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Summary

Summary

Introduccion
Staphylococcus aureus

Staphylococcus aureus es una bacteria Gram positiva, comensal de la mucosa
nasal y de la piel de los seres humanos. Aproximadamente el 30% de la poblacién
estd colonizada con S. aureus, sin embargo, es también un patégeno oportunista,

causante de infecciones principalmente hospitalarias, pero también comunitarias.

La enorme versatilidad de S. aureus como bacteria patégena se debe a su
habilidad para persistir y multiplicarse en diferentes ambientes junto con su
capacidad para producir una gran variedad de factores de virulencia. Muchos de
estos factores de virulencia como superantigenos, toxinas, proteinas implicadas en
la formacion de biofilm o en la adaptacion del hospedador descritas hasta la fecha

se encuentran en Elementos Genéticos Mdéviles (EGMs).
Virulencia y regulacion

Durante una infeccidn, S. aureus debe expresar correctamente los genes de
virulencia para poder sobrevivir a las condiciones impuestas por el hospedador.
Dado el nimero tan elevado de genes de virulencia que posee este microorganismo,
la expresion debe ser finamente regulada para asegurar una eficiente coordinacidn.
Se han identificado multitud de ARNs y proteinas con funcién reguladora de estos
procesos, pero vamos a centrarnos en la regulacion por antiterminacién ya que es la
que se desarrolla posteriormente en la tesis. La antiterminacién suprime la accién
de los terminadores y permite la expresion de los genes que se encuentran aguas
abajo. Los antiterminadores pueden manipular la RNA polimerasa para que evite las
sefiales de terminacion y transcribe un conjunto de genes en un solo transcrito. Se
han descrito ya multitud de proteinas antiterminadoras, por ejemplo, las proteinas

N y Q del bacteriéfago lambda (A) o la proteina NusG y sus paralogos.
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Summary

Elementos Genéticos Moviles

Los EGMs son regiones del cromosoma que pueden moverse dentro del
genoma y pueden transferirse de manera horizontal a otras bacterias. En el caso de
Staphylococcus spp, los EGMs son entre el 15-20% del genoma y suelen contener
diferente porcentaje de G+C en comparacion con el que se observa en el resto del
genoma. Se movilizan de manera horizontal siendo el principal paso evolutivo que
acelera las variaciones fenotipicas y genotipicas en las poblaciones de
Staphylococcus spp. permitiendo la adaptacién rapida a distintos ambientes y a

diferentes hospedadores.

Entre los EGMs destacan los plasmidos, transposones, casetes cromosémicos
y en los que nos vamos a centrar en este estudio que son los bacteriéfagos y las islas

de patogenicidad de S. aureus (SaPls).

Bacteriofagos

Los EGMs mas ampliamente estudiados son los bacteriéfagos. También se les
conoce como fagos y son agentes infecciosos que se replican como agentes
intracelulares obligados dentro de las bacterias y que para hacerlo utilizan la
maquinaria biosintética de su hospedador. En Staphylococcus spp, los bacteriéfagos
son mayoritariamente lisogénicos y pertenecen al orden Caudovirales,

principalmente a la familia Syphoviridae.
Los bacteriéfagos pueden clasificarse dependiendo de su ciclo de vida en:

Fagos liticos virulentos que tras su multiplicaciéon provocan la lisis de
la célula hospedadora, liberando una nueva progenie fagica en un proceso conocido

como ciclo litico.

Fagos atemperados en los que el DNA viral se integra en el genoma de
la bacteria infectada y se replica junto a éste, transmitiéndose de una generacion a
otra (transferencia vertical) sin que se produzca la lisis celular. Este fendmeno se
conoce como lisogenia, a la cepa asi infectada como lis6geno y al DNA viral integrado

como profago.
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Los bacteri6fagos de S. aureus tienen una estructura conservada en moédulos.
Todos ellos tienen dos genes encargados de controlar el ciclo litico y el lisogénico. El
gen cl es requerido para el establecimiento de la lisogenia y el gen cro es necesario
para promover el desarrollo litico de los fagos mediante la inhibicion de la expresion
de CI. Bajo condiciones de dafio celular, se desencadena la respuesta SOS como
mecanismo de supervivencia por parte de la bacteria, en presencia de RecA* se
promueve la autoescision del represor CI seguida de una degradacidn proteolitica,
lo cual libera la represion de cro y permite la expresion de los genes implicados en

el ciclo litico que conducira a la lisis celular.

Para llevar a cabo la lisogenizacion de una bacteria, el bacteriéfago se integra
de manera especifica en el cromosoma bacteriano, en el sitio de integraciéon
denominado attB. La recombinaciéon se realiza mediante una integrasa (int).
Adyacente a int se halla xis, que codifica para una escisionasa, que junto a la
integrasa es la que cataliza la escision del profago. Una vez se ha escindido del

cromosoma se lleva a cabo la replicacion.

En paralelo, una vez el fago empieza a replicarse, se empiezan a sintetizar las
proteinas estructurales que forman la cabeza y el tallo fagico, asi como las proteinas
encargadas del ensamblaje de las particulas viricas y las proteinas encargadas de la

lisis celular.

Una vez se ha formado la capside, la proteina fagica terminasa forma un
complejo entre sus dos subunidades (subunidad grande y subunidad pequefia) que
interacciona con el DNA concatemérico formado durante la replicacion del

bacteriéfago.

Existen dos modelos de empaquetamiento del DNA fagico. En ambos, la
subunidad pequena de la terminasa reconoce una secuencia nucleotidica especifica
donde se une, la subunidad grande realiza el primer corte y ambas interactian con
la proteina portal para introducir el DNA dentro de la procapside. En el caso de fagos
cos, el segundo corte que realiza la subunidad grande es especifico de secuencia

(secuencia cos) y se empaqueta una Unica copia del genoma del fago comprendida
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entre los dos sitios cos. Por el contrario, en los fagos pac, el segundo corte es

inespecifico de secuencia, empaquetandose DNA hasta que la capside esté llena.

La gran mayoria de proteinas implicadas en virulencia se codifican en la regiéon
mas alejada de la integrasa, después del médulo de lisis. Las proteinas mas
frecuentes en esta region son enterotoxinas estafilocécicas, como SEA o SEP, que
presentan actividad emética y son los agentes causantes de casos de intoxicacion
alimentaria en humanos, estas toxinas son también superantigenos, que tienen la
capacidad de estimular una gran poblacion de células T. Ademas, encontramos
proteinas inhibidoras del sistema inmune del hospedador, como pueden ser Sak,
una estafiloquinasa moduladora responsable de la destruccién tisular del
hospedador; CHIPS, una proteina inhibitoria de la quimiotaxis o SCIN que inhibe el
sistema del complemento. Todos estos genes pertenecen al cluster de evasion del
sistema inmune (IEC), localizado principalmente en los bacteriéfagos que se

integran en la 3-hemolisina.

Cuando un bacteri6fago se atempera en una cepa, lisogenizandola, le
proporciona un arsenal de genes de virulencia que no disponia. Por tanto, los
bacteriéfagos juegan un papel importante en la transmision de factores de
virulencia, bien porque estan codificados en su genoma o también de forma
indirecta ya que son vehiculos de informacion genética no codificada por el fago. En

concreto son los Unicos responsables de la movilizacion de islas de patogenicidad.

La transduccién es la transferencia horizontal de genes mediada por
bacteriéfagos. La transduccién impulsa la evolucién de los procariotas y puede darse

principalmente por tres mecanismos sustancialmente diferentes.

Transduccion generalizada: es el resultado de “errores” continuos en
el empaquetamiento del ADN por parte del fago, pudiendo empaquetar
aleatoriamente tanto ADN cromos6mico como su propio ADN en particulas fagicas.
Estas particulas pueden infectar a una nueva bacteria y el ADN podra incorporarse
0 no por recombinacidn, pero no podra volver a entrar en ciclo litico ya que no posee

los genes necesarios para hacerlo.
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Transduccién especializada: resulta de un proceso de escisién
inexacta del profago insertado en el cromosoma, que conduce al empaquetamiento
del genoma del profago (total o parcialmente) y una pequefia parte de ADN

cromosomico contiguo al profago.

Transduccion lateral: es un mecanismo recientemente descubierto en
bacteriéfagos de S. aureus. Los profagos retardan la escision e inician la replicacion
del DNA estando todavia integrados en el cromosoma. El empaquetamiento se inicia
con los fagos todavia integrados y se empaquetan cientos de pares de bases del

genoma de S. aureus con alta frecuencia.

Islas de Patogenicidad de S. aureus (SaPlIs)

Las islas de patogenicidad de S. aureus (SaPIs) son segmentos cromosomales
discretos, de un tamafio variable de entre 15-20 Kb que generalmente codifican para
toxinas, como la del sindrome del shock toxico (TSST-1), superantigenos, o para
otros factores de virulencia. Las SaPIs fueron las primeras islas de patogenicidad

descritas en Gram positivos.

Las SaPIs presentan una relacién muy estrecha con los bacteri6fagos de S.
aureus. Asi pues, para la movilizacion de las SaPIs es necesaria la infeccion de la cepa

portadora de la isla por parte de un fago o la induccién de un profago residente.

Las SaPIs presentan una organizacion genética muy conservada que recuerda
a la organizacién modular de los bacteriéfagos, de manera que genes con funciones
relacionadas pertenecen al mismo modulo funcional. El primer gen de la isla codifica
para una integrasa (int) que es necesaria para la integracion y escision de la isla de
sitios especificos del cromosoma. A continuacidn, se encuentra el modulo de
regulacion que estd constituido por dos genes: stl y str, codificados en direccion
divergente. Las SaPIs se encuentran de manera estable integradas en el cromosoma
debido a la accion del represor Stl, el cual, al unirse a la regién intergénica de los
genes stly str bloquea la transcripcion de los genes de la SaPI. La desrepresion de la
isla es llevada a cabo por proteinas del fago que actian como inductores y mediante
una interaccion proteina-proteina, se unen a Stl impidiendo su unién a la region

intergénica y activando asi la transcripcion de los genes de la isla. Hay una gran
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diversidad de secuencia entre los represores Stl codificados por las distintas islas y
dado que la interacciéon es especifica, cada represor interacciona con distintas
proteinas fagicas. Los bacteriéfagos de S. aureus difieren en su capacidad para
inducir diferentes SaPls, dependiendo de si codifican para las proteinas fagicas

inductoras y de la afinidad que presentan dichas proteinas por su unioén al Stl.

Una vez se ha eliminado la represién, comienza la expresion de la integrasa
(int) y la escisionasa (xis) para la correcta escisién de la isla. A continuacion, se inicia
la replicaciéon en forma de circulo rodante, formando un concatémero de gran

tamafio que posteriormente es procesado durante la encapsidacidn de la isla.

Las SaPIs carecen de genes que codifiquen para las proteinas estructurales que
forman las capsides y utilizan las que forman los fagos para su propia encapsidacién
y asi poder movilizarse. No obstante, la mayoria de SaPIs codifican algunas proteinas
que interfieren con los fagos y forman el llamado operoén 1. Este operon, controlado
por LexA, contiene una subunidad pequefia de terminasa (TerS) que interacciona
con la subunidad grande del fago y favorece la encapsidacion del genoma de la SaPI
en detrimento de la encapsidacion de genoma fagico. Ademas, en este operon,
también se encuentran las proteinas CpmA y CpmB que redirigen la produccién de
capsides disminuyendo su tamafio, donde Unicamente el genoma de la isla puede
empaquetarse. PtiA y PtiM también se localizan en el Operén I y dificultan la

transcripcion de los genes fagicos relacionados con morfogénesis y lisis.

Recientemente se ha identificado una nueva familia de SaPIs que no contienen
el clasico operén I. Este, ha sido sustituido por un segmento con un sitio cos y una
proteina homologa a una proteina de capside de fago (Ccm). Estas SaPls, ademas, no
contienen una subunidad pequeia de la terminasa (TerS). Pueden ser encapsidadas
por fagos pacy cos utilizando inicamente la terminasa pequeiia del fago. Ademas, la
proteina Ccm causa interferencia con los fagos y parece necesaria para la formacion

de capsides pequefias.

Ademas de la amplia distribucion de las islas dentro de los estafilococos, se ha

observado la transferencia de estos elementos entre distintos géneros y especies
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bacterianas. En concreto se demostro la transferencia de SaPIs a Staphylococcus

epidermidis, Staphylococcus xylosus y Listeria monocytogenes.

Recientemente, se han identificado elementos similares a las SaPls en otras
especies de Staphylococcus spp y en otros géneros bacterianos como Streptococcus
spp, Enterococcus spp y Lactococcus spp. Incluso, se han identificado en bacterias
Gram negativas como Escherichia coli o Pasteurella multocida. Esto permitié la
creacion de una nueva familia de EGMs denominada PICIs (phage-inducible

chromosomal islands).

Objetivos

Basado en lo que se ha expuesto en la introduccién, es evidente que los
bacteriéfagos y las SaPIs son dos piezas fundamentales en la transferencia
horizontal de genes y en la diseminacion de factores de virulencia entre poblaciones
bacterianas. Por tanto, el presente trabajo amplia el conocimiento sobre estos EGMs
lo que permitira abordar las infecciones bacterianas desde otra perspectiva. En base

a dichos antecedentes se propusieron tres objetivos especificos de la tesis doctoral.
12 Caracterizacion de SaPIs en cepas clinicas de S. aureus

Las SaPIs estan implicadas en diferentes procesos relacionados con virulencia
como la produccion de toxinas, la formacion de biofilm o la adaptacién al
hospedador. Sin embargo, la relevancia de estos EGMs en cepas clinicas no ha sido
estudiada en profundidad. El primer objetivo de la tesis es determinar la presencia
de SaPIs en cepas clinicas. Ademas, debido a que las SaPIs tienen una estructura
conservada organizada en modulos funcionales, se determind la presencia de estos
modulos dando especial relevancia al médulo de integracién y regulacion, asi como

al contenido de genes de virulencia.

22 Estudio de la movilizacion de SaPIs por fagos enddgenos en

cepas clinicas de S. aureus.

Hasta la fecha, el estudio de la movilizacion de SaPIs siempre se habia realizado

en cepas de laboratorio. En cambio, recientes evidencias han demostrado que
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antibioticos de uso clinico (ciprofloxacina o trimetoprima) pueden provocar la
induccién de profagos. La activaciéon de los fagos puede producir la induccién de
SaPlIs y la consecuente diseminacion de los factores de virulencia que contienen.
Como resultado de este proceso, antibioticos que se usan para tratar infecciones
pueden agravar los riesgos asociados con la patogenicidad de la bacteria. Por tanto,
el segundo objetivo de la tesis es estudiar la movilizacion de SaPIs en el ambiente
clinico. Este estudio es fundamental para entender la patogénesis de este
microorganismo y considerar el efecto de los antibidticos en la propagacion de

factores de virulencia.

