sanjay et al., 2018), however, additional studies
are necessary, in order to better understand and explore this bacterium’s characteristics and

metabolic mechanisms.

In a previous study’s regarding the identification of these species, authors report
that there are difficulties in identifying these species of clinical samples by conventional
biochemical tests because their reliability at the species level is limited (Yamamoto et al.,
2017). Infections due to this species may have been underestimated because a correct
identification of G. creatinolyticus is only possible by applying further identification methods
(i.e., 16S rRNA gene sequencing or MALDI-TOF MS) (Funke et al., 1996; Yamamoto et al.,
2017).

Finally, our results provide important new information about the genetic background
of a strain of G. creatinolyticus. Comparative genomic analyses between the genome of G.
creatinolyticus LGCM 259 and other genomes of Glutamicibacter and an Arthrobacter
revealed the genetic mechanisms of its virulence, as well as genetic reductions, probably
responsible for the adaptation to the host. Genomic islands displayed many genes vital to
each species adaptation to their specific niche, such as oxidative stress, and transcriptional
regulation. The genome also displays various genes which may be related to heavy metal
resistance. However, more studies are needed to evaluate the importance and distribution

of this species in its various habitats.
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5. MATERIAL SUPLEMENTAR

Supplementary Figures and Tables

Supplementary Figures

Micrococcus luteus NCTC2665
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Supplementary Figure 1: The tree based on 16S (1224 nt) sequences was constructed
using MEGA X Phylogenetic maximum - likelihood method. The values indicate the
percentages of occurrence in 1000 bootstrapped tree. The 16S sequence of Micrococcus
luteus NCTC 2665 was used as an outgroup. In red, the position of G. creatinolyticus LGCM
259, along with the Glutamicibacter genus, is highlighted.
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Supplementary figure 2: ANIb (%) of the 25 genomes selected from NCBI with G.

creatinolyticus LGCM 259 as reference. The threshold frontier to consider two organisms to

belong to the same species could be set at >95% identity for ANI. Suggesting that no strain

belongs to the same species.
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Supplementary figure 3: Tetra nucleotide (%) of the 25 genomes selected from NCBI with

G. creatinolyticus LGCM 259 as reference. The threshold frontier to consider two organisms

to belong to the same species could be set at >99% for Tetra. Suggesting that no strain

belongs to the same species.
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Supplementary figure 7: Circular genome map representing all genomic islands found in
the G. hlophytocola KLBM5180 genome. Representation, from the inner to the outer circle,
consist: G. hlophytocola KLBM5180, GC Content, G. creatinolyticus LGCM 259, G.
arilaitensis Rell7, G. nicotinae OTC16 and A. sp. YCRL1. Pathogenicity islands (PAls);

Metabolic islands (MIs), Resistance islands (RIs), and symbiotic islands (SIs).
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Supplementary table 1. Functional characterization of genome sequences of G.

creatinolyticus LGCM 259 connected with Kyoto Encyclopedia of Genes and Genomes

(KEGG) using BLASTKOALA.

KEGG Category Percentage
(%)
Global and Overview Maps 50
Carbohydrate metabolism 11.7
Protein families: genetic information processing 11.63
Genetic Information Processing 10.83
Protein families: signaling and cellular processes 10.42
Amino acid metabolism 8.94
Environmental Information Processing 6.99
Unclassified: metabolism 551
Metabolism of cofactors and vitamins 5.45
Unclassified 5.38
Nucleotide metabolism 491
Energy metabolism 4.37
Cellular Processes 2.69
Lipid metabolism 2.62
Protein families: metabolism 2.15
Unclassified: signaling and cellular processes 1.68
Metabolism of other amino acids 1.55
Unclassified: genetic information processing 1.08
Glycan biosynthesis and metabolism 1.08
Metabolism of terpenoids and polyketides 0.87
Xenobiotics biodegradation and metabolism 0.61
Organismal Systems 0.34
Human Diseases 0.27
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Supplementary table 2: Virulence factor from G. creatinolyticus LGCM 259 found in VFDB

database.

and activator

tuberculosis
H37Rv]

o ) %Query
VFDB prediction Query ID Subject ID %ID
coverage
VFG001381(gh|Y
VFG001381(gb|YP_17 P_177728)
) _ GcLGCM259 )
7728) (icl) Isocitrate 0286 [Mycobacterium | 78.571 | 96
lyase tuberculosis
H37RV]
VFG000079(gb|N
VFG000079(gb|NP_46 P_463763)
GcLGCM259 o
3763) (clpC) 0100 [Listeria 60.843 | 95
endopeptidase Clp monocytogenes
EGD-e]
VFG001386(gb|NP_21 VFG001386(gb|N
5271) (phoP) Possible P_215271)
GcLGCM259 )
two component system 0460 [Mycobacterium | 60.00 | 97
response tuberculosis
transcriptional H37Rv]
VFG001826(gb|NP_21 VFG001826(gb|N
7099) (relA) Probable P_217099)
GcLGCM259 )
GTP 1510 [Mycobacterium | 59.754 | 97
pyrophosphokinase tuberculosis
RelA H37RV]
VFG001406(gb|N
VFG001406(gb|NP_21
_ P_217227)
7227) (ideR) Iron- [ GELGCM259 )
[Mycobacterium | 58.291 | 85
dependent  repressor | 0465




system effector LirB

pneumophila str.
Philadelphia 1]