3¢ Estudiar el papel de las SaPIs como reguladoras de genes de

virulencia cromosomicos.

Diversos estudios han reflejado que las SaPIs no son solo portadoras de genes
de virulencia. Ademas, son capaces de mediar la transferencia de otras zonas
cromosomicas, interferir con la reproduccion de los bacteriofagos, incluso pueden
determinar la especificidad del huésped. El hecho de que las SaPIs estén implicadas
en otros procesos ademds de los descritos hasta ahora las hace todavia mas
relevantes en la evolucién y adaptacion del microorganismo. El tercer objetivo de la
tesis es determinar si las SaPIs estan implicadas en la regulacion de genes

cromosOomicos.

Metodologia y Resultados
Caracterizacion de SaPlIs en cepas clinicas

Para el estudio de caracterizacién de los EGMs en cepas clinicas, se utilizaron
cepas de S. aureus aisladas de pacientes con fibrosis quistica (FQ) y cepas de S.
epidermidis procedentes de infecciones protésicas y de catéteres. Estas fueron
cedidas por el servicio de microbiologia del Hospital Universitario y Politécnico la

Fe de Valencia.

Se extrajo el ADN de las 200 cepas de S. aureus procedentes de pacientes con
FQ y se determin la presencia de SaPIs y bacteri6fagos mediante PCR y Southern

blot. Las SaPIs se pueden clasificar en funciéon de su integrasa en cinco familias
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principalmente, las cuales estan altamente conservadas y permiten que estos EGMs
se integren en sitios especificos. Al igual que las SaPIs, los bacteri6fagos también se

clasifican en funcién de sus integrasas en 7 tipos.

Los resultados obtenidos mostraron que el 100% de las cepas poseian fagos
en el genoma y el 58,3% de las cepas contenian mas de uno tipo de bacteriéfago,
siendo mas frecuentes los fagos con integrasa tipo 3,2y 5 (77,5%, 37% y 28%). En
el caso de las SaPlIs, el 50% de las cepas contenian al menos una SaPI integrada en el
genoma y 23,8% contenian mas de un tipo de isla. Las SaPIs mas frecuentes fueron

las que contenian integrasa tipo I, Vy IlI (42%, 36% y 35%).

Por otro lado, se estudi6 la presencia de estos EGMs en otras especies, para
ello, se utilizaron 48 cepas de S. epidermidis aisladas de infecciones relacionadas con
dispositivos médicos. Siguiendo la misma metodologia, se identificaron las SePlIs
que contenian en el genoma. El 83,3% de las cepas contenian una SePI integrada en
su genoma y el 43,75% contenian mas de un tipo de SePl. Las SePIs mas frecuentes

fueron las que codificaban para integrasas tipo V (85%).

Algunas de las cepas fueron secuenciadas y mediante el uso de herramientas
bioinformaticas se confirmo la presencia de SaPlIs, SePlIs y bacteri6fagos. Por otro
lado, se caracterizaron los distintos mddulos funcionales de las SaPIs y SePIs como
son los modulos de integracion y regulacion y se identificaron los genes

relacionados con virulencia.

Movilizacion de SaPIs por fagos endogenos en cepas clinicas de S. aureus

Teniendo en cuenta la clasificacion de las SaPIs en el apartado anterior, se
determind la induccién de SaPlIs por bacteriéfagos endégenos mediante Southern
blot con sondas especificas de las distintas integrasas. Las cepas fueron sometidas a
tratamiento con mitomicina C (MC) para activar la respuesta SOS, inducir los
profagos y estudiar si estos fagos son capaces de inducir a las SaPIs residentes. Para
ello, se tomdé muestra a tiempo 0 y tras 90 minutos del tratamiento con MC, las
muestras fueron procesadas, se corrieron en un gel de agarosa y se transfirieron a
una membrana de nylon. Posteriormente, fueron hibridadas con sondas de cada una

de las integrasas y se pudo determinar si la SaPI estaba integrada en el cromosoma
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(SaPI no inducida) o si por el contrario se habia escindido del cromosoma (SaPI
inducida). De las 100 cepas de S. aureus analizadas, 22 cepas poseian SaPIs inducidas

por fagos endégenos.

Con el fin de determinar si los resultados obtenidos con cepas procedentes de
nuestro Hospital y de un nicho concreto como eran los aislados procedentes de
pacientes con fibrosis quistica eran extrapolables a otros nichos y con cepas de
distinta procedencia, se analizaron 14 cepas clinicas descritas en la bibliografia.
Utilizando la misma metodologia se determin6 que 7 cepas poseian SaPIs que eran
inducidas por fagos enddgenos por lo que se confirmé que las SaPIs son inducidas

en un alto porcentaje por fagos endégenos en cepas clinicas

Asimismo, la induccién de las islas también fue estudiada en S. epidermidis. Se
determindé que, de 40 cepas, Unicamente una cepa contenia tres SePIs y dos de ellas

eran inducidas por fagos enddgenos.

La proteina hipotética con dominio de funcion desconocida DUF3113

del fago Sa2mw es responsable de la induccion de SaPImw2

Una vez se confirmé la movilizaciéon de SaPIs en cepas clinicas, se estudié en
profundidad el mecanismo de movilizaciéon de SaPImw?2 contenida en la cepa MW2.
La cepa MW2 contiene dos profagos (®SaZmw y ®Sa3mw) y una SaPI (SaPImw2) la

cual codifica para 3 factores de virulencia.

Para estudiar la movilizacién de la isla SaPImw?2, el primer paso fue introducir
un marcador en la isla. Para ello se sustituyé un gen que codifica para una
enterotoxina por un casete de resistencia a kanamicina (SaPlentC::cat). Se obtuvo
un lisdgeno del ®Sa2mw procedente de la cepa MW?2 en la cepa de laboratorio no
lisogénica RN4220 y se transdujo la isla marcada SaPlentC::cat. Mediante Southern
blot se demostré que el fago ®SaZmw era el responsable de la induccién de

SaPImw?2.

Para identificar que proteina del fago era la responsable de interaccionar con
Stlsapimw2, se realiz6 una fusion transcripcional con la region reguladora de la isla.

Para ello se utiliz6 el plasmido pCN41 y se clonaron los genes stl y str de SaPImw2
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fusionados con el gen de la B-lactamasa. Por otro lado, se utiliz6 el plasmido pCU1
en el que se habia introducido previamente un promotor inducible por cadmio y se
clonaron las distintas regiones del fago. Ambos plasmidos fueron transformados en
la cepa no lisogénica RN4220, se indujo con CdClz y se cuantificé la actividad (-
lactamasa. El gen MW1424 que codifica para una proteina de funcion desconocida
con dominio DUF3113 parecia ser el responsable de la desrepresion de la isla

SaPImw?2.

Para confirmar el papel como inductor de SaPImw2, se debia demostrar que la
proteina hipotética DUF3113 se unia al represor Stlsapimwz2. Para ello, se clonaron
ambos genes en el vector pET28a fusionados con una cola de histidinas. Se llevé a
cabo la purificacién mediante cromatografia de afinidad utilizando una columna con
resina de niquel y se realizaron experimentos de pull-down. Ademas, las proteinas
purificadas se sometieron a cromatografia por exclusiéon de tamafio. Se introdujo
Hise-Stlsapimw2 y Hise-DUF3113asa2zmw por separado y mezcladas en la columna y el
patrén de picos fue diferente. Hise-Stlsapimw2 eluia en dos picos, 116 y 165 mL y Hise-
DUF3113asazmw eluia en un pico a 187 mL. En cambio, la mezcla Hise-Stlsapimw2 con
Hiss-DUF3113asa2mw ademas de los picos enumerados previamente, eluia en un
nuevo pico a 135 mL que correspondia a la interacciéon de las dos proteinas. El
contenido proteico de cada uno de los picos eluidos fue comprobado mediante
electroforesis en gel de poliacrilamida (SDS-PAGE) y se confirm¢ la interacciéon de

Stlsapimw2 con DUF3113esa2mw.

Finalmente, se estudi6 la capacidad de otras variantes alélicas del gen
DUF3113 presentes en otros fagos para inducir SaPImw2. Primero se comprobd
mediante fusién transcripcional la capacidad de los fagos 80a, @11 y @12 para
desreprimir SaPImw2. El plasmido pCN41stl-strsapimw2 fue introducido en los
diferentes liségenos (RN4220 80a, RN4220 @11, RN4220 ®12) y se cuantificé la
actividad -lactamasa tras la inducciéon con MC. Tanto el lisdgeno del fago 80a como
el del @12 mostraron actividad B-lactamasa. Estos resultados se confirmaron por

Southern blot.

En paralelo, se clonaron las distintas variantes alélicas del gen MW1424 de los

fagos 80a, @11, ®2c y ®6¢c marcadas con la etiqueta 3xflag en el plasmido pCN51.
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Todas ellas se clonaron con la misma zona de unién al ribosoma con la intencion de
que la expresion de estos genes fuera la misma en todos los casos. Estos plasmidos
se transformaron en la cepa RN4220 SaPImw2entC::caty se indujeron con CdClz. Se
realizé un Western blot para corroborar que la expresion de las distintas proteinas
era similar. Mediante Southern blot se mostro la distinta capacidad de las proteinas
DUF3113 para inducir SaPImw2. DUF3113 del fago 80a y ®6¢ fueron capaces de
inducir SaPImw2, en cambio, DUF313 del fago ®11 y ®2c no eran capaces de

inducirla.

Por ultimo, se realizaron analisis in silico para determinar si DUF3113 estaba

presente en otras cepas del género Staphylococcus.
Parte de estos resultados han sido publicados en Cervera-Alamar et al., 2018.

Las SaPlIs controlan la expresion de genes cromosomicos

Con el fin de estudiar la posible implicacién de las SaPIs en la expresion de
genes cromosOmicos, se realizé un “tiling array” de distintas cepas de S. aureus. Las
cepas escogidas fueron RN450, RN450 + 80a, RN450 + SaPIbov1 (SB1) + SaPI1,
RN450 + 80a + SaPIbov1 (SB1) + SaPI1 y RN450 SaPIbov1Astl. Se estudiaron dos
condiciones: sin inducir y tras 60 minutos de inducciéon con MC. El analisis de los
resultados mostré que las SaPIs estaban implicadas en la expresion de varios genes
cromosomicos. Pero, en particular, se producia un aumento de la expresion del
operon crtOPQMN y del gen SAOUHSC_02886 en todas las condiciones en las que la

SaPI estaba inducida.

El operdn crtOPQMN contiene 5 genes que son responsables de la biosintesis
del carotenoide estafiloxantina (STX). STX es el pigmento que le proporciona el color
dorado caracteristico a S. aureus, pero también es considerado un importante factor
de virulencia. Este actiia como un antioxidante que permite la desintoxicacién de las
especies reactivas de oxigeno (EROs) generadas por el sistema inmune del
hospedador como 0Oz, H202 o HOCI. Las bacterias que carecen de los pigmentos
carotenoides crecen normalmente, pero son eliminadas rapidamente por las EROs

de los neutroéfilos del hospedador. Estudiar en profundidad el mecanismo de
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biosintesis de estafiloxantina para poder bloquearlo lo hace una diana terapéutica

potencialmente atractiva.

El gen SAOUHSC_02886 codifica para una proteina con funcién desconocida
con un dominio acetiltransferasa (gnat). Miembros de esta familia estan
relacionados con la resistencia a antibidticos aminoglicésidos como la kanamicina,
gentamicina y tobramicina. La sobreexpresion de estos dos loci se validé mediante

qRT-PCR.

Las proteinas de la isla SaPIbov1 PtiA y PtiM son responsables de la
produccion de STX

Previamente se habia observado que un mutante en el represor de SaPIbov1
(Astl) en el que la isla esta replicando constantemente tenia una coloracién amarilla
intensa. Para comprobar que era debido a la expresién de STX se realiz6 un mutante
en el operdn crtOPQMN y se demostro que la coloracion era debida a STX, ya que
dicho mutante era blanco a pesar de la sobrexpresion de la isla. Por otro lado, para
identificar que genes de SaPIbov1 eran responsables de la sobrexpresiéon de STX,
nos centramos en el Operon I, ya que este se encuentra regulado por LexA y por
tanto es sensible a la respuesta SOS. El mutante del operdn I de SaPIbov1 mostré
coloracién blanca tras la induccidon con MC, por tanto, era el operon responsable de

la induccién de STX.

Con el fin de conocer que ORFs del operdn [ SaPIbov1 estaban implicadas en la
induccién de STX, se obtuvieron mutantes de cada uno de los genes y se observd
como afectaba a la coloracion de los precipitados tras la induccién con MC. Estos
resultados mostraron que las ORFs 6 y 7 de SaPIbov1 eran las principales implicadas
en el proceso. Para confirmar este resultado, se complement6 la cepa RN450 (que
no contiene ninguna SaPI) con plasmidos de expresiéon (pCN51) que contenian las
ORF 6, ORF 7 y las ORF 6-7 y se analiz6 la coloracién. Los resultados indicaron que
la ORF7 erala responsable de la sobreexpresiéon de STX y que la ORF6 contribuia en
el proceso aumentando dicho efecto. Los resultados de sobreexpresion de STX por

parte de las ORF6-7 de SaPIbov1 fueron confirmados mediante qRT-PCR.
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En SaPI2 se han descrito homologos a ORF 6 y 7 de SaPlbovl y fueron
nombrados como ptiA y ptiM respectivamente. Estos genes estan relacionados con
mecanismos de interferencia con fagos. PtiA (ORF 6) se une al activador
transcripcional fagico LtrC y bloquea la produccidn de proteinas del virion y de lisis.
PtiM (ORF 7) se une directamente a PtiA y modula su actividad. Por tanto, ambas
proteinas son multifuncionales. Ademas de interferir con el ciclo de los

bacteriéfagos, son reguladoras de genes cromosémicos implicados en virulencia.

Un analisis comparativo in silico mostré que habia proteinas similares a PtiA y
PtiM en otras SaPIs. Se clonaron diferentes parejas de genes ptiA-M procedentes de
distintas SaPIs (SaPI2, SaPleq y SaPIpt1028) en el plasmido de expresiéon pCN51
inducible por CdClz y se transformo por electroporacion en la cepa RN4220. Tras la

induccion con CdClz se produjo un aumento en la pigmentacion en todas las cepas.

Las proteinas PtiA y PtiM regulan la induccion de STX mediante un

mecanismo de antiterminacion

Para determinar el mecanismo por el cual las proteinas PtiA y PtiM
controlaban la expresion de STX, se estudié la hipotesis de que ambas proteinas
actuaban como factores de transcripcion y se unian al promotor del operén
crtOPQMN para iniciar el proceso de transcripcion. Para ello se realizé un mutante
en el promotor del operdn (APcrtO) en la cepa RN450 y se complementaron con el
plasmido de expresion (pCN51) en el que se clonaron los genes ptiA-M. Tras inducir
la cepa con CdClz se cuantificé la pigmentacion. La delecion en el promotor no tuvo
ningun efecto negativo en la produccién de STX y se descarto6 la posibilidad de que
PtiA-M actuaban como factores de transcripcion mediante la unién directa al

promotor.

Con el fin de elucidar el mecanismo de regulacion, se estudié cuidadosamente
el perfil de expresiéon del operdn crtOPQMN y las zonas flanqueantes entre la cepa
que poseia las islas integradas en el genoma (RN450 +SaPIbov1 + SaPI1) y la cepa
en la que la isla estaba continuamente inducida replicAindose (RN450 SaPIbov1Asti).
La principal observacion fue que la expresién de la cepa RN450 SaPlbov1Ast]

empezaba en el gen isaA (SAOUHSC_02887) y no decaia hasta el gen copA
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(SAOUHSC_02874). Parecia que los genes se transcribian conjuntamente en un solo
transcrito de alrededor de 13400 pares de bases. En cambio, el perfil de expresion
de la cepa RN450 +SaPIbov1 + SaPI1 era el esperado. Los niveles de expresion eran
altos en las zonas codificante del gen y bajos en las regiones intergénicas. Los genes
parecian expresarse de manera independiente formando distintos transcritos. El
comportamiento en relacion a la expresion de la cepa RN450 SaPIbov1Astl sugeria
que la induccién de la isla provocaba que los genes flanquenates al operdn
crtOPQMN se cotranscribiesen. Un mecanismo posible podia ser la antiterminacién
procesiva en el que se evita que la RNA polimerasa interactie con secuencias

terminadoras y transcriba varios genes en un solo transcrito.

Para confirmar el mecanismo de antiterminaciéon como consecuencia de la
expresion de PtiA-M, se llevaron a cabo varias RT-PCRs. Primero se extrajo el RNA
de las cepas SH1000 AoB pCN51 y SH1000 AcB pCN51_ptiA-M y se retrotranscribid
a cDNA. Este cDNA se utilizé como molde para las PCRs. Se disefiaron 5 parejas de
cebadores que hibridaban con las regiones intergénicas presentes a lo largo de toda
la region estudiada. En el caso de que existiese mas de un transcrito no se obtendria
producto de PCR con las parejas de cebadores de las regiones intergénicas, mientras
que si por el contrario sélo existiese un transcrito (desde SAOUHSC_02887 hasta
SAOUHSC_02872) se obtendria producto de PCR en todas las reacciones. Todas las
PCRs correspondientes a las regiones intergénicas estudiadas fueron positivas
cuando se sobreexpresaba ptiA-M siendo negativas en ausencia de dichas proteinas.
Estos resultados confirmaron la formaciéon de un solo transcrito cuando PtiA-M
estaban presentes y sugerian un posible mecanismo de antiterminaciéon que se

iniciaba en el isaA.

Para confirmar que la antiterminacién se producia en el gen isaA, en la cepa
RN450 SaPIbov1Astl, se llevé a cabo la mutacién de su promotor, asi como de otros
promotores que se encontraban en el posible transcrito: gnat, oatA 'y ssaA. Las cepas
mutantes fueron complementadas con el plasmido pCN51_ptiA-M y se calcul6 la
produccién de carotenoide tras el tratamiento con CdClz. Unicamente la delecién del
promotor del gen isaA causé un descenso en la pigmentacién de los precipitados.
Por tanto, se determind que la antiterminacion se producia en la regién
correspondiente a isaA.
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Para entender el papel del gen isaA en la expresion del operén crtOPQMN se
llev6 a cabo la mutacion de todo el gen (RN450 AisaA) y se sobreexpresaron los
genes ptiA-M. Esta mutacion se correlacion6 con una ausencia total de pigmentacion.
Sin embargo, en un mutante puntual en IsaA (L10stop), si se produjo aumento de
pigmentacion cuando se sobreexpresaron los genes ptiA-M, por tanto, la proteina

IsaA no estaba implicada en dicho proceso.

Una caracteristica importante de los operones es que todos los genes se
transcriben en la misma orientacion. En este estudio se revirtio la orientacion del
gen oatA (aguas arriba del operén crtOPQMN) en la cepa RN450 y se estudié como
afectaba a la produccion de STX cuando se sobreexpresaban los genes ptiA-M. El
cambio de orientacion bloque6 el mecanismo de antiterminacion por el que los
genes se encontraban en un solo transcrito y no hubo pigmentacion pese a la

sobreexpresion de PtiA-M

Conclusiones

1. Las PICIs estan presentes en el 50% de los aislados clinicos de S. aureus
analizados provenientes de pacientes con fibrosis quistica y en el 83.3% de
los aislados clinicos de S. epidermidis procedentes de infecciones asociadas a
catéteres.

2. Las SaPIs pueden ser movilizadas por bacteriéfagos endégenos en cepas
clinicas. En concreto, 18,75% los aislados procedentes de pacientes con FQ y
el 50% de los aislados clinicos de S. aureus de origenes muy diversos que han
sido analizados contenian SaPIs inducibles por sus profagos residentes.

3. Dos SePIs de un aislado clinico de S. epidermidis (SCN45) procedente de una
punta de catéter infectada, son movilizadas por alguno de sus bacteriéfagos
endégenos.

4. El gen MW1424 del fago ®Sa2mw codifica para una proteina con funcién
desconocida y dominio DUF3113. Esta proteina es la responsable de la
inducciéon de SaPImw?2 mediante la interaccién directa con el represor Stl.

5. Variantes alélicas del gen MW1424 codifican para proteinas con distinta

capacidad para inducir SaPImw?2.
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Las SaPlIs parecen ser capaces de secuestrar mas de un bacteriéfago para
poder movilizarse. SaPlc, procedente de la cepa C, es inducida por el
bacteriéfago ®6¢ y encapsidada por el ®2c. SaPImw?2, integrada en la cepa
MW?2, es movilizada e inducida por el fago ®SaZmw, pero la presencia de
®Sa3mw incrementa la frecuencia de transferencia.

Las SaPIs pueden regular la expresion de genes relacionados con virulencia
contenidos en el cromosoma. En concreto, son responsables de la
sobreexpresion del operdon crtOPQMN y el gen SAOUHSC_02886.

La proteina PtiM es la principal responsable de la sobreexpresion del operon
crtOPQMN y, por tanto, de la produccion de STX cuando la isla esta inducida.
La proteina PtiA interacciona con PtiM y contribuye al aumento de
produccién de STX. Proteinas homologas a PtiA y PtiM presentes en otras
islas también son capaces de regular la expresion del operén crtOPQMN.

El mecanismo por el que PtiA y PtiM regulan la expresion de STX es
independiente del mecanismo de regulacion de SigB. También es
independiente de la unién al promotor del operén crtOPQMN y corresponde
con un mecanismo de antiterminacién procesiva que se inicia en el gen isaA

y termina en el gen copA.

27






1. Introduction






1. Introduction

1.1 Staphylococcus aureus

1.1.1 Description

Staphylococcus aureus is a Gram-positive opportunistic bacterium that
colonises the skin and mucosae of human beings and several animal species. The
anterior nares are the primary reservoirs of S. aureus. About 30% of the human
population carry S. aureus asymptomatically but it is also able to cause superficial to
serious infections of almost all tissues (Peacock, De Silva, & Lowy, 2001) (Wertheim

etal, 2005).

S. aureus is considered a versatile opportunistic pathogen due to its ability to
cause disease in humans, mainly during moments of vulnerability associated with a
decrease in immune system competition. The infection usually begins with the
previous colonisation of S. aureus and when the natural skin barrier is disturbed
(e.g., cut, surgical incision, wound or bite), then the bacteria can spread to deeper
tissues. S. aureus causes a wide range of diseases, from superficial skin infections
such as furuncles and atopic dermatitis, to generalised and severe infections such as
endocarditis, necrotising pneumonia, osteomyelitis or septicaemia (Tong, Davis,
Eichenberger, Holland, & Fowler, 2015). It also causes toxin-mediated diseases such

as toxic shock syndrome, scalded skin syndrome or food poisoning (Otto, 2014).

The number of both hospital and community S. aureus infections is increasing
and this microorganism becomes more virulent and resistant to different antibiotics
(Foster, 2017). A global epidemic of methicillin-resistant S. aureus (MRSA) has
spread over the last four decades and since 1997, there has been an increase in the
number of cases with vancomycin-resistant S. aureus (VISA) (Hiramatsu et al., 1997)
(Grundmann, Aires-de-Sousa, Boyce, & Tiemersma, 2006) (Chambers & DeLeo,

2009).

According to an EPINE study in 2017 (Study of Prevalence of Nosocomial
Infections in Spain), S. aureus is the second microorganism responsible for
community infections behind Escherichia coli as well as the third in nosocomial

infections behind E. coli and Pseudomonas aeruginosa.
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1.1.2 Virulence

A successful S. aureus infection relies on the pathogen’s ability to colonise the
initial infection site, to adapt to the stresses of the host environment, to resist the
host defences and to spread to other sites in the host. To archive the infection, S.
aureus encodes for a myriad of virulence factors, such as adhesins, immune evasions

proteins, stress resistance proteins, degradative enzymes or toxins.

The genome size of S. aureus varies between 2.8 and 2.9 Mb and contains
around 2500 predicted protein-coding sequences (CDSs). In silico analysis suggests
that the S. aureus genome is comprised of around 75% core genome and around
25% of accessory genome (Lindsay & Holden, 2004). The core genome is conserved
and represents the genes present in all strains of a species. It typically includes
housekeeping genes for cell envelope and regulatory functions (>97%), as well as
genes related to virulence. In contrast, the accessory or dispensable genome is
highly variable and leads to defining intraspecies diversity. The accessory genome
contains genes with non-essential functions such as genes related to virulence or

resistance to metals and drugs (Lindsay & Holden, 2006).

The core genome contains virulence genes that are thoroughly studied, such
as the coagulase gene (coa) which facilitates the infection via its procoagulant and
fibrinogen-binding activity (Moreillon et al., 1995), the lipase gene (lip) which
interferes with the host granulocyte function (Hu, Xiong, Zhang, Rayner, & Chen,
2012) or the a and 3 haemolysins (hla and hib,) responsible for the red blood cell
lysis. In addition, new genes related to virulence are emerging, e.g., the N-
acetyltransferase gene involved in aminoglycoside antibiotic resistance (Srivastava
et al, 2014). Another example is the crtOPQMN operon that encodes for
staphyloxanthin (STX), the yellowish-orange (golden) pigment of S. aureus. STX is
linked to virulence due to its antioxidant properties. In the absence of STX, the
microorganism becomes more susceptible to death by reactive oxygen species
(H202, OH or ClO-) produced by neutrophils (Clauditz, Resch, Wieland, Peschel, &
Gotz, 2006).
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The accessory genome often includes factors that provide a survival advantage
in specific environment and defense mechanisms. This includes cytotoxins such as
Panton-Valentine leukocidin (PVL) or immune evasion cluster (IEC) that include
molecules such as the staphylococcal complement inhibitor (encoded by scn),
staphylokinase (Sak) or chemotaxis inhibitory protein (CHIPS). Enterotoxins also
play a broader role as virulence factors, which are powerful non-specific T-cell
stimulators that cause unregulated activation of the immune response. This family

includes SEA, SEB, SEQ or SEL among others.

Besides the secretion of diverse virulence determinants, S. aureus forms
biofilm. A biofilm can be defined as a community, typified by cells that are attached
to a substratum and embedded in a matrix of extracellular polymeric substance.
Biofilm formation protects S. aureus from opsonophagocytosis and antibiotic
treatment, and is therefore considered an important virulence factor. Two major
surface components have been implicated: the PIA/PNAG encoded by operon
icaADBC and the Bap protein (Cramton, Gerke, Schnell, Nichols, & Gotz,
1999)(Cucarella et al., 2004).

1.1.3 Regulation of virulence genes expression

During infection, pathogenic bacteria must be able to express their virulence
genes properly, as well as survive in the environmental conditions imposed by the
host (Toledo-Arana, Repoila, & Cossart, 2007). Different systems have been
developed to enable the bacteria to sense the environment and subsequently pair a
stimulus to a specific response. A plethora of RNAs and proteins with regulatory
function have been discovered in bacteria to control these processes (Fechter,

Caldelari, Lioliou, & Romby, 2014).

S. aureus rapidly adapts to different niches in diverse hosts. Given the high
number of virulence factors present in these bacteria, gene expression must be
finely tuned in order to efficiently coordinate their expression (Ibarra, Pérez-Rueda,
Carroll, & Shaw, 2013). In this thesis, the regulatory control mechanisms are

separated into transcriptional and posttranscriptional regulation.
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Transcription needs the binding of RNA polymerase (RNAP) to a promoter
DNA to form a complex, the reversible opening of DNA region, the incorporation of
nucleoside triphosphates, the progressive elongation complex and the release of the
complex at a termination signal. Each step is critical for transcription and constitute

possible targets for transcriptional regulation.

A large group of proteins called activators have been shown to activate
transcription by facilitating the binding of the RNAP to the promoter. They can
interact with the RNAP complex or alter the promoter conformation. Transcription
can also become negatively regulated by repressors. They can exert their activity
binding to the same site as RNAP and thereby hinder the binding to the promoter. S.
aureus genome encodes a number of transcriptional factors, including SarS, Rot or
SigB among others. SarS is a positive regulator of spa transcription and Rot is a
negative transcription regulator of a-hemolysin and protease expression
(Mcnamara, Milligan-Monroe, Khalili, & Proctor, 2000). lexA and recA are regulatory
genes of SOS response. LexA is a global repressor of SOS genes binding to their
operator region but, DNA damage can induce the SOS response and activate the RecA
protein. The activated RecA interacts with LexA repressor to facilitate the LexA
repressor’s self-cleavage from the operator which activates DNA-repair genes

expression (Bisognano et al., 2004) (Cirz et al., 2007).