VFG013286(gb|N
VFG013286(gb|NP_43 P_438515)
GcLGCM259 _
8515) (galE) UDP- 1204 [Haemophilus 57.143 | 91
glucose 4-epimerase influenzae Rd
KW20]
VFG001855(gb|Y
P_094724)
VFG001855(gb|YP_09 [Legionella
GcLGCM259 ]
4724) (htpB) Hsp6O, 2021 pneumophila 54.237 | 99
60K heat shock protein subsp.
pneumophila  str.
Philadelphia 1]
VFG000925(gb|NP_75 VFG000925(gb|N
2606) (fepC) | GELGCM259 | P_752606)
_ ) o 1 53.668 | 73
ferrienterobactin ABC | 0734 [Escherichia coli
transporter CFTO073]
VFG048830(gb|Y
VVFG048830(gb|YP_00 P_002920353.1)
2920353.1) (gnd) 6- [Klebsiella
GcLGCM259 )
phosphogluconate 1336 pneumoniae 53.664 | 96
dehydrogenase subsp.
[capsule (VF0560)] pneumoniae
NTUH-K2044]
VFG041304(gb|Y
P_095978)
VFG041304(gb|YP_09 )
) [Legionella
5978) (lirB) Dot/lcm | GeLGCM259 )
) pneumophila 52.047 | 90
type IV secretion | 0015
subsp.

75

Supplementary table 3: General information of the number of genomic islands predicted in

the 5 genomes of genus Glutamicibacter.
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STRAINS GEls
Glutamicibacter creatinolyticus LGCM 259 23
Arthrobacter sp. YCRL1 28
Glutamicibacter arilaitensis RE117 27
Glutamicibacter halophytocola 33
KLBMP5180
Glutamicibacter nicotianae OTC16 16

Supplementary table 4: Description and comparison of predicted Genomic Island of each
GEIl of G. creatinolyticus LGCM 259. The GEls of blue color are unique to the genome. The GEls

of black color are islands partially shared with the other genomes. Pident: Percent identity

G. G. G.
. G+C Asp. .
Reference Size arilaitensis halophytocola nicotianae
Start End CDS content. YCRL1
GEls (bp) RE117 KLBMP5180 OTC16

O6) PIeND - geny  (pideny  (piceny

PAI10 PAI4
PAIl 251445 263403 11958 11 57.35 - -
(85.94%) (92.15%)
PAI2 651564 658580 7016 6 @ 62.61 - - - -
PAI3 713872 723020 9148 10 63.09 - - - -
PAI4 935666 950270 14604 14 = 64.89 - - - -
PAI5 1240581 1251390 10809 10 = 63.02 - - - -
PAI6 1302109 1315487 13378 11 62.78 - - - -
MI3
PAI7 1498070 1521457 23387 20 62.99 - - -
(100.00%)
MI1
PAI8 2222517 2259175 36658 33 62.08 - - -
(78.82%)
SI3

PAI9 2292345 2302836 10491 13 58.11 - - -
(88.98%)
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PAI9
PAIL0 2654531 2663734 9203 10 64.48 - - -
(86.72%)
RI1
PAI11 2730539 2760868 30329 34 63.89 - - MI8 (82.97%)
(77.90%)
PAI12 2817223 2840919 23696 23 69.59 - - - -
RI2 PAI1
PAI13 2911553 2952087 40534 35 64.16 - -
(79.10%) (92.30%)
PAI2
(74.71%)  PAI13 PAI10 MI3
PAIl4 2955902 2983064 27162 24 61.19
RIL  (7457%)  (86.45%)  (73.66%)
(80.60%)
PAI3
PAI15 3214956 3232451 17495 19 66.38 - - -
(81.20%)
RI1 65306 76712 11406 12  70.08 - - - -
RI2 2673211 2678370 5159 8  61.67 - - - -
PAI10
MIL  (85.77%)
RI3 3277658 3284318 6660 5 58.84 - -
(82.70%)  PAIl4
(84.44%)
RI4 3095953 3111607 15654 25 64.48 - - - -
MI1 3193131 3205763 12632 15 65.71 - - - -
PAIS PAI13 RI3
MI2 457021 480448 23427 10 62.57 -
(97.04%) (82.37%) (92.50%)
PAI12

M4 (81.05%)
SI1 1432230 1463879 31649 27 6151 - -
(76.61%)  MI5

(81.05%)

SI2 304738 318982 14244 11 56.94 - - - -

Supplementary table 5: Description and comparison of predicted Genomic Island of each
GEl of G. arilaitensis RE117. The GEls of blue color are unique to the genome. The GEls of black

color are islands partially shared with the other genomes. The GEls of red color are shared among

all 5 genomes. Pident: Percent identity



Reference
GEls

PAI'1

PAI 2

PAI 3

PAIl 4

PAI S

PAI 6

PAI'7

PAI 8

PAI 9

PAI 10

PAI 11

PAI 12

PAI 13

Start

21170

233851

399421

744635

1127478

1655915

2015238

2559811

3255381

3377834

3505349

3517107

3542620

Size
(bp)

End

32323 | 11153

238986 5135

456750 57329

769767 25132

1137567 10089

1674902 18987

2023496 8258

2613522 53711

3366084 110703 109

CDS content

16

56

28

17

10

14

3435884 58050 64

3510736 5387
3538442 21335

3582146 39526

8

21

41

G+C

(%)

59.58

55.53

61.18

58.25

58.91

52.88

54.91

55.98

57.34

57.53

62.66

56.78

59.55

creatinolyticus
LGCM 259

(pident)

(pident

PAI5
(79.19%)
PAI2
- (79.19%)

RIS
- (98.59%)

RI7
- (82.24%)

PAI2
(98.62%)
PAI4
- (85.12%)

PAI5
(88.34%)

PAI2
- (81.87%)

RIS
(90.67%)

PAI10 PAI2
(86.72%)  (89.47%)

PAI2
(99.04%)
RIS
RI3 (85.77%) (84.24%)

MI1

MI2 (82.37%) (80.26%) SI2 (82.78%)

G.