Gene expression can be controlled at the transcriptional elongation level
through premature termination or antitermination mechanisms. The termination
signals can be grouped into two classes: intrinsic and factor-dependent (Merino &
Yanofsky, 2005). In the former, a specific sequence triggers the dissociation of the
RNAP complex, and they do not require any factors but can be enhanced by
accessory proteins (Greenblatt, McLimont, & Hanly, 1981) (Mondal, Yakhnin,
Sebastian, Albert, & Babitzke, 2016). The termination of factor-dependent signals
depends on the action of a regulatory protein such as Rho (Epshtein, Dutta, Wade, &
Nudler, 2010). Instead, the antitermination mechanisms suppress the action of
terminators in order to increase the expression of downstream genes (Santangelo &
Artsimovitch, 2011). Antiterminators can target a terminator region and also
manipulate the RNAP complex to avoid termination signals throughout an
individual transcript (Weisberg & Gottesman, 1999). This type of antitermination
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mechanism is called processive antitermination (PA) and causes the RNAP read-
through of multiple consecutive termination sites, even over longer genomic

distances.

Phage proteins from E. coli A bacteriophage N and Q were the first reported
examples of antiterminators. They control the expression of late phage genes related
to morphogenesis and lysis. N requires several host factors, called Nus factors to
bind to a specific structure in the mRNA and interact with the RNAP. N suppresses
termination at both intrinsic and factor-dependent termination signals. Instead, Q
interacts with double-stranded DNA, travels with the RNAP over long distances and
modifies the enzyme into a termination-resistant form. Further examples include
NusG and NusA, which increase transcription processivity by suppressing the RNAP
pausing mechanism (Alexander V. Yakhnin, Murakami, & Babitzke, 2016).
Paralogues to NusG, such as RfaH, Spt5 or LoaP interact with the DNA when
associated with the RNAP resulting in the suppression of transcription pausing
(Sevostyanova, Belogurov, Mooney, Landick, & Artsimovitch, 2011) (Goodson, Klupt,
Zhang, Straight, & Winkler, 2017).

The steady-state level of a mRNA is dependent on transcription initiation as
well as its stability (Le Scornet & Redder, 2018). Post-transcriptional regulatory
factors include proteins or antisense RNAs which can interact with mRNA and
promote stability or facilitate degradation. One of the most intriguing post-
transcriptional regulation mechanisms is RNAIII from S. aureus which interact with

a variety of mRNAs involved in virulence (R P Novick et al., 1993).

A different mechanism that controls the expression of certain proteins is phase
variation which is one of the many strategies employed by pathogenic bacteria to
avoid detection by the host immune system. It involves the ability to switch on the
expression of proteins when they are needed, and to switch them off when they are
likely to trigger immune responses. In S. aureus, a phase variation process controls
expression of the ica and bap genes, and this process also modulates the
functionality of different staphylococcal adhesins (M. Angeles Tormo et al., 2007)

(Valle, Vergara-Irigaray, Merino, Penadés, & Lasa, 2007).
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1.1.4 Mobile Genetic Elements

The accessory genome is primarily composed of mobile genetic elements
(MGEs). Horizontal transmission of these MGEs is fundamental to the evolution of S.
aureus and mainly contributes to its plasticity (Malachowa & Deleo, 2010). The
MGEs described to date include plasmids, bacteriophages, pathogenicity and
genomic islands, chromosomal cassettes and transposons. They all usually carry
clinically relevant genes involved in virulence and antibiotic resistance as well as
the enzymes that mediate their own transfer and integration into new DNA (Frost,
Leplae, Summers, & Toussaint, 2005). MGEs are transferred horizontally and they
are essential to rapid adaptation to different environments and hosts as well as the
epidemiological success of the microorganism (Alibayov, Baba-Moussa, Sina,
Zdenkova, & Demnerova, 2014). Our research group is focused on the study of S.
aureus MGEs and their horizontal gene transfer (HGT) due to their fundamental role
regarding adaptation and pathogenicity, mainly in bacteriophages and

pathogenicity islands (SaPlIs).
1.2 Bacteriophages

1.2.1 Overview

Bacteriophages, also known as phages, are viruses that exclusively infect
bacteria. There are an estimated >1030 phages in the biosphere and because phages
typically outnumber bacteria by about 10-fold, they probably represent the most
abundant “organisms” on earth in sheer numbers (Briissow & Hendrix, 2002). Not
surprisingly, phages constitute major players shaping bacteria communities in most
ecosystems and are associated with virulence and the evolution of several important
bacterial pathogens (Canchaya, Fournous, & Briissow, 2004). Phages are the major
vehicles of horizontal gene transfer (HGT) and contribute to virulence by encoding
fitness and virulence genes, by the direct transfer of MGEs or by lysogenic
conversion. Phages play an important role in regulating microbial balance due to
their high level of specificity, long-term survivability and ability to quickly

reproduce in a suitable host (Guttman, Raya, & Kutter, 2004).
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1.2.2 Bacteriophage life cycle

Like all viruses, phages are obligate intracellular parasites that depend on
specific host bacteria for reproduction. Upon infection, phages bind to specific
targets present in the bacterial surface and inject their genome into the cytoplasm
(Clokie, Millard, Letarov, & Heaphy, 2011). They can then begin two different
lifecycles: the lytic cycle (lytic phages) or the lysogenic cycle (lysogenic phages).

The lytic phage replicates inside the cell and utilises the ribosomes of the host
to manufacture its proteins. It then, lyses the bacteria and the virions are liberated
and ready to infect susceptible cells in the environment. The lysogenic phage (also
called prophage) also attaches to a bacterium and introduces the genome into the
host cell. However, in this case, the phage genome is integrated into a specific
location of the host chromosome. The prophage genome passively replicates along
with the host genome and is transmitted to daughter cells at each cell division
without killing the bacterium. However, exposure to altered environmental
conditions such as antibiotic treatment, oxidative stress or DNA damage can turn
the prophage into a lytic phage, allowing it to undergo the lytic cycle and escape
from the host (Figure 1.1).
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Figure 1.1 Life cycle of bacteriophages. The lytic cycle of a bacteriophage consists of the adsorption
to the bacterial cell wall (1), injection of the phage genome into the cytoplasm (2), replication of the
genome, formation of phage structural components, assembly of phage parts (3) and release from
the host (4). Instead, in the lysogenic cycle, the phage also attaches to the cell surface (1) and injects
the DNA into the cell (2) but the phage DNA is integrated into the bacterial chromosome (5) and
replicates along with it (6). Adapted from Keen & Dantas, 2018.
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1.2.3 Staphylococcal bacteriophages

S. aureus bacteriophages are extremely diverse concerning size, morphology
and genomic organisation. However, they all consist of two main protein structures:
DNA-filled head-like capsid and a syringe-like tail fibre (Ackermann, 1975). S. aureus
bacteriophages are usually composed of double-stranded DNA (dsDNA), are located
in an icosahedral capsid and belong to the Caudovirales order (Maniloff &
Ackermann, 1998). According to the tail morphology, they can be classified into
three families: Myoviridae, Siphoviridae and Podoviridae. Myoviridae have a long,
rigid and contractile tail. Siphoviridae are non-contractile tail phages ended by a
base-plate structure. Podoviridae are composed of a short, non-flexible and non-
contractile tail (Figure 1.2). S. aureus bacteriophages’ genome size ranges from 20
kb to 125 kb and encode from 27 to over 600 genes clustered in functions. Three
genome size categories can be established that correlate with morphological
classification. The Myoviridae family has the largest genomes (>125 kb), the
Podoviridae family the smallest (<20 kb), while the Siphoviridae family regards an
intermediate size (around 40 kb) (Kutter & Sulakvelidze, 2005).

capsid

noncontractile
tail

terminal and
subterminal
fibers

Myoviridae Siphoviridae Podoviridae

Figure 1.2 Prototypical structure of Caudovirales order bacteriophages. Myoviridae (E. coli T4),
Siphoviridae (lambda A) and Podoviridae (P22). Modified from Wikipedia.

The vast majority of S. aureus phages belongs to the Siphoviridae family, and

thus this study is exclusively limited to them (Deghorain & Van Melderen, 2012).

Temperate phages can form a stable association with bacterial hosts, through
a process known as lysogeny. Siphoviridae phages are responsible for different

human diseases by encoding important toxins, such as exfoliatin A (scalded skin
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syndrome), enterotoxin A (food poisoning) or PVL (necrotising pneumonia). The
expression of temperate phages is able to confer novel properties to the bacteria and
leads to phenotypic changes in the host. This phenomenon is called lysogenic

conversion (Touchon, Moura De Sousa, & PC Rocha, 2017).
1.2.4 Genome organisation of S. aureus phages

Phage genomes display a modular organisation with genes grouped according
to biological function, and therefore, modular organisation has been proposed as a
parameter of phage classification. The lambda (A) phage infects E. coli and
represents one of the best studied phages. It is the prototype of lambdoid
bacteriophages group in which the majority of S. aureus bacteriophages are
restricted (Casjens & Hendrix, 2015). S. aureus phage genomes are usually organised
into interchangeable functional modules and their expression proceeds in a
controlled manner (Figure 1.3). Each module controls a distinct functional activity
of the phage. The siphovirus genomes encode around 50-80 ORFs and are organised
into the functional modules: lysogeny, DNA replication, virion morphogenesis
(packaging, head, tail) and lysis (Brussow, Canchaya, & Hardt, 2004) (Xia & Wolz,
2014). The modular organisation facilitates the temporal control of transcription
and gene expression in an established pattern in order to mediate phage life cycle.
The modules, in turn, can be classified in three stages according to the expression
sequence: early (lysogeny module), middle (replication and DNA metabolism

module) and late (morphogenesis and lysis modules).
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Figure 1.3 Genomic map of Siphoviridae staphylococcal 80a bacteriophage. The phage genome
can be divided into different modules: lysogeny (yellow), DNA metabolism (blue), packaging (green)
and lysis / virulence (pink).
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1.2.5 Control of lysogeny

The lysogeny module contains two divergent ORFs that are characteristic of
temperate phages and resemble the E. coli phage A: the Ci-like repressor and the Cro-
like anti-repressor (Oppenheim, Kobiler, Stavans, Court, & Adhya, 2005). They
represent the key players in determining the life cycle of a temperate phage. The cI-
like gene is responsible for maintaining the phage integrated in the chromosome
during the lysogenic cycle, while the cro-like gene is a repressor of Ci and leads the
phage to undergo the lytic cycle. Three homologous operators, 01, 02 and O3 are

located between the two regulator genes.

CI contains a helix-turn-helix motif and a RecA cleavage motif. In the lysogenic
phage, the Cl repressor forms a dimer and binds to the adjacent operator in order to
prevent the expression of the phage genes. The SOS response activates the bacterial
protease RecA which produces the CI autolysis. Cleaved CI can no longer dimerise
and lose the affinity for DNA binding. Without CI repression, Cro is expressed and

inhibits CI expression (Benson & Youderian, 1989).

1.2.6 Integration and excision

Integration of the phage genome into the chromosome is vital to the
progression of the lysogenic cycle. The phage genome integrates into the host
through site-specific recombination. The integrase gene (int), phage attachment site
(attP) and excisionase gene (xis) are involved in phage integration and excision. The
integrase dictates the insertion site of the phage into the bacterial chromosome by
catalysing the recombination between attP and an identical sequence found in the
bacterial chromosome (attB) (G. E. Christie et al, 2010). This mechanism is so
specific that a reliable classification for staphylococcal phages was developed based
on the integrase sequence which is currently being used to cluster the prophages

into seven groups (Cho, Gumport, & Gardner, 2002) (Goerke et al., 2009).

Once the phage genome is integrated, hybrid attachment sites border the
prophage (attL and attR) and act as recognition sites for phage genome excision.
Following either spontaneous or SOS-mediated prophage induction, Int and Xis act

in a coordinated manner to catalyse phage DNA excision (Schindler & Echols, 1981).
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1.2.7 DNA replication

Based on the classical A phage model, phage DNA replication initiates at a
single origin (ori) and proceeds bidirectionally from the ori, generating 0 structures
(Skalka, Poonian, & Bartl, 1972). Besides ori, the replication module also encodes
two essential DNA replication genes: o-like and p-like genes. The O protein binds to
the ori site while the P protein binds to the host replication machinery (DnaB)
forming a binary complex that binds to O:ori (Zylicz, Liberek, Wawrzynow, &
Georgopoulos, 1998). This complex effectively commandeers the host DNA
polymerase which initiates the replication process. Finally, the phage DNA switches
to rolling circle replication to generate concatemers that serve as substrates to

package into phage proheads.

Prophages frequently excise from the chromosome after induction and then
replicate to form concatemers. However, it was recently discovered that some S.
aureus prophages have an atypical program and do not excise until later resulting in

DNA replication and packaging from integrated viral genomes (J. Chen et al., 2018).

1.2.8 Virion structure and assembly

Genes associated with the assembly of virions and lysis are clustered together
and are expressed at the late stage of phage infection. Regulation of these modules
is tightly controlled by phage specific regulatory mechanisms. One of the best
studied regulatory system involves the positive regulator Q in phage A, which is a
transcription antitermination protein. Q interacts with a specific DNA site (qut),
located just upstream of the late promoter, and with the elongation complex. Q
travels with RNAP over long distances and modifies the enzyme into a termination-
resistant form. This modification cases that the transcription does not cease at

termination point and extends to the entire morphogenesis and lysis modules.

For S. aureus phages, a wide range of late transcriptional regulators (Ltr) has
been described. Ltr activators bind to a promoter region upstream of the terS gene

and activate the late gene transcription of morphogenesis and lysis gene clusters.
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The bacteriophages assemble their capsids and tails with the help of internal
scaffolding proteins, and genes for head and tail assembly are arranged together.
The head genes typically include one or two terminase subunits, the portal protein,
a prohead protease, a scaffold protein and the major capsid subunit. The tail genes
include the major tail subunit, tapemeasure protein and minor tail proteins (Hatfull,

2008).

An initial step of the phage packaging process concerns the formation of a
procapsid which is composed of multiple copies of the major capsid proteins. Whilst
assembly of the procapsid occurs, the phage genome undergoes rolling-circle

replication and generates dsDNA concatemers.

Following phage DNA replication, phage packaging begins with the cleavage of
the recently formed concatemeric DNA. The genome packaging is initiated by the
Terminase protein complex (Terphage) which comprises two subunits. The small
subunit (TerS) recognises the DNA and recruits the large subunit (TerL) to cut the
DNA concatemers (Fokine & Rossmann, 2014). The bacteriophages can be classified

into two groups regarding packaging mechanism: pac phages and cos phages.

In the former, TerS binds close to the pac site on the concatemer and TerL
makes the initiating cut at a nearby sequence. The complex TerS-TerL (Ter) remains
bound to the DNA and also captures a virion prohead and translocate the DNA
inside. Ter makes a second, nonspecific cut once the head is full (slightly longer than
genome unitlength). On the other hand, in the alternative mechanism by cos-phages,
the Ter complex recognizes and cleavages a second cos site sequence, therefore
packaging precise genome monomers (Figure 1.4). Once the package of phage DNA
is completed, the terminase complex dissociates and the tail structure associates to

the capsid complete the phage particle.
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Figure 1.4 Assembly and packaging of virus particles. A (1) Initiation of head assembly by the
portal, (2) assembly of major, minor and scaffold capsid proteins into immature prohead, (3)
maturation of the prohead, (4) packaging of phage DNA, (5) neck assembly and (6) tail attachment.
B. DNA packaging. In both models (pac and cos), TerS recognises and binds to a specific site and then,
TerL makes the first cut at a nearby sequence. In pac phages, TerL cuts in a nonspecific sequence and
cleavages after the capsid is completely filled with DNA, resulting in slightly more than one genome
length (headful packaging). In cos phages, TerL makes the second cut in other cos site sequence and
packages one genome length (unit-length packaging) in the phage particle. Adapted from Rao & Feiss,
2015.

1.2.9 Lysis

Once the phage particles are formed, the newly formed phages leave the host
to infect new bacterial cells. The lysis module encodes a holin and an endolysin
which are responsible for rupturing the host cell and releasing the phage progeny.
Endolysins are accumulated in the cytoplasm of the host bacterium and are
conformationally ready to degrade the bacterial cell wall. However, holins are
produced and accumulated in the membrane until a specific time. Once a critical
point is reached, holin creates pores that permeabilise the bacterial membrane and
release the endolysins causing the complete bacterium lysis (R Young, 1992)

(Ryland Young, 2014).
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1.2.10 Bacteriophage transduction

A powerful contributor to bacterial evolution is horizontal gene transfer (HGT)
through three mechanisms: transformation, conjugation and transduction.
Transduction is mediated by phages and has the greatest impact on HGT. Phages can
use different mechanisms to transduce host genome including generalised

transduction, specialised transduction and lateral transduction.

Generalised transduction is a rare event in which bacterial DNA is packaged,
instead of phage DNA, into phages heads by a headful mechanism. The process is
called generalised transduction because the bacterial DNA fragment can be derived
from any part of the host genome (Thierauf & Maloy, 2011). This is in contrast to
specialised transduction mechanism, in which the prophage imprecisely excises
from the host chromosome and the genes adjacent to the prophage are included in

the new virus particle (Brammar, 2013).

Lateral transduction is a recently identified mechanism and represents the
most powerful means of transduction yet discovered. In this process, the prophages
delay excision and initiate DNA replication while integrated into the host genome.
DNA packaging also initiates from the integrated prophages and several hundred Kb
of the S. aureus genome are packaged in phage heads at a high frequency (J. Chen et
al., 2018). Lateral transduction is unique regarding its efficiency and could explain
how bacteria can acquire antibiotic resistance or virulence factors that accelerate

the emergence of new pathogenic strains.

1.3 Staphylococcus aureus Pathogenicity Islands

1.3.1 Overview

Staphylococcus aureus pathogenicity islands (SaPIs) are a family of highly
evolved MGEs that are transiently integrated into the bacterial chromosome. They
are a cohesive subfamily within a larger family known as phage-inducible
chromosomal islands (PICIs). SaPIs carry virulence genes and can be transferred at
a high frequency due to certain bacteriophages whose life cycles parasitise (Richard

P. Novick, Christie, & Penadés, 2010) (Martinez-Rubio et al,, 2017).
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SaPlIs, the first and most thoroughly studied PICIs, were discovered in 1998
while investigating the etiology of toxic shock syndrome (TSS). This infection is
caused by a toxin (TSST-1) initially believed to be part of a transposon, but then it
was demonstrated to be mobilised thanks to bacteriophages and was carried to a

new MGE family known as SaPIs (Lindsay, Ruzin, Ross, Kurepina, & Novick, 1998).

Almost all SaPIs share some common characteristics: (i) the genome size is
around 15 kb, (ii) the G-C content differ from the rest of the chromosome, (iii) they
are inserted at specific sites in a single orientation (attC) and flanked by direct
repeats (attL and attR), (iv) like phages, SaPIs have a conserved and recognisable

structure organised in functional modules.

SaPIs have a high impact on the virulence of S. aureus since these elements are
involved in its adaptation to new hosts and in the development of new virulent
clones. Most SaPIs contain at least one gene related to virulence. For example, SaPI1
encodes three superantigens; toxic shock syndrome toxin (tst), enterotoxin Q and K
(seq, sek) or SaPImw?2 contains three enterotoxins (ear, se2l and sec4) (Richard P.
Novick & Ram, 2016). They are highly evolved MGEs descended from ancestral
prophages and their special characteristic role is the relation to certain functional
prophages, known as helper phages. These helper phages induce the SaPIs and

transduce them with extremely high efficiency to other bacteria.

1.3.2 SaPIs genome organisation

SaPIs encode approximately between 18 to 25 ORFs and their genome is
organised into five different modules. Each of them provides a different function for
the SaPI such as mediation of SaPI regulation, integration and excision, autonomous

replication, packaging-interference and virulence (Figure 1.5).

The integration-excision module consists of a site-specific integrase gene (int)
and an excisionase gene (xis) (Ruzin, Lindsay, & Novick, 2001) (Maiques et al., 2007).
Like prophages, SaPIs reside integrated into the host chromosome until they are
induced. Five different SaPI insertion sites have been identified, each characterised
by a core attC sequence of 15-22 nt. The attC are completely different from each
other and are present only once in the genome. The integrase catalyses the
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integration of the SaPI into the bacterial chromosome. According to the integrase,
the SaPI integrates into a specific attC site, and to date no more than one SaPI has
been detected in each attC site. After induction, xis gene is necessary for SaPI

excision from the chromosome (Mir-Sanchis et al., 2012).
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Figure 1.5 Genomic map of prototypical SaPls. SaPIbov1 as pac SaPI and SaPIbov5 as cos SaPl.
Genes are coloured according to their sequence and function: int and xis are yellow, repressor gene
stl is orange and str pink, replication genes (including primase (pri) or replication initiator gene
(rep)) are purple, encapsidation genes are green (operon I), accessory genes are red and genes with
hypothetical functions are grey.

Another important module is the transcriptional regulation module that is
composed of two genes: the global repressor st/ and the derepressor str. Both are
codified in divergent orientation, str in rightward and stl in leftward direction. If
there are no stimuli, the SaPI resides quiescently in the bacterial genome due to the
repressor Stl (M. A. Tormo-Mas et al.,, 2010). During this condition, Stl binds to a
region between st/ and str which inhibits the expression of the SaPI genome and
promotes the maintenance into the bacterial chromosome. (Papp-Kadar, Szabd,
Nyiri, & Vertessy, 2016). On the other hand, Str seems to mediate the SaPI gene

transcription, but the function has not yet been clearly determined since the str

deletion had no influence on the SaPI cycle (Ubeda et al., 2008).

The replication module includes a primase (pri) and a helicase gene (rep)
which are sometimes fused and recognise a specific replication origin (ori) and bind
to it. The binding initiates melting within the origin and Rep begins to unwind.
Replication is catalysed by the bacterial DNA polymerase and generates hundreds

of copies of the SaPI (Ubeda, Tormo-Mas, Penadés, & Novick, 2012).
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The interference/packaging module is divided into two clusters separated by
an intergenic region that comprises the LexA-regulated promoter and the specific
pac site (in the case of pac SaPIs) recognised by TerS. The first cluster includes the
phage packaging interference gene (ppi) responsible for the interference with the
DNA packaging of the helper bacteriophages. Ppi ensures advantageous packaging
of the SaPI instead of the phage. Followed by this module and distal to the LexA
promoter, there is an operon known as “Operon I” that contains genes essential for
the SaPI packaging. Among them, the CpmA and CpmB direct the phage virion to
form small procapsids commensurate with the SaPI genome (Poliakov et al., 2008)
(Damle et al., 2012). Other proteins such as PtiA, PtiB and PtiM interfere with the
phage by blocking the late gene expression operon (Geeta Ram, Chen, Ross, &
Novick, 2014). This module also includes a terS gene which recognises the SaPI pac
site and facilitates the SaPI encapsidation in the phage virions. The operon I can be
expressed independently since it is regulated by the LexA promoter, even though
the SaPI is not induced (Ubeda et al., 2007). Recently, it has been identified a new
family of SaPIs, known as cos SaPls, that lack the classical “Operon I”. They have

substituted terS gene for a 90 bp fragment (cos site) and cpmA-B for ccm gene.

SaPls are related to pathogenicity because they encode many virulence factors
in the accessory module. Although this module is usually located after Operon I but
virulence genes can sometimes be located between int and stl. Expression of these
genes seems to occur independently of the SaPI and depends on their own
promoters. The accessory genes include superantigens such as enterotoxins B, C, K,

L or Q, TSST or the staphylococcal complement inhibitor (SCIN).
1.3.3 SaPIs mobilisation

Similar to prophages, SaPIs remain stably integrated into the chromosome, but
with the difference that excision and replication processes are not directly induced
by the SOS response. Instead, they become mobilised by specific helper phages
resulting in the packaging of the SaPI genome into phage-transducing particles.
SaPIs do not codify the morphogenic genes necessary for the capsid formation, but

they hijack the phage capsids and pack inside them to be mobilised (Ubeda et al,,
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2005). The resulting particles can transfer the virulence factors contained in SaPlIs

to other cells, even across genera, at high frequency.

The SaPI life cycle begins with the infection of a helper phage or by the
activation of an endogenous helper prophage through the SOS response. This
response can be caused by oxidative stress, exposure to UV light or antibiotic
treatment. Once the bacteriophage is active, an interaction between a phage protein
and the Stl causes the initiation of the excision-replication-packaging (ERP) cycle of

the SaPI (Figure 1.6).
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Figure 1.6 SaPI Excision-Replication-Packaging (ERP) cycle. (1) Activation of SOS response after
mitomycin C addition. (2) The prophage is induced and the gene transcription starts, while the SaPI
passively resides in the genome under the control of the global repressor Stl. (3) The interaction
between the Stl and a specific phage derepressor protein induces the SaPI cycle. (4) The SaPI gene
transcription starts. (5) SaPI is excised from the chromosome in a covalently closed circular (CCC)
state and (6) starts its replication. (7) The phage synthetises the procapsids and tails. (8) The phage
is ready to lyse the bacterium (SaPI L indicates linear monomers released from the phage heads).
(Cervera-Alamar et al., 2018).

1.3.3.1 Role of stl gene

All SaPIs codify the transcriptional regulator st/ that is the responsible for
repressing the replication of SaPlIs. It binds to the intergenic region between the
divergent SaPI regulatory genes st and str blocking SaPI genes’ expression (Ubeda

et al, 2008) (Papp-Kadar et al., 2016). Stl has functional homology with the CI
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repressor of A phage but, unlike the phage, it is not degraded by auto-proteolysis

following SOS response since it lacks the necessary conserved Ala-Gly motif.

SaPI induction is initiated by the inactivation of the Stl as a repressor through
the protein-protein interaction between Stl and a specific phage protein. This
second protein acts as the SaPI derepressor since its interaction disrupts the Stl-
SaPI DNA complex and begins the excision-replication-packaging (ERP) cycle of the
island (M. A. Tormo-Ma4s et al., 2010).

Stl, like Cl repressor from A phage, is mostly a-helical and is constituted by two
domains with separate functions. The N-terminal domain binds to the SaPI DNA via
its helix-turn-helix (HTH) motif while the C-terminal domain seems to bind to the

specific phage derepressor protein though its function is still unknown.

Stl proteins are widely divergent between SaPIs and because the interaction
with the phage protein is highly specific, the ability of a particular phage to
derepress a SaPI depends on whether it encodes for the phage-encoded derepressor
able to bind specifically to the Stl. For example, the 80a phage is able to induce
almost all the islands tested so far, including SaPI1, SaPI2, SaPIn1, SaPIbov2 and
SaPIbov5, while the @11 can only induce SaPIbov1 and SaPIbov5. Therefore, some
phages can induce several SaPIs as they encode the specific repressor genes in the
genome, and there are SaPIs that can be induced by various phage repressors since

the Stl can interact with more than one phage derepressor protein.

1.3.3.2 Role of phage de repressor gene

All the derepressor proteins identified so far are moonlighting proteins,
meaning that they can perform more than one function. They have a primary
function vital for the phage biology and a secondary function related to SaPI

induction.

Bacteriophages encode all the essential genes needed to complete their life
cycle and they continuously evolve to acquire new functions that are beneficial to
them. As a consequence of the restrictions imposed by the limited amount of
genomic content that the phage capsids can package, the new functions are acquired

by codified proteins. Thus, bacteriophage genomes have plenty of proteins with
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more than one function. Due to the difficulty of predicting moonlighting function for
a protein, few examples of bacteriophage moonlighting proteins have been
extensively studied regarding their secondary function as well as their impact on the

pathogenicity of bacteria.

At present, only four phage derepressors have been identified as inducers for
a few SaPIs (M. A. Tormo-Mas et al., 2010) (J. Bowring et al., 2017): (i) the dut gene
codes for a dUTPase that induces SaPIbov1, SaPIbov5 or SaPlov1 all sharing the
same Stl, ii) sri gene (phage 80a ORF22) is a derepressor for SaPI1 and also inhibits
bacterial replication. Sri protein binds to the putative host helicase loader Dnal (J.
Liu et al., 2004). (iii) 80a GP15 induces SaPIbov2 but its primary function related to
the phage biology is still unknown and (iv) phage recombinase family (Sak, Sak4, Erf
and Redf3) has been demonstrated to play an essential role in phage replication and

is also involved in SaPI2 induction.

The dUTPase (Dut) is the most studied phage derepressor. This enzyme is
responsible for regulating the cellular dUTP level by breaking dUTP down into
dUMP and inorganic pyrophosphate. In addition, Dut plays a key role in preventing
uracil misincorporation into DNA what could result in cell death (Vértessy & Téth,
2009). However, Dut protein is also implicated in other cellular processes regarding
regulation of the immune system, autoimmunity and apoptosis. The Dut family has
recently been defined as signalling molecules that acts analogously to eukaryotic G-

proteins (M. A. Tormo-Mas et al., 2013).