78

G.

halophytocola nicotianae
KLBMP5180 OTC16

(pident)

PAI3
(92.94%)

(pident)

PAl4
(98.16%)

RI2
(86.42%)

si1
(90.36%)

RI3
(79.97%)



PAI 14

RI'1

Rl 2

MI 1

MI 2

MI 3

Ml 4

MI'5

MI 6

SI1

SI2

SI3

Sl4

SI5

3666297

892062

1393740

728766

1053976

1207000

2111154

3517107

3759558

1179030

1481558

1518902

1555969

3440264

3753374

915999

1398869

739016

1062833

1216860

2117530

3538442

3781727

1188017

1499903

1527042

1613291

3448942

87077

23937

5129

10250

8857

9860

6376
21335

22169

8987

18345

8140

57322

8678

67

18

13

11

11

21

20

10

13

43

12

63.69

53.74

59.21

63.55

62.14

64.31

55.32

56.78

62

56

55.79

57.78

54.23

57.52

RI3 (84.44%)

PAI7
(100.00%)

SI1 (81.05%)

MI1
(76.68%)

PAI2
(98.96%)

SI3
(86.84%)

PAIL
(81.84%)

PAI2
(78.13%)

PAI6
(78.17%)

PAI5
(87.23%)

PAI12
(84.05%)

MI13
(75.11%)

PAI3
(84.27%)
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PAl4
(80.67%)
MI3
(100.00%)

PAl4
(98.22%)

RI1
(90.90%)

MI2
(83.54%)

PAI2
(94.50%)

RI3
(89.47%)

Supplementary table 6: Description and comparison of predicted Genomic Island of each

GEI of A. sp. YCRLL1. The GEls of blue color are unique to the genome. The GEls of black color

are islands partially shared with the other genomes. The GEls of red color are shared among all 5

genomes. Pident: Percent identity.

Referenc
e GEls

Start

End

Size
(bp)

CD

G.

creatinolyticu  arilaitensi

s LGCM 259
(pident)

sRE117
(pident)

halophytocol

KLBMP5180
(pident)

nicotiana
e OTC16
(pident)



PAI1

PAI2

PAI3

PAI4

PAI5

PAI6

PAI7

PAI8

RI1

RI2

RI3

RI4

RI5

RI6

RI7

RI8

RI9

227567

483678

853362

225493
4

230436
3

242288
6

338191
1

369148
2

537016

549929

639292

210889
8

252575
0

273745
7

283471
3

317182
9

350039
5

253411

516145

867444

226642
5

238016
9

245887
9

340105
3

371057
3

546087

584224

648104

212361
8

253356
7

274375
9

284464
5

319557
4

350552

25844

32467

14082

11491

75806

35993

19142

19091

9071

34295

8812

14720

7817

6302

9932

23745

5134

21

27

15

10

46

42

27

10

10

33

12

12

10

10

20

9

64.65

60.38

66.66

50.4

58.66

66.77

62.04

69.11

61.09

65.96

64.95

57.74

70.35

63.91

62.67

55.38

57.9

PAI14
(77.59%)

PAI15
(81.20%)

MI2 (97.04%)
PAI14
(95.58%)

PAI13
(79.09%)

MI6
(81.84%)

PAI10
(99.04%)
PAIQ
(79.69%)

PAI6
(85.04%)

PAIS
(88.29%)

SI3
(78.19%)

PAI9
(88.68%)

PAIS
(82.27%)

PAI9
(99.55%)

PAI3
(81.01%)

PAI10
(83.74%)

PAI9
(74.81%)

MI7 (72.72%)

MIQ (77.11%)
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PAl4
(81.43%)

RI3
(78.76%)

PAI2
(81.31%)

RI3
(86.55%)

RI2
(87.58%)
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11227 PAIS (78.84%)  PAI13 RI4
MIL 259597 371874 102  65.15 RI5 (79.83%)
7 RI3 (83.06%) = (80.26%) (79.19%)

MI2 412466 419219 6753 9 66.51 - - - -
MI3 440369 479523 39154 38 63.67 - - - -

221791 222845
Mi4 3 6 10543 10 66.85 SI1(76.61%) - - -

275177 277369

MI5 21917 22 67.14 - ; ] ]
8 5
292575 293825

MI6 12500 15 66.08 - - - ;
9 9
360253 361019

MI7 ; ) 7661 10 65.06 - - MI3 (79.63%) -
367034 368197

MI8 . , 11625 13 64.97 - - MI2 (79.71%) -

Si1 818826 830877 12051 13 66.46 - - - -
223730 224437

sI2 7077 9  61.42 - - - -
0 7
320119 322155 MI1 RI1
SI3 20358 18 59.25 PAI9 (88.98%) -
4 2 (98.98%) (82.08%)

Supplementary table 7: Description and comparison of predicted Genomic Island of each
GEl of G. nicotinae OTC16. The GEls of blue color are unique to the genome. The GEls of black
color are islands partially shared with the other genomes. The GEls of red color are shared among

all 5 genomes. Pident: Percent identity.