It was initially demonstrated that the trimeric Duts from 80a and ®11 phages
are the derepressors of some SaPIs that share the same st/ including SaPIbov1,
SaPIbov5 and SaPlov1. The SaPI derepression depends on the presence of dUTP and
involves the conserved motifs III, [V and V and the variable motif VI. The diversity in
the motif VI is the determining factor for the existence of trimeric Duts with different

affinities for the Stl repressor (M. A Tormo-Mas et al., 2013) (Maiques et al., 2016).

Similarly, Hill and Dockland have shown that dimeric dUTPase from ®NM1
phage is equally effective at derepressing SaPlbovl as the structurally distinct
trimeric dUTPase of 80a and @11 (Hill & Dokland, 2016). A recent study thoroughly

investigates the SaPIbov1 induction by dimeric Duts and found a close parallelism
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with the trimeric Dut induction mechanism. Both Duts present five conserved
catalytic domains in combination with a variable domain (domain IV) which is
directly linked to Stl interaction. In addition, this interaction is regulated by the
presence of dUTP and the Stl-Dut interaction inhibits the Dut catalytic activity
(Donderis et al., 2017).

The fact that dimeric and trimeric Duts induce the same SaPI, while being
completely unrelated regarding both sequence and structure, raises the possibility
of the Stl to interact with different proteins, improving the induction and

transference ratio (J. Bowring et al., 2017).

Another recent study showed that the single-strand annealing proteins (SSAP
or recombinases) were involved in SaPI2 induction. First, the Sak protein from the
80a phage, which belongs to the SSAP family, was demonstrated to be essential to
phage replication and was implicated in SaPI12 induction (Neamah et al., 2017). Since
both dimeric and trimeric Duts are able to interact with the same Stl, the study was
extended to other proteins from the SSAP family with different sequences and
structures. Sak4 from ®52A, ORF17 from ®SLT and SA1794 from ®N315 were
studied and all were able to induce SaPI2 (J. Bowring et al., 2017).

From all these studies, it can be concluded that SaPIs have acquired the ability
to interact with structurally different phage proteins which represents an

extraordinary evolutionary adaptation.
1.3.4 SaPI-helper phage interactions

SaPI needs the presence of a helper phage in order to be transferred into other
cells. This utilisation of the phage for the SaPI's benefit has a cost that is translated
into a reduction of phage proliferation (Frigols et al.,, 2015). The Stl-derepressor
phage protein interaction is one of the mechanisms adopted by the SaPI in which the
phage is involved and the phage transmission is reduced. To avoid this event,
bacteriophages mutate the derepressor protein to decrease affinity for the Stl (M. A.
Tormo-Mas et al., 2010). SaPIs precisely exploit and disrupts the life cycle of the
helper phage in order to enable their own propagation. So far, there are four SaPIs

strategies identified, which are summarised in the Figure 1.7.
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Figure 1.7 SaPI interference mechanisms. 1. Packaging interference: Ppi forms complexes with
TerSphage to block its function avoiding phage DNA encapsidation. 2. Capsid size redirection: CpmA
and CpmB or Ccm redirect the capsid assembly to produce small capsids which are filled with SaPI
DNA. 3. Phage late transcription modulation: Pti binds to LtrC blocking late phage transcription, PtiM
interacts with PtiA and modulates its function while PtiB blocks late phage gene expression by
unknown mechanism. 4 Packaging specificity: TerSsar1 binds to TerLphage to generate a holoenzyme
that recognizes and packages SaPI DNA instead of phage DNA.

1.3.4.1 Capsid size determination

SaPIs do not encode structural proteins but are instead packaged into
capsids from structural proteins entirely encoded by phages (Tallent, Langston,
Moran, & Christie, 2007) (M. A. Tormo et al., 2008). In addition, SaPIs redirect the
phage capsid assembly pathway to form smaller capsids than those normally
produced by the phage alone. The most studied interference mechanism is the SaPI1
mobilisation by 80a phage. The 80a virion has a 63 nm icosahedral head with T=7
architecture, but SaPI1 can modulate the assembly pathway to form capsids that are

45nm with T=4 architecture. The small capsids are incapable of packaging full-

52



1. Introduction

length phage genomes and they interfere with phage propagation (Poliakov et al.,
2008) (Spilman et al., 2011) (Gail E. Christie & Dokland, 2012).

Phage capsid size redirection is dependent on the SaPIl-encoded CpmA and
CpmB (capsid morphogenesis) proteins in pac SaPIs and Ccm proteins in cos SaPls
(cos capsid morphogenesis) (Ubeda et al., 2007) (Damle et al., 2012) (Dearborn et
al, 2011) (Spilman et al., 2012). CpmA and CpmB were first studied and it was
determined that both are necessary to archieve efficient redirection. CpmB is an
internal scaffolding protein (SP) that competes with the SP phage for the binding
site in the phage capsid. Although, less is known about the role of CpmaA, but it seems
to prevent aberrant small capsid formation and could provide access to the phage

capsid for ComB.

Size remodeling is only possible when CpmA-B are compatible with the helper
phage capsid system. Indeed, the efficiency of small capsids’ formation varies
between the same SaPI depending on the present phage (Dearborn & Dokland,
2012). For example, SaPI2 can form small capsids with 80a but not with phage 80,
and SaPIbov1 converts 95% of ®NM1 and ®PNM2 phage capsids into smaller and
only 63% of 80« (G. E. Christie et al., 2010) (Dearborn & Dokland, 2012). These

differences could suggest that other factors are involved in capsid size redirection.

In some studies, it was observed that SaPI1 and SaPIbov1 mutants in cpomA-B
were transferred at high frequency indicating that these proteins are not essential
for SaPI transfer. In fact, there are some SaPIs that do not encode cpmAB. For
example, SaPIpt1028 lacks CpmAB and is packaged in full-sized phage capsids. In
addition, cos SaPIbov5 does not encode cpmA-B genes but encodes sequentially
unrelated ccm gene. Ccm drives the production of small capsids by unresolved
mechanisms and is part of the capsid shell (Carpena, Manning, Dokland, Marina, &

Penade, 2016).

1.3.4.2 DNA packaging interference

Phage DNA can be packaged into procapsids by two different mechanisms that
depend on the phage TerS-TerL complex: the unitlength and the headful mechanism.

In the headful mechanism by pac phages, TerS binds to the pacphage site and TerL
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breaks the dsDNA in this point. Once the phage head is filled, the next downstream
DNA cleavage is made by the TerL. However, in cos phages, TerS binds to a cos site
and TerL cleavages occurs at a sequence-specific site (cos) and needs a second
identical cos sequence to terminate the cleavage event (Sippy, Patel, Vahanian, Sippy,
& Feiss, 2015). SaPIs can also exploit the packaging mechanism to their benefit using

different strategies.

Classical or pac SaPIs can be packaged in phage capsids through the headful
mechanism. To exploit the phage packaging process, the SaPI encodes its own small
terminase (TerSsapi) which forms a complex with the TerLphage and favors SaPI DNA
packaging against phage DNA (Ubeda et al., 2009). TerSsar1 binds to a pac site in the
SaPI genome, localised upstream of the Operon I, and interacts with TerLphage
translocating the SaPI dsDNA into the capsid (Bento, Lane, Read, Cerca, & Christie,
2014). Although TerSsapi is conserved among SaPls and is highly different from
TerSphage it can interact with TerLphage (J. Chen, Ram, Penadés, Brown, & Novick,

2015).

The TerSsap1 interference mechanism allows to reach a high frequency of SaPI
transference. In fact, the transference of SaPI terS mutants is reduced to generalised

transduction levels (Ubeda et al., 2009).

There is another interference mechanism that also block phage DNA packaging
but in a completely different manner. This mechanism is mediated by the SaPI gene
ppi (phage packaging interference). Ppi interacts directly and specifically with
TerSphage and blocks the phage DNA packaging by a mechanism that has to be
determined yet. One possible explanation could be that the Ppi-TerSphage interaction
would either prevent the TerSphage binding DNA activity or the interaction with TerL

(G.Rametal., 2012).

1.3.4.3 Phage late gene transcription interference

Bacteriophages have developed a variety of mechanisms to ensure tight
control of the gene expression in the different stages of their life cycle. The
morphogenetic genes responsible for packaging the phage and SaPI molecules are

expressed during the late phase of the lytic cycle, and they are encoded in a single
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polycistronic operon. This operon is positively regulated by the superfamily of Ltr
proteins (late transcription regulator) which includes RinA, ArpU, LtrA, LtrB and
LtrC (Ferrer et al., 2011) (Nuria Quiles-Puchalt et al., 2013).

Two SaPI-coded proteins, PtiA and PtiB (phage transcription inhibitor), block
the late phage operon transcription responsible for the generation of virion and lysis
proteins. The PtiB mechanism of action remains unclear since overexpression of
PtiB is toxic for the bacteria. Instead, it was demonstrated that PtiA directly binds to
the Ltr regulator to inhibit the transcription. Consequently, this transcription
blockage avoids the production of phage, as well as SaPI particles. To prevent a
negative effect regarding SaPI transference, a third SaPI protein, PtiM, binds to PtiA
and moderates its action. Complex PtiA-M and PtiB enable a low yet sufficient level
of phage reproduction to produce SaPI particles (Geeta Ram et al., 2014) (Geeta Ram,
Chen, Ross, & Novick, 2015).

It is remarkable the existence of at least four unrelated interference
mechanisms and all genes involved are located in a small region of the SaPI genome.
This is clear example of convergent evolution and highlights its importance to the

SaPl life cycle.
1.3.5 SaPIs-mediated generalised transduction

Generalised transduction (GT) mediated by bacteriophages is one of the
mechanisms responsible for the quick spread of antibiotic resistance and bacterial
virulence. Usually, pac phages are able to package the bacterial host DNA into the
procapsids instead of its own genome and they can transfer any gene from one

bacterium to another (Lennox, 1955).

[t was recently described the mechanism by which SaPIs are also able to
mediate generalised transduction beyond their own transfer (J. Chen et al., 2015).
TerSsap1 recognises sequences that resemble the SaPI pac site (pseudo-pac sites),
which are scattered throughout the genome and preferably package downstream of
these pseudo-pac site. Resemblance of the pseudo-pac site varies with respect to the
SaPI pac site, resulting in the transduction of some genes at quite high frequency

and others at low (Schmieger & Backhaus, 1973) (J. Chen et al., 2015). Curiously,
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pseudo-pac sites are adjacent or close to genes involved in adaptation to different

environments.

The TerSsari is located in the Operon I which is activated by the SOS response.
Therefore, the TerSsapi can be expressed in the absence of SaPI induction and can

mediate the generalised transduction independent of the SaPI ERP cycle.

1.3.6 Non-SaPI PICI elements

SaPl-like elements are widely distributed in the bacterial world and have been
identified in other Gram-positive and Gram-negative bacteria. This widespread
family of MGEs is generically known as phage-inducible chromosomal islands
(PICIs) and has some features in common with SaPIs. All PICIs present a modular
structure grouped by function and they encode homologous genes which never
appear in other genetic elements. Additionally, they also recognise and integrate at
unique and specific attachment sites and present a phage-dependent mechanism of
induction (Martinez-Rubio et al., 2017) (Fillol-Salom et al., 2018) (Richard P. Novick
& Ram, 2016).

PICIs have been identified in non-aureus staphylococci genome of
Staphylococcus pasteuri, Staphylococcus warneri, Staphylococcus lugdunensis or S.
epidermidis (H. J. Chen et al., 2011). Similarly, this family has been recognised in
other Gram-positive bacteria including Lactoccus lactis or Streptococcus pneumonia.
The PICI element EfCI-V583 from Enterococcus faecalis was the first element whose
PICI functionality was demonstrated outside of the staphylococci (Matos et al.,

2013) (Martinez-Rubio et al.,, 2017).

Most recently, PICIs have also been characterised in E. coli and Pasteurella
multocida expanding the PICI family to the Gram-negative bacteria. In this case,
PICIs use a different strategy to induce the cycle. Instead of presenting an Stl-like
element such as SaPls, they seem to encode an activator AlpA whose expression
depends on the helper phage (Fillol-Salom et al., 2018). Overall, PICIs represent a
unique class of MGEs that have broadly impacted lateral gene transfer in the

bacterial world.
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Based on the topics discussed in the introduction section, it is evident that
bacteriophages and SaPls are essential to horizontal gene transfer and,
consequently, to bacterial evolution as well as the dissemination of virulence factors
between bacterial populations. Therefore, the main aim of the present work is to
better understand these MGEs in order to potentially treat bacterial infections from
another perspective. To archive this goal, the following specific objectives were

addressed:

12 Characterisation of SaPlIs in S. aureus clinical strains.

SaPIs are involved in several processes related to virulence including toxin
production, biofilm formation and host adaptation. However, the relevance of these
MGESs in clinical strains has not deeply been studied. For this reason, the first
objective of the thesis is to detect the presence of SaPIs in clinical strains. In addition,
SaPIs has a conserved organisation of genes in functional modules, and therefore
the modules were determined to mainly focus on integration and regulation

modules as well as on virulence gene content.

22 Study of SaPIs mobilisation by endogenous bacteriophages in S.

aureus clinical strains.

To date, SaPI mobilisation has always been studied using only laboratory
strains. However, recent evidence has shown that clinical-use antibiotics
(ciprofloxacin or trimethoprim) can induce the expression of prophage gene
products and lead to the excision and spread of temperate phages that would
otherwise remain inactive in the genome. In addition, bacteriophage activation can
produce SaPI induction and consequentially dissemination at high frequencies of
virulence genes contained in them. As a result of this process, some antibiotics
aimed to cure infections can increase the health risks associated with pathogenic
bacteria. Therefore, the second objective of the thesis is to study the mobilisation of

SaPlIs in the clinical environment, which is fundamental in order to understand S.
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aureus pathogenesis and to consider the antibiotics’ effects on the spread of

virulence genes.

32 Study of SaPIs role as regulator of chromosomally-encoded

virulence gene expression.