G. G. G.
. G+C N Asp.
Reference Size creatinolyticus arilaitensis halophytocola
Start End CDS content
GEls (bp) LGCM 259 _ RE117 KLBMP5180
%) : (pident) .
(pident) (pident) (pident)
PAI13
PAIL 426454 449613 23159 25 63.56 - - -
(92.30%)
PAI6 SI3

PAI2 1438425 1474298 35873 46 67.44 - -
(81.99%) (94.50%)

PAI8
(82.85%)

PAI3 2999355 3009881 10526 11  65.6 - - -



PAI4

PAIS

PAIG

RI1

RI2

RI3

RI4

Mil

MI2

MI3

SI1

SI2

SI3

3408191 3425059

3541160 3571713

744367 774495

780727 790348

1507563 1571962

3357488 3377739

157504 177052

505228 519029

3387250 3402360

392155 411072

2999355 3009881

3449788 3469786

3153270 3162764 9494

16868

30553

30128

9621

64399

20251

19548

13801

15110

18917

10526

19998

11

17

29

36

12

42

19

19

13

15

16

11

20

57.46

59.64

61.69

59.71

54.94

60.61

65.62

62.83

63.98

64.77

56.58

65.6

61.73

PAI1 (92.06%)

PAI11
(77.84%)

MI2 (92.50%)

PAI14
(73.66%)

(81.37%)

SI3
(81.96%)

RI4
(87.58%)

PAI5
(78.78%)

MI1
(79.51%)

RI1
(98.22%)
PAI8
(98.16%)

MI1
(90.90%)
PAI9
(92.19%)

PAI9
(86.42%)

Si4
(89.47%)

SI2
(83.54%)
PAI8
(82.85%)

PAI14
(92.45%)

PAI10
(90.36%)

82

PAI11
(83.38%)

MI12
(86.75%)

MI8 (77.94%)

PAI1
(77.41%)

PAI3
(84.02%)

RI5 (85.03%)

PAIS
(82.85%)

Supplementary table 8: Description and comparison of predicted Genomic Island of each
GEI of G.halophytocola KLBM5180. The GEls of blue color are unique to the genome. The GEls

of black color are islands partially shared with the other genomes. ident: Percent identity.



G. G. G.
: G+C N Asp.
Reference Size creatinolyticus arilaitensis nicotianae
Start End CDS content
GEls (bp) LGCM 259 ] RE117 OTC16
% : (pident) :
(pident) (pident)  (pident)
SI1 3314498 3327157 12659 13 62.55 - - - -
PAI13
(82.76%)
SI2 3538934 3559111 20177 22 62.35 - - -
PAI14
(76.68%)
SI3 3617938 3632462 14524 9 59.25 - - - -
RI2
PAI'1 1000139 1012495 12356 15 63.93 - - -
(77.35%)
PAI2 1027889 1035221 7332 8 54.22 - - - -
Sl4
PAI5  (84.27%) RI3
PAI3 1576248 1605336 29088 16 50.9 -
(80.98%)  PAI6 (84.02%)
(93.46%)
PAl4 1960853 1974182 13329 13 61.4 - - - -
PAI5 2021782 2032672 10890 14 57.75 - - - -
PAI6 2539109 2549637 10528 11 54.77 - - - -
PAI7 2559083 2569774 10691 10 56.99 - - - -
SI2
(82.85%)
PAI8 3089899 3121103 31204 30 63.1 - - -
PAI3
(82.85%)
RI2
PAI9 3265041 3275069 10028 12 63.65 - - -
(74.81%)
PAI14 RI1
PAI 10 3408970 3426576 17606 17 60.27 - -
(86.45%)  (83.74%)
PAIS
PAI 11 3636638 3655926 19288 24 63.03 - - -
(83.38%)
PAI14
PAlI 12 3701183 3709978 8795 11 63.24 - - -
(84.07%)
MI 1 39921 57851 17930 16 57.36 - - - -



MI8
MI 2 245545 | 256541 10996 14 @ 59.03 - - -
(79.70%)

MI7 MI6
MI3 395168 403094 7926 10 58.42 - -
(79.59%) (75.12%)

Ml 4 826353 838552 12199 14 65.11 - - - -
MI'5 1199222 1221430 22208 19  60.7 - - - -

MI 6 1474995 1483950 8955 9 @ 61.74 - - - -

RI6
MI7 1492922 1511983 19061 11 57.15 - - -
(72.72%)
PAI11 RI1
MI8 3153927 3172972 19045 21 63.41 - -
(82.979%) (77.98%)
RI7
MI9 3453534 3497205 43671 44 61.27 - - -
(77.10%)
MI10 3662534 3680322 17788 18 59.18 - - - -
MI11 3687034 3694257 7223 8  64.3 - - - -
PAI6
MI12 3776808 3816925 40117 33  63.05 - - -
(86.75%)
MI 13 3835049 3847491 12442 12 61.05 - - - -
RI1 698528 705960 7432 9 53.87 - - - -
RI2 1794411 1800180 5769 8  54.78 - - - -
RI3 2574637 2583267 8630 8  53.26 - - - -
RI4 3509425 3535488 26063 24 63.32 - - - -
MI1 RI4

RI5 3562975 3599092 36117 32 60.55 - -
(79.89%) (85.02%)
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6. CONCLUSAO

A linhagem LGCM 259, isolada de uma égua na Italia, foi identificada como G.
creatinolyticus através do MALDI Biotyper. A montagem do genoma do isolado LGCM 259
apresenta um repertério de genes de resisténcia a antibioticos, fatores de viruléncia
essenciais para sua viabilidade celular, viruléncia e patogenicidade. Analises genémicas e
comparativas realizadas neste trabalho evidenciaram a grande plasticidade existente entre
os genomas do género Glutamicibacter, o que provavelmente estd relacionado a

capacidade de adaptacéo aos diferentes ambientes.

As analises de sintenia demonstraram que os genomas das linhagens estudadas
guando comparadas ao genoma de G. creatinolyticus LGCM 259 apresentaram variacdes
no tamanho do genoma. Entretanto, estudos mais aprofundados dessas linhagens devem
ser realizados para entender o impacto dessa diferenca no contetdo génico e na adaptacao

a determinado nicho.

O pequeno numero de linhagens disponiveis para a maioria das espécies do género
Glutamicibacter ndo permite o estabelecimento de um perfil definitivo de suas propriedades
gendmicas, principalmente em relacao a espécie de G. creatinolyticus que até o momento
€ 0 primeiro genoma sequenciado e depositado em banco de dados publicos. Os resultados
obtidos neste trabalho auxiliam no entendimento de algumas caracteristicas da linhagem,
entretanto, novos estudos sdo necessarios para melhor compreender a biologia desses

microrganismos.
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7. PERSPECTIVAS

Como perspectivas futuras, pretende-se:

Realizar uma analise das vias metabdlicas dos genes resistentes a metais pesados
(cromo, cobre, arsénio, dentre outros).

Analisar os genes ausentes na linhagem LGCM 259 em relacdo aos genomas do
género Glutamicibacter.

Realizar analises genébmicas com a outra amostra isolada do abcesso da mesma

égua identificada como Dietzia spp.
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9. ANEXO

9.1.1. CASE REPORT submetido a revista BMC Veterinary Research relacionado a

este trabalho.

Neste artigo, realizei o cultivo da amostra, enviada pela Itélia, extragdo do DNA
gendmico para 0 sequenciamento, PCR multiplex, preparo da amostra para a técnica de
MALDI — TOF e contribui com a redacéo da parte metodologica dessas técnicas, bem como

com a revisao de todo o artigo.
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ABSTRACT

Background: Granulomatous myositis in horses are the less common form caused by
infectious agents, such as bacteria, viruses, protozoa and parasites. Bacterial myositis include
infections mainly due to Streptococcus zooepidemicus, Actinobacillus equuli, Fusobacterium spp.
and Corynebacterium pseudotuberculosis that involve the muscle tissue through haematogenous
spreading and/or lesions of the skin. The presented case report details the first case of bacterial
granulomatous myositis in a horse reared in Italy due to Corynebacterium pseudotuberculosis,
Corynebacterium amycolatum, subsequently identified as Arthrobacter creatinolyticus and bacteria
of the genus Dietzia spp. This case is extremely rare and interesting for the etiologic agents identified,
and the peculiar pathological features.

Case Presentation: A 12-yo Quarter Horse mare was evaluated for the presence of diffuse
subcutaneous nodules and masses ranged from 2x3 to 5x20 cm in size, adherent to sub-cutis and
muscles. They were strongly vascularized and diagnosed as pyogranulomas, cytologically. Following
the therapy and an initial disappearance of most of the lesions and a general improvement of the mare,
clinical condition worsened along with the appearance of new lesions. Further histological, molecular,
bacteriological and biochemical investigations were performed. All the data obtained allowed to a
severe and diffuse multibacterial granulomatous myositis diagnosis by Corynebacterium
pseudotuberculosis and  Corynebacterium  amycolatum. By  matrix-assisted  laser
desorption/ionization time-of-flight (MALDI-TOF) high-resolution mass spectrometer the
sequencing peptides of the two microorganisms were for Arthrobacter creatinolyticus and bacteria of
the genus Dietzia spp.

Conclusion: Corynebacterium pseudotuberculosis diagnosed by histopathological analysis
in a horse in Italy could represent the first report on this agent to date, as well as Arthrobacter

creatinolyticus and Dietzia maris infection is the first case found in horses.



95

Keywords: Bacterial myositis, Horses, Corynebacterium pseudotuberculosis, Arthrobacter
creatinolyticus, Dietzia spp.

BACKGROUND

Myopathies are disorders affecting skeletal muscle and, in adult horses, include nutritional
myopathies, infectious diseases, immune-mediated disorders, toxic myopathy, inherited myopathies,
endocrinopathies, pasture-associated rhabdomyolysis, malignant hyperthermia, and exertional
rhabdomyolysis [1]. Granulomatous myositis are less common form caused by infectious agents, such
as bacteria, viruses, protozoa and parasites. Bacterial myositis include infections mainly due to
Streptococcus zooepidemicus, Actinobacillus equuli, Fusobacterium spp. and Corynebacterium
pseudotuberculosis that involve the muscle tissue through haematogenous spreading and/or lesions
of the skin [2]. Corynebacterium pseudotuberculosis is an important animal pathogen. It is a Gram-
positive, pleomorphic, facultative intracellular pathogenic bacterium belonging to the
Corynebacterium, Mycobacterium, Nocardia, and Rhodococcus (CMNR) group of the Actinobacteria
Phylum. It is the etiological agent of a disease that is commonly called Caseous Lymphadenitis (CLA)
or cheesy gland [3]. This disease is found in all the world’s major sheep and goat production areas,
causing significant economic losses by affecting wool, meat, and milk production [4-8]. It has also
been isolated from other animal species such as cattle, camels, swine, buffaloes, horses, in which it
causes Ulcerative Lymphangitis and Pigeon Fever [4,9-11]. C. pseudotuberculosis could also affect
humans, causing distinct kinds of lymphadenitis. Contamination occurs through contact with infected

animals and consumption of infected food [3,9,12].

Case Presentation

A 12-yo Quarter Horse mare was evaluated for the presence of diffuse subcutaneous nodules
and masses (fig.1a) diagnosed as pyogranulomas, cytologically, and then treated with penicillin
(6000000 Ul die) and dihydrostreptomycin (7.5 g/die) intramuscularly. After three months of therapy,
general clinical condition deteriorated and another antibiotic therapy with cephalosporines of third
generation (Ceftiofur: 2.2 mg/kg b.w. once-a-day for 10 consecutive days) and tetracyclines (2.5g/die
intravenously) was administered. After an initial disappearance of most of the lesions and a general
improvement of the mare, clinical condition worsened again and along with the appearance of new
lesions (fig. 1b). This evolution let the owner to request further investigations. Three masses were
surgically removed and examined, macroscopically; the excised masses ranged from 2x3 to 5x20 cm

in size and were adherent to sub-cutis and muscles and strongly vascularized, on cut section, they
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consisted in a fibrotic tissue surrounding a caseous and necrotic material with dispersed small
multiple purulent-like foci (Fig. 1c).