Recent literature reflects the important role of SaPIs beyond mere high-
speed carriers of virulence genes. Thus, SaPIs interfere with phage reproduction,
which ultimately preserves cells from the phage-mediated killing. SaPIs also play a
role in bacterial evolution by mediating the transfer of chromosomally-encoded
virulence genes and they are also a key driving force of phage evolution and ecology.
In addition, SaPIs could be involved in other processes than those described so far,
which makes them more critical to the evolution and adaptation of the organism.
Thus, the third objective of the thesis is to determine whether SaPIs can regulate the

expression of chromosomal genes.
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3.1 Bacterial growth

Bacterial strains and plasmids used in the thesis are listed in Appendices 1 and
2. S. aureus strains were routinely grown in tryptic soy broth liquid medium (TSB,
Scharlab) and TSB agar at 37°C unless otherwise stated. When required, the
antibiotics used were erythromycin (10 pg ml-1 or 2.5 pg ml-1), tetracycline (3 pg ml-
1y and chloramphenicol (20 pg ml1). E coli strains were grown in Luria-Bertani broth
(LB, Scharlab) and LB agar plates at 37°C supplemented with ampicillin (100 pg mL-
1) or kanamycin (50 pg mL-1) as needed. All the antibiotics were filter sterilized at

the requisite stock concentration.

The 200 S. aureus strains isolated from cystic fibrosis patients and 48 S.
epidermidis strains isolated from catheter-associated infections at Hospital
Universitario y Politécnico la Fe de Valencia were included as samples of clinical
strains. Ethical clearance was sought and obtained from the Biomedical Research
Committee of Research Institute la Fe (references 2104/0563 and 2017/0523).

Strains were stored at -80° in TSB medium containing 15% glycerol.

3.2 Molecular biology techniques

3.2.1 Chromosomal and plasmid DNA extraction

Two mL of S. aureus overnight culture was pelleted by centrifugation and the
supernatant was removed. Genomic DNA was isolated using “GenElute™ Bacterial
Genomic DNA” according to the manufacturer’s instructions except for the use of
lysostaphin (12.5 pg mL-1 Sigma-Aldrich) instead of lysozyme to lyse the bacterial
wall (45 min at 37°C).

Plasmids were isolated from E. coli and S. aureus cultures using “GenElute™
Plasmid Miniprep kit” as outlined by the manufacturer except for the additional lysis

with lysostaphin in S. aureus strains. Both kits were purchased from Sigma-Aldrich.
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3.2.2 Polymerase Chain Reaction (PCR)

The primers were obtained from Invitrogen and are listed in Appendix 3.
Lyophilised primers were resuspended in HPLC-grade water to a final concentration
of 200 uM. Working primer stock solutions of 10 yM were made by 1:20 dilution.
Phusion High-Fidelity DNA polymerase (Thermo Fisher) was used for cloning.
Routine PCR for simple detection of product was performed by GoTag® G2 DNA
Polymerase (Promega). PCR amplifications were performed according to

manufacturer's instructions.

PCR products were purified for subsequent analysis using “GenElute™ PCR
Clean-Up kit” in accordance with the manufacturer's protocol. DNA was quantified

using NanoDrop spectrophotometer (NanoDrop technologies).

Multilocus sequence genotyping (MLST) was performed on selected isolated
according to published protocols (Aanensen & Spratt, 2005). Seven S. aureus
housekeeping genes (arcC, aroE, glpF, gmk, pta, tpi and yqiL) were amplified by PCR
and DNA sequencing was performed for all of the PCR products. DNA sequences

were analysed on the MLST website: http://www.mlst.net/

3.2.3 Agarose gel electrophoresis

Success of PCR amplification was assessed using electrophoresis. Agarose gels
were prepared by dissolving agarose powder (Agarose D1 Low EEO pronadisa) 0.7-
1% in Tris-Acetate-EDTA buffer and adding Gold View staining. Before being loaded
into the gel, 1X loading dye (60% glycerol, Tris-HCl pH 7.6 10mM, EDTA 60mM,
bromophenol blue 0.03%, xylene cyanol FF 0.03%) was added into each sample.
“Gene Ruler 1Kb Plus” and “Gene Ruler 100 bp DNA ladder” from Thermo Scientific
were used as a ladder to determine sample band sizes. The gels were visualized
using Molecular Imager® ChemiDoc™ XRS + System with Image Lab™ Software (Bio

Rad).
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3.2.4 Restriction endonuclease digestion of DNA

DNA samples (plasmids or PCR products) were digested usually using double
digestion with two different restrictive enzymes (Thermo Fisher) including EcoRl],
BamHI or Sall. A buffer providing the maximal activity for both enzymes was
selected according to the manufacturer. Analytical digests were incubated at 37°

from 3 hours (h) to overnight depending on the DNA an enzyme concentration.

3.2.5 Ligation of DNA fragments with T4 DNA ligase

For the ligation reaction, vector and insert were generally taken in the molar
ratio to 1:3, around 20 ng of vector and 60 ng of insert. Ligation was carried out in
20 pl with 1X ligation buffer and 1 pl of enzyme T4 DNA ligase (Thermo Scientific).
Reactions were incubated at 22 °C for 1 h and then, the ligase was inactivated at 65°C

for 10 min.

3.2.6 Plasmid construction

Generation of plasmid vectors was achieved using standard procedures
(Russell & Sambrook, 2001). DNA fragments (inserts) were amplified by PCR,
purified and then digested with appropriate restriction enzymes. The digested
products were ligated with the corresponding pre-digested vector. After ligation, the
plasmid was transformed into chemically competent E. coli DH5« cells. The vectors
used in this work were pCN51, pCN41, pCU1 and pMAD (Charpentier et al., 2004)
(Arnaud, Chastanet, & Débarbouillé, 2004). A cadmium-inducible promoter (Pcad)
was cloned in pCU1 vector. Protein purification was performed using pET28a

plasmid.

3.2.7 DNA sequencing

Cloning fragments were sequenced by GATC BIOTECH company. Sequence
data was verified using SnapGene and https://blast.ncbi.nlm.nih.gov/Blast.cgi.
Whole-genome sequencing of strains were performed by Microbes NG Service.

https:/microbesng.uk/
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3.2.8 Southern blot

Southern blot was performed by standard procedures (Russell & Sambrook,
2001). For sample preparation, S. aureus strains were grown to ODs40: 0.2-0.3 and
were then induced with mitomycin C (2 pg/mL Sigma-Aldrich, from Streptomyces
caespitosus). The cultures were incubated at 32°C and 80 rpm. Samples were
taken 90 min after phage/SaPIl induction. Then, 1 mL of the sample was
centrifuged, and the pellet was resuspended in 50 pL lysis buffer (47.5 pL of TES-
sucrose: 10 mM Tris, 1mM EDTA, 100 mM NaCl, 0.5M sucrose and 2.5 uL of
lysostaphin (5 mg/mL, Sigma-Aldrich)). After 30 min at 37 °C, 47.5 pL of 2% SDS
in H20 and 2.5 pL of proteinase K (20 mg/mL) were added, and the mixture was
incubated at 55 °C for 30 min. Next, 11 pL of loading buffer dye 10X was added,
and the mixture was shaken for at least 20 min. The samples were cold (N2)/heat
(65°C) treated three times. The prepared samples were resolved on a 0.7%
agarose gel at 20V overnight, transferred to a nylon membrane (Roche) via
capillary action and blotted with specific Digoxigenin-labelled probes and anti-
Digoxigenin-AP (Anti-Digoxigenin-AP Fab fragments, Roche) antibodies. Specific
primers were used to generate DIG-labelled probes (Appendix 3). Detection was

carried out according to the Immun Star™ AP substrate pack (BIO-RAD).

3.2.9 Western Blot

The strains were treated with CdClz (2 pM) and harvested (1 mL) after 2h
plasmid induction. The pellets were resuspended in 200 pL lysis buffer (50 mM
Tris-HCI], 20 mM MgClz, 30% raffinose and 1 ul of lysostaphin (12.5 ug mL-1) and
incubated 1 h at 37 °C. SB buffer (Biorad) with 3-mercaptoethanol was added, and
the samples were heated 10 min at 95 °C, put on ice for 5 min and centrifuged.
Samples were electrophoresed on a 15% SDS-polyacrylamide gel (SDS-PAGE) and
transferred to a polyvinyl difluoride membrane (PDVF Thermo Scientific) by
electroblotting. Membrane was blocked with 5% non-fat milk in TBS-T (10 mM
Tris, pH 8.0, 150 mM NaCl, 0.5% Tween 20) for 60 min to overnight. The
membrane was washed with TBS-T, incubated with anti-FLAG antibodies

(Monoclonal ANTI-FLAG® M2 Peroxidase produced in mouse, Sigma-Aldrich) and
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revealed according to the protocol supplied by the manufacturer (ECL™ Prime

Western Blotting Detection Reagent).
3.2.10 RNA extraction

RNA was isolated from 2 mL of S. aureus culture after 2 h of CdClz treatment
using “NZY Total RNA isolation kit (Nzytech)” following the manufacturer's
instructions. Cell pellet was resuspended in lysis buffer and subjected to
mechanical disruption with glass beads (0,3 g) for 45 s at level 6 using Fast Prep
FP120Cell disrupter (Thermo Savant). The purified RNA was quantified and
stored at -80 °C.

3.2.11 cDNA synthesis

The cDNA strand was synthesized using “PrimeScript™ Reagent Kit
(TAKARA)”. 500ng-1pg RNA was added as a template in a 20 pl reaction. The
reaction was performed following manufacturer's instructions. The cDNA was
purified and quantified. To verify the absence of genomic DNA in the RNA samples,

a reaction without “reverse transcriptase enzyme” was used as a control.
3.2.12 Design of the tiling microarray

The S. aureus custom tiling array (NA-Staph-b520729F) was designed in
collaboration with Alejandro Toledo Arana, fﬁigo Lasa, Jose Rafael Penadés and
Affymetrix (Santa Clara, CA USA) in 2011. Specifically, the microarray (format 49-
7875 with 11 pm features) contains a total of 522,406 probes, divided into two
parts. The first part corresponds to the tiling which contains a total of 384,932
probes (25 mer), which are divided in eight sets. The first set corresponds to
46310 probes recommended by Affymetrix as controls. The sets used in this
analysis covers both strands of (i) the S. aureus NCTC8325 genome (2,821,347 bp
covered by 363127 probes), (ii) the S. aureus pathogenicity islands SaPI1 (15229
bp covered by 1892 probes), (iii) SaPIbov1 (15 887 bp covered by 1978 probes),
(iv) the phage 80a (43859 bp covered by 5744 probes).

Each 25-mer probe was tiled each 14-nt across the whole genome, resulting

in 11-nt overlaps and a 7-nt offset of the tile between strands. This design enables
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a 7-nt resolution for hybridization of double-stranded targets and a 14-nt
resolution for strand-specific targets. The second part of the chip corresponds to
the S. aureus gene expression sub-array, which contains 91 164 probes grouped
into 3224 probe sets (each probe set includes 14 perfect match and 14 mismatch
probes).In all, 3122 probe-sets are targeting unique S. aureus genes, whereas 102

probe-sets are controls recommended by Affymetrix.

3.2.13 cDNA synthesis, fragmentation, labelling and array hybridization

and scan

Before cDNA synthesis, RNA integrity from each sample was confirmed on
Agilent RNA Nano LabChips (Agilent Technologies). In all, 10 mg RNAs were reverse
transcribed wusing SuperScript II reverse transcriptase (Invitrogen Life
Technologies) and processed following the protocol of the Affymetrix GeneChip
Expression Analysis Technical Manual (P/N 702232 Rev. 2) in the presence of 6
ng/mL Actinomycin D to avoid spurious second-strand cDNA synthesis during
reverse transcription reaction. cDNA was digested by DNase [ (PIERCE), and the size
of digestion products was analysed in the Agilent Bioanalyser 2100 using RNA Nano
LabChips to ensure that the fragmentation resulted in a majority of products in the
range of 50-200 bp. The fragmented cDNA was then biotinylated using terminal
deoxynucleotidyl transferase (Promega) and the GeneChip DNA labelling reagent
(Affymetrix) following the manufacturer’s recommendations. Biotinylated cDNA (5
mg per array) were hybridized for 16 h according to the Affymetrix protocol in a
total volume of 200 mL per hybridization chamber. Following incubation, the arrays
were washed and stained in the Fluidics station 450 (Affymetrix) using the protocol
nFS450_0005. Scanning of the arrays was then performed using the GeneChip
scanner 3000 (Affymetrix). A first scan of the chip was carried out with gene
expression sub-array parameters followed by a second scan with tiling sub-array
parameters. Intensity signals of each probe cells were computed by the GeneChip

operating software.
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3.2.14 Expression and purification of proteins

Overexpression of different proteins (Stl, DUF3113, PtiM) using pET28a
vector were performed. The genes were amplified by PCR and cloned into the
pET28a vector. The primers were designed to generate N-terminal or C-terminal
6xHis-tag fusion proteins. The plasmids were transformed into E. Coli BL21(DE3)
cells. E. coli cells containing the recombinant plasmids were propagated in 500 mL
of LB broth (50 ug/mL kanamycin). Cultures were grown until the ODeso reached
0.6-0.8, then isopropyl-B-D-thiogalactopyranoside (IPTG, Thermo Scientific) was
added to reach a concentration of 1 mM. After induction, the cultures were grown
overnight at 16 °C and 200 rpm. Cells were harvested by centrifugation (5000 g
for 10 min at 4 °C) and pellets were kept at -20°C before being resuspended in 50
mL of lysis buffer (20 mM Na-phosphate pH 7,4, 150 mM NacCl, 10% glycerol and
0,1 mM PMSF). The cells were lysed by sonication on ice (Amplitude 70% 3 min:
3s ON and 10s OFF) and centrifuged (16000 g for 30 min). Supernatants were
applied to a metal affinity resin (TALON® Metal Affinity Resin (TAKARA) or Ni-
NTA His Bind® Resin (Novagen)), and incubated for 1 hour at RT. The 6xHis-
tagged proteins were eluted with 100-500 mM imidazole gradient buffers.
Elution fractions were analysed by SDS/PAGE and by size-exclusion

chromatography.
3.2.15 Size-exclusion chromatography

A Superdex™ 75 26/60 column running on a AKTA™ pure25 system (GE
Healthcare Life Sciences) was used to study the interaction of the selected
proteins. The column was equilibrated in 20 mM phosphate buffer containing
300 mM NacCl at pH 7.4, and the elution was performed at 2.6 mL/min at 25 °C.
Calibration of the column was performed with aldolase (158 KDa), covalbumin
(75 KDa), BSA (66 KDa), ovalbumin (44 KDa), dimer ribonuclease (27.4 KDa),
dimer ubiquitin (17 KDa), ribonuclease (13.5 KDa) and ubiquitin (8.5 KDa). Peak
protein fractions were analysed by SDS-PAGE.
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3.2.16 Pull-down assay

The primers were designed to generate N-terminal 6xHis-tag fusion Stl
proteins and untagged DUF3113 proteins. The supernatant after sonication and
centrifugation of 6xHis-tag proteins were incubated for 1 h with metal affinity
resin (TALON, Clontech) and for 1 h with supernatant of untagged proteins. Pull-
down elution was performed with 250 mM imidazole buffer. Elution fractions

were analysed by SDS-PAGE and by size-exclusion chromatography.