An aliquot of excised tissues was sampled and fixed in formalin (10%) and paraffin was
embedded for histological diagnosis. Tissue sections of 3-4 um were stained with Hematoxylin-Eosin
(HE), Masson Trichrome, Periodic acid — Schiff (PAS), Grocott and Gram and examined
microscopically.

Histological examination revealed a diffuse mixed inflammatory infiltrate invading the
endomysium (Fig. 2A) constituted by granulocytes neutrophils and mainly eosinophils, macrophages,
lymphocytes, plasma cells, epithelioid and multinucleated giant cells (Fig. 2B), often arranged
between collagenolytic degeneration areas or around foci of necrosis associated with calcification
(Fig. 2C). PAS and Grocott stains revealed no fungal presence. Gram stain allowed to detect small
aggregates of pleomorphic, blue Gram-positive microorganisms free or inside macrophages (Fig.
2D).

On the basis of these results, a diagnosis of granulomatous myositis was issued.

Hence, in order to reveal the etiologic agent, cause of the pathology, an aliquot of fixed
tissues was sent to the Experimental Zooprophylactic Institute (1ZS) of Sicily, Palermo, Italy.

The DNA was quantized and employed in PCR test targeted to the ribosomal region and
sequences were amplified by primers annealing at 16S of ribosomal genes, specific primers to amplify
a species-specific DNA region of Corynebacterium spp. [13]. Amplification of the 16S rRNA region
was performed by using pA 5- AGAGTTTGATCCTGGCTCAG and pH 5’-
AAGGAGGTGATCCAGCCGCA universal primers [14]. The full 16S rRNA region was amplified
by PCR in a final reaction volume of 50 pl. Each reaction mixture contained approximately 10 ng of
template DNA,; 0.4 pmol (each) forward (pA) and reverse (pH) primers; 10 uM (each) dATP, dCTP,
dGTP, and dTTP; 10X reaction buffer containing 1.5 mM MgCI2 (AB) and 2 U of Tag Gold (AB).
The amplification was performed in a 9700-thermal cycler (Applied Biosystems Inc., Foster City,
California, 94404, USA). An initial denaturation step (94°C for 5 min) was followed by 35 cycles
(with each cycle consisting of DNA denaturation at 94°C for 30 s, primer annealing at 55°C for 30 s,
and elongation at 72°C for 1 min) and a final extension step at 72°C for 7 min. A non-template
negative control was included in each PCR run. The PCR products were purified with a Spin PCR
purification kit (QIAGEN, Hilden, 40724, Germany). The DNA was eluted in 25 pl of double-
distilled H2O. The purified PCR products were sequenced with the pA and pH primers in two different
reactions using BigDye Terminator cycle sequencing 1.1 kit (Applied Biosystems Inc., Foster City,

California, 94404, USA). Sequencing on an ABI Prism 310 DNA sequencer (Applied Biosystems
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Inc., Foster City, California, 94404, USA) was performed. The obtained data were checked on the
electropherograms and were analyzed by Wu Blast 2 sequence alignment software, considering 97%
identity as the stringent parameter for strain identification (P<0.005).

PCR sequence was aligned in GeneBank with the corresponding tract of Corynebacterium
pseudotuberculosis 16S rRNA gene (strain NCTC 3450: GenBank: X84255.1).

In order to isolate Corynebacterium pseudotuberculosis and identify the biovar, two frozen
tissue aliquots were sent to the Laboratory of Medical Microbiology and Infectious diseases of School
of Biosciences and Veterinary medicine, University of Camerino, Italy. Bacteriological culture was
performed onto Columbia Agar (sheep blood 5%) (Liofilchem®, Italy), Columbia C.N.A.M. Agar
(sheep blood 5%) (Liofilchem®, Italy), followed by incubation at 37°C for 48-72 hours in 5-10% of
CO. atmosphere (CampyGen®, ThermoFisher Scientific, Italy). Bacterial identification was achieved
using biochemical tests, including catalase, glucose, sucrose, urea, nitrate reduction, casein, and
gelatin hydrolysis [15]. Phenotypic identification was performed by commercial gallery RapID™ CB
Plus (Remel, Thermo Fisher Scientific, Italy) according to the manufacturer’s instructions. The
reading was performed by the open REMEL software

(http://lwww.remel.com/ERIC/ldentificationSingle.aspx).

Antibiotic susceptibility testing by the Kirby-Bauer disk diffusion test for Kanamycin (30
Mg), Amikacin (30 pg), Ampicillin (10 pg), Penicillin G (1 1U), Streptomycin (300 pg), Cefazolin
(30 pg), Cefquinome (30 pg), Colistin sulphate (25 pug), Enrofloxacin (5 pg), Erythromycin (15 pg),
Gentamicin (30 pg), Doxycycline (30 ug), Tylosin (30 pg), Rifampin (5 ug), Cotrimazole (23.75 plus
1.25 pg), Azithromycin (15 ug), Cloramphenicol (30 ug), Furazolidone (50 pg), Oxytetracicline (30
Hg), Imipenem (10 pg), Fosfomycin (50 ug), was performed. The zone diameters were interpreted
according to guidelines set by the European Committee on Antimicrobial Susceptibility Testing
(CLSI, 2016).

By the culture agar media, different bacteria were grown. White cream to yellow, circular,
aerobic and dry colonies (strain 1) were recovered together with deep orange color, circular colonies
(strain 2). They consisted of Gram-positive, rod-shaped and catalase positive bacteria. The
biochemical identification showed atypical urease test (-), catalase (+), glucose and sucrose (+),
gelatin and casein hydrolysis (-), and nitrate reduction (-) for the first microorganism (Figure 3). The
second one showed urease test (-), catalase (+), glucose (+), sucrose (-), atypical MAL (-) and LEU
(+). By the Remel software reading, the strains resulted C. pseudotuberculosis with one test (urease)
atypical (bioscore 1/852) and C. amycolatum with atypical MAL and LEU (bioscore 1/272). In
relation to the reduction of nitrate to nitrite, biovar Ovis was estimated. Antimicrobial drug-
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susceptibility testing showed that C. pseudotuberculosis strain was susceptible to Ampicillin,

Penicillin G, Streptomycin, Cefazolin, Cefquinome, Enrofloxacin, Rifampicin, Cotrimazole.
Subsequently, an aliquot of each sample was frozen in Cryobank® (Mast Group, Germany),

stored at -80°C, and sent to the Laboratory of Cellular and Molecular Genetics in Brazil for

confirmation through Quadruplex PCR and MALDI Biotyper methods.

http://www.remel.com/ERIC/IdentificationSingle.aspx

For the Quadruplex PCR identification, the extraction of bacterial genomic DNA was performed in
accordance with a previously described protocol [16]. Quadruplex PCR reactions were performed
with a final volume of 50puL, containing 20ng of genomic DNA, 0.25mM dNTPs, 0.1 unit of Taq
DNA polymerase (Life Technologies, Carlsbad, CA, USA), 2mM MgCl,, enzyme buffer (Life
Technologies, Carlsbad, CA, USA), 0.5 uM of each primer oligonucleotide, and water to a final
volume of 50uL. The primers used in this study anneal to the /6s rRNA, rpoB, narG, and pld gene
sequences of C. pseudotuberculosis, in accordance with Almeida et al. [17]. The amplified products
were resolved through electrophoresis on 1.0% (w/v) agarose gels and stained using ethidium
bromide.

As expected, the positive control using C. pseudotuberculosis biovar Equi genomic DNA yielded
PCR amplicons corresponding to the 16S rRNA, rpoB, narG, and pld genes, with 816, 446, ~600,
and 203 bp-sized fragments, respectively (Figure 4). In turn, the positive control using C.
pseudotuberculosis biovar Ovis genomic DNA yielded PCR amplicons corresponding only to the 16S
rRNA, rpoB, and pld genes (Figure 4). As expected, the p/d gene product was not detected in any of
the two strains (Figure 4). None amplification was detected using water as a template (negative
control). The amplification profiles seen for the equine strains 1 and 2 clearly differed from the C.
pseudotuberculosis standard amplification profiles.

Later, a single colony of each bacterial strain was spotted onto a MALDI Biotyper target steel plate
using a sterile toothpick. Subsequently, each sample was overlaid with 1ul matrix consisting of a
saturated solution of a-cyano-4-hydroxycinnamic acid (HCCA) (Bruker Daltonics, Bremen,
Germany). The preparation was allowed to dry at room temperature. Spectra using the FlexControl
MicroFlex LT mass spectrometer (Bruker Daltonics) were acquired in accordance with Assis et al.
[18]. Previous calibration of the mass spectrometer was performed using a bacterial standard test [19].
As recommended by the manufacturer, scores >2.000 indicated species-level identification, while
scores >1.700 and <2.000 indicated genus-level identification and scores <1.700 indicated no reliable
identification.

The strain 1 was identified as Arthrobacter creatinolyticus (score of 2.387), while the strain 2 was

identified as Dietzia maris (score of 1.791). As the score for strain 2 was not above the 2.000
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threshold, MALDI Biotyper (Bruker Daltonics, Bremen, Germany) indicated reliable identification
only at the genus level.
Discussion and conclusions

This report shows the clinical-pathological history of a mare, lasting not less than two years,
characterized by the presence of several subcutaneous/muscle lesions treated with different antibiotic
therapies that resulted in a decrease in number but never in the total disappearance.

All data resulted in a diffuse granulomatous myositis due to multiple bacteria represented by
Corynebacterium pseudotuberculosis, Corynebacterium amycolatum, subsequently identified as
Arthrobacter creatinoltycus and bacteria of the genus Dietzia, respectively.

Corynebacterium pseudotuberculosis is a microorganism facultative intracellular pathogen
that exhibits pleomorphic forms, such as coccoids and rods, non-sporulating, non-capsulated, non-
motile bacterium and facultative anaerobe that causes granulomatous and necrotic lesions. In horses,
the infection occurs through contact with contaminated soil via skin abrasions or mucous membranes
and recent studies support the role of insect vectors, and the incubation period may vary from weeks
to months [20]. C. pseudotuberculosis can be identified through PCR assay with 16S RNA and
classified into two biovars based on their ability to reduce nitrate to nitrite [21-22]. Nitrate-negative
strains are grouped into the biovar Ovis and are responsible for Caseous Lymphadenitis (CL), in small
ruminants [23] and mastitis in dairy cattle [24]; while the nitrate-positive strains are grouped into the
biovar Equi and is responsible of ulcerative lymphangitis and abscesses in internal organs of equines
[8,25] and oedematous skin disease in buffalos [10]. Furthermore, C. pseudotuberculosis bv. equi
infection in horses is commonly known as “Pigeon Fever” because it leads to the formation of external
abscesses on the pectoral muscle region, making it expand, similar to a pigeon breast. However,
external abscesses may occur in a variety of locations including deep intramuscular, axillary, inguinal,
and mammary [26]. Nonetheless, in C. pseudotuberculosis, the role of nitrate respiration is not known
[27].

Pigeon Fever has been described for the first time in California, since then it has also spread
enzootic in some regions of the western United States, which have a low annual precipitation, such
as Arizona and Western Texas [28-29]. In our case, on one side, growth site, size, and macroscopic
appearance seemed overlapping the typical lesions of Pigeon Fever, although the characterization of
the biovar Ovis, together with the absence of a real abscess with purulent material did not allowed
the certain diagnosis by C. pseudotuberculosis in horses. Furthermore, lesion’s gross appearance was

characterized by a necrotic caseous material surrounded by a fibrotic pseudo-capsule with small
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purulent-like foci attributed to a chronic form of ulcerative lymphangitis, even if there were not a
lymphatic system involvement, swelling of the limbs and ulcerative lesions.

This atypical presentation for C. pseudotuberculosis bacterial infection is probably due to
the finally identification of other etiologic agents: a bacterium of the genus Arthrobacter
creatinolyticus and Dietzia spp. In some individuals, the recurrence or persistence of infection for
greater than 1 year can occur [30], and it cannot be excluded a concomitant infection by opportunistic
pathogens that could be favored by the immunological reduction induced by C. pseudotuberculosis
[31-32].

Dietzia spp. represents a group of Gram-positive non-spore-forming cocci growing
occasionally as short rods, with aerobic metabolism [33]; the genus Dietzia spp. was previously
classified as Rhodococcus and is closely related to the Actinomycetes, among which Corynebacterium
spp, and easily and rapidly characterized by using MALDI spiral-TOF MS thanks to the presence of
mycolic acids in the cell wall, that they act similarly to the outer membranes of Gram-negative
bacteria [34].

Arthrobacter species, which belong to the heterogeneous group of coryneform bacteria,
consist in Gram positive, catalase-positive, aerobic, non-spore-forming bacteria and, presently, the
genus contains two groups of species referred to as the Arthrobacter globiformis/ Arthrobacter citreus
group and Arthrobacter nicotianae group that differs in their peptidoglycan structure [35]. Infection
due to Arthrobacter species might have been underestimated because a correct identification of A.
creatinolyticus is only possible by applying further identification methods (i.e., 16S rRNA gene
sequencing or MALDI-TOF MS. Vargha et al. [36] reported that sixteen Arthrobacter species could
be identified by MALDI-TOF MS. Infection by Arthrobacter creatinolyticus is a zoonosis. Reports
regarding the isolation of Arthrobacter species from human clinical specimens (i.e., wound swab,
urine, or blood) have increased since the late 1990s [37-38]. In Veterinary literature few species have
been isolated between this genus: Arthrobacter rhombi isolated from fish [39], Arthrobacter
nasiphocae isolated from the nasal cavities of a phoca vitulina [40], Arthrobacter gandavensis
isolated from cattle [41], and Arthrobacter equi isolated from genital swabs of a horse [35].
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The presented case is extremely rare and interesting for both the etiologic agents found and
the peculiar pathological features. C. pseudotuberculosis isolated in a horse in Italy could represent
the first report on this agent to date, as well as A. creatinolyticus and Dietzia maris are the first
bacterial infections revealed in horses. Both the histopathological and bacteriological diagnosis
allowed to the use of a targeted therapy with Trimethoprim and sulfametoxazole (10 g/100 kg orally
the first day, and then 5 g/100 kg for 10 days) resulting in an extensive reduction in number and size
of the detected lesions. At one year away, the follow-up marked improvement in the general

conditions and the pregnancy status of the mare.

Figure 1: A) Several single or multiple subcutaneous nodules and masses, 3 to more 20 cm in size,
B) mainly localized at shoulder regions. C) adherent to muscles, painless and firm in consistency. D)
On cut section, evidence of necrotic caseous material surrounded by a fibrotic pseudo capsule with
small purulent-like foci externally to the necrotic tissue.
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Figure 2: Histological examination: A) Widespread inflammatory infiltrate invading the
endomysium (EE, 10x); B) Mixed inflammatory infiltrate constituted by granulocytes neutrophils
and mainly eosinophils, macrophages, lymphocytes, plasma cells, epithelioid and multinucleated
giant cells (EE, 40x); C) Collagenolytic degeneration areas and foci of necrosis associated with
calcification (EE, 10x); D) Gram stain allowed to detect small aggregates of pleomorphic, blue Gram-

positive microorganisms free or inside macrophages (Gram , 40x).
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Figure 3: The biochemical identification showed atypical urease test (-), catalase (+), glucose and

sucrose (+), gelatin and casein hydrolysis (-), and nitrate reduction (-) for the first microorganism.

‘ <€—— 16S rRNA (816 bp)
B . f € narG (~600bp)
b R €—— rpoB (446bp)

€——pld (203 bp)

Figure 4. Agarose gel electrophoresis of the quadruplex PCR products for the identification of the two strains

isolated from a horse. Lane 1- 1kb Gene Ruler DNA Ladder (Thermo Scientific); Lane 2- Negative Control;
Lane 3- C. pseudotuberculosis Ovis DNA (strain 1002); 4- C. pseudotuberculosis 258 Equ;i 5- DNA from

strain 1, isolated from a sick equine; 6- DNA from strain 2, isolated from a sick equine. The arrows indicate

the target genes and fragment sizes expected for the C. pseudotuberculosis amplification profiles.
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