3.3 Bacterial transformation

3.3.1 Preparation of chemically competent E. coli cells

E. coli cells (DH5a and BL21) were inoculated in 10 mL LB medium and
grown overnight. From the overnight culture, the cells were diluted 1/100 in 200
mL LB to reach 0.3-0.4 ODsoo. Then, the culture was put on ice 10 min to stop
bacterial growth. The cells were centrifuged at 4000 g 4°C 10 min. The
supernatant was discarded and the pellet was resuspended in 1/8 of the original
volume (25 mL) of ice cold 0.1M CaClz and incubated on ice for 15 min. The cells
were again centrifuged and discarded the supernatant and resuspended in 1/25
of the initial volume (8 mL) with 0.1M CaClz and incubated on ice for 15 min. The
bacteria were then re-pelleted using the same conditions and the pellet were
resuspended in 4 mL of ice cold CaClz + 15% glycerol, aliquoted and stored at -

80°C.
3.3.2 Transformation of E. coli cells

The aliquoted competent cells (50ul) were thawed on ice. 10pl of ligation
mix or purified plasmid DNA was added (10pg-100ng) to the cells and they were
incubated on ice for 30 min. Cells were subjected to heat shock at 42°C for 45s
and then placed on ice 2 min. 700 pl of pre-warmed LB was added and the cells
were incubated at 37°C with constant shaking (200 rpm) for 1 h. Transformed
cells were plated out on appropriate selective LB plates and the plates were

incubated at 37°C overnight.
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3.3.3 Preparation of electrocompetent S. aureus cells

S. aureus (RN4220 and derivatives) cells were prepared from overnight
culture grown at 37°C in TSB. 100 mL of LB was inoculated with 1 mL of the
overnight culture and incubated at 37°C with constant shaking until 0.2-0.3 ODsao.
Then, the culture was put on ice for 15 min to stop bacterial growth. Cells were
harvested by centrifugation (4000g, 10 min 4°C), the resultant supernatant was
discarded and the pellet resuspended in 10 mL of sterile and chilled 0.5M sucrose.
Cells were washed twice in the same conditions. Finally, bacteria were re-pelleted
and resuspended in 0.5M sucrose + 15% glycerol. The electrocompetent cells
obtained were either used immediately for electroporation or frozen in 200 pl

aliquots at -80 °C.
3.3.4 Electroporation of S. aureus cells

Approximately 1-5 pg of plasmid DNA was added to 200 pl of
electrocompetent S. aureus cells, mixed and transferred into a 0.2 cm cuvette
(Gene Pulser® Cuvette, Bio-Rad). Cells were pulsed at 2.5 kV (25 pF, 100 (1) with
Gene Pulser Xcell™ electroporation system (Bio-Rad) followed immediately by
addition of 600 pl TSB. The mixture was transferred to 1.5 mL microcentrifuge
tube and incubated at 37°C with 180 rpm for 1 h. Cells were harvested by
centrifugation (3000 g, 5 min RT), resuspended in 200 ul of supernatant, and
plated out on selective TSA plates. Plates were incubated at 32 or 37 °C for 24 h.

3.4 Biochemical methods: Enzyme assay to quantify f-

lactamase activity

B-lactamase assays were performed using nitrocefin (OXOID) as substrate
(Tillotson, 2008). Overnight cultures of strains carrying pCN41 and pCU1Pcad
derivative plasmids were diluted 1:50 in 10 mL of TSB. pCN41 contains f3-
lactamase reporter gene. Derivative strains containing the plasmids were treated
with MC or CdClz, as appropriate (ODs40= 0,2-0,3). Aliquot of 200 puL were taken
after 2 h for B-lactamase activity. Samples were transferred to a flat bottom

polystyrene 96 plate. 50 pL of nitrocefin was added to each well. Changes of the
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OD at 490 nm were registered during 15 min (every 15 s) in the Synergy H1
microplate reader. B-lactamase activity units were calculated using the formula:
AVmax (0OD,q0) * 1000

min

0D650

B — lactamase activity =

3.5 Bacteriophage and SaPI methodology

3.5.1 Prophage induction

Bacteriophages can be induced from the lysogenic state to the lytic state by
stressing the bacteria. Stress can be applied through the addition of Mitomycin C
(2 pg mL-1 MC). MC causes DNA damage, which triggers the SOS response pathway
and this initiates the phage lytic cycle. Lysogenised S. aureus strains were grown
at 37 °Cin TSB (from an overnight culture) until 0.2 ODs40. Once OD was reached,
MC was added and the induced culture was grown in an orbital shaker at 32 °C
with 80 rpm for 4 h or until lysis occurred. The resultant culture was filtered

through a 0.22 pyM membrane. The potential phage solution was stored at 4 °C.

3.5.2 Strain lysogenisation

MW2 was used as phage donor strain and RN4220 as recipient strain. The
recipient strain was grown and adjusted to 1x10¢ CFU/mL, mixed with soft agar
and overlaid onto the TSA plate. MW2 was subjected to prophage induction and
the obtained lysate was diluted and spotted on TSA plate with a RN4220 layer and
incubated at 37 °C overnight. Colonies from the center of a plaque were picked
and their DNA were extracted. PCR of the phage integrase was performed to check

the lysogeny.
3.5.3 Bacteriophage infection

Infection of susceptible S. aureus strains was performed mainly with
laboratory 80a and ®11 phages. Phage enter the bacteria and start the lytic cycle,
amplifying the phage population leading to bacteria lysis. The susceptible infected
S. aureus strains were diluted 1:50 in TSB (from overnight culture) and grown to

0.15 ODeso. Once this OD has been reached, the culture was centrifuged (4000 g,
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10 min, 4 °C) and the pellet was resuspended in 1:1 TSB-phage buffer (1mM Na(l,
0.05 M Tris pH 7.8, 1mM MgS04, 4 mM CaClz). The resuspended culture was
infected with the appropriate amount of phage (100 upL). The culture was
incubated at 32 °C with reduced shaking (80 rpm) until lysis occurred. Following
lysis, un-lysed bacterial cells were removed by filtration with sterile 0.22 uM

filters and the lysate was stored at 4 °C.
3.5.4 Bacteriophage Titering Assay

Bacteriophage transduction was used to mobilize SaPIs or to transfer
plasmids. Transduction requires a phage titer of approximately 1010 pfu/mL. The
strain RN4220 was used as recipient to perform infecting studies in S. aureus. To
quantify the number of phage particles contained in an interest lysate, recipient
strain (RN4220) was diluted 1:50 from the overnight culture and grew to 0.3-0.4
(ODs40). 50 L of the recipient strain were mixed with 100 pL of serial dilutions of
the lysate during 10 min at RT. The mixture of culture-phage was plated out on
phage base agar (25g of Nutrient Broth No 2 (Oxoid), 7 g agar in 900 mL H20)
supplemented with 10mM CaClz. Plates were incubated at 37 °C and the plaques

were counted.

Each plaque represents the lysis of a phage-infected bacterial culture and can be

designated as a plaque-forming unit (PFU)

PFU number of plaques

mL (dilution of plate counted x volume of lysate)

3.5.5 Transduction tittering Assay

Transduction tittering assay was used to calculate SaPImw2entC::cat
(chloramphenicol cassette) mobilisation by different bacteriophages. Once the
lysates have been obtained, they were then serially diluted with phage buffer. 100
ul of each serial dilution was incubated with 1 mL of receptor strain (RN4220) at
ODs40= 1.4 for 15 min at 37 °C with the addition of 4.4 mM CacClz. 3 mL of Top Agar

was then added before pouring onto plates with the appropriate antibiotic
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(chloramphenicol), cooled and incubated at 37 °C overnight. The colonies were
counted. Transduction protocol was also used to transfer derivative plasmids

between S. aureus strains.
3.5.6 Generation of S. aureus mutants by homologous recombination

All mutant strains were generated by allelic replacement using the
temperature-sensitive plasmid pMAD as described previously (Arnaud et al,
2004). For deletion of genes from the bacterial chromosome, the flanking region
of genes to be deleted were cloned into the pMAD vector. To do that, a 2-piece
overlap assembly PCR was used. Two PCRs to amplify ~1.5 kb fragment
comprising 750 bp upstream and 750 downstream of the target gene. For the
creation of point mutation within the bacterial chromosome, a similar double PCR
method was used. However, in this case, the primers incorporate the nucleotide
mutation. To insert a new gene in the chromosome, a 3-piece PCR fragment was
constructed. Firs the flanking region of gene to be replaced and then the new gene

between the flanking regions.

The PCR fragment was cloned into pMAD, transformed first in E. coli and
then into RN4220 as an intermediary and then transduced to the selected S.
aureus strains. Allelic replacement was carried out by a two-step procedure. Using
the B-gal as indicator, first, the pMAD plasmid was integrated into the
chromosome by homologous recombination under non-permissive conditions
(44 °C), and single blue colonies were selected. In the second step, the vector
backbone was deleted under a permissive temperature (30°C) as described

previously (Arnaud et al., 2004). Mutation was confirmed by DNA sequencing.
3.5.7 Staphyloxanthin extraction and quantification

Staphyloxanthin was extracted and quantified according to Rosado, Doyle,
Hinds, & Taylor, (2010) with minor modifications. The bacterial cultures (10 mL)
were incubated for 16 h at 37 °C. Bacterial cells were measured (ODs40) and
normalized. The cells were harvested at 4000 g at 4°C for 10 min and the pellets
were photographed. Then, the pellets were washed with PBS. After centrifugation,

pellets were suspended in 2 mL of 99% methanol and incubated in the dark for 20
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min at 55 °C and at -80 °C until bleached. Samples were centrifuged at 10,000 g at
4°C for 15 min, and the absorbance of the supernatant was measured at 465 nm
using a spectrophotometer and quartz cuvette. Each experiment was performed at

least in triplicate.

3.6 Data analysis

Data was organized using Microsoft® and Excel® and figures were designed

using Power Point®, Inkscape and GIMP.

The NCBI Blast server program was used for homology comparison of DNA
and protein sequences against the GenBank database. SnapGene Viewer was a tool
to visualize DNA sequences and the PRALINE server program was used for protein
multiple alignment. Venny 2.1.0 was used to create a Venn diagram for comparing

lists of elements (Oliveros, 2016).

After whole-genome sequencing, the bacteriophage and SaPI detection and
assembly was performed mainly using Artemis Comparison Tool (ACT) and Mauve
aligner. Phaster web server was also used to search for prophage sequences within

the main chromosome

Statistical analyses were performed using R software (version 3.6.0
https://www.r-project.org) in collaboration with the biostatistical service of

“Instituto de Investigacion Sanitaria la Fe”.
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4.1 Mobilisation mechanism of pathogenicity islands by
endogenous phages in S. aureus clinical strains

4.1.1 Background

The high pathogenicity of S. aureus depends on the number of virulence factors
presents in the genome, including a variety of surface proteins, proteases, toxins or
antigens. Remarkably, many of these virulence genes are part of MGEs, which

includes the SaPIs, among others.

The quick adaptation and evolution of . aureus is mainly due to the acquisition
of MGEs by horizontal gene transfer (HGT). Bacteriophage transduction is likely the
most important HGT mechanism as they are able to package host bacterial DNA and
spread it to neighbouring cells. This phenomenon increases the plasticity of S. aureus
and facilitates its adaptation to different conditions during infection. Some
bacteriophages can become hijacked by SaPIs and transfer them at a much higher

frequency than other part of the bacterial genome.

Normally, SaPIs remain integrated into the host chromosome. The normal
repressed state of SaPIs is due to the master regulator Stl, which acts as a repressor
by binding itself to a region between two divergent promoters and inhibiting the
transcription of SaPI genes (Ubeda et al., 2008) (Papp-Kadar et al., 2016) (Suranyi
et al., 2018). The SaPI life cycle begins with the infection of a helper phage or with
the SOS induction of an endogenous helper prophage. Once the prophage is activated
or the cell is infected by the phage, a bacteriophage protein binds to the Stl,
triggering the release of the Stl repressor from the SaPI DNA. Disruption of the Stl-
SaPI DNA complex allows the expression of SaPI proteins as well as the initiation of

the ERP cycle of the SaPI (M. A. Tormo-Mas et al., 2010).

Different SaPIs encode different Stl repressors whose sequences are not
conserved. As the interaction is highly specific, each different Stl interact with
different bacteriophage proteins. Therefore, bacteriophages have different
capacities to induce SaPIs depending on whether they present derepressor proteins,

which are able to bind to specific Stls.
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Four different phage derepressor proteins have been identified so far: dimeric
and trimeric dUTPases derepress SaPlbovl and SaPlbov5, Sri protein is a
derepressor of SaPI1, ORF15 of 80a induces SaPlbov2 and recombinase family
proteins (Sak, Sak4, Red and Erf) induce SaPI2. All previously studied phage
derepressor proteins are moonlighting proteins since they have at least one more

function beneficial to the phage besides their activity as SaPI inducers.

The aim of the research is to study the resident prophage’s ability to induce
the coresident SaPlIs in clinical strains. SaPI induction has always been studied in
laboratory lysogenic strains or infected strains with laboratory phages, but there
has been no demonstration of SaPIl induction by endogenous phages in natural
isolates. Thus, we focused on studying SaPI induction in 100 clinical isolates from
patients with cystic fibrosis (CF), then we studied pathogenicity island induction in
S. epidermidis strains isolated from catheter infection, and extended the study to 14

clinical strains from different clinical origins.

4.1.2 SaPI induction by endogenous phages in clinical strains isolated
from cystic fibrosis patients

SaPI induction and mobilisation by prophages have been widely studied in
laboratory strains. In previous studies, SaPIs and bacteriophage are usually
transduced and lysogenised in the phage-cured laboratory S. aureus strains RN450
and RN4220. To determine whether this process can naturally occur, a S. aureus

strain collection of clinical origin was used.

A total of 200 S. aureus strains were isolated from sputum samples from 117
cystic fibrosis (CF) patients. Strains were collected from the Hospital Universitario
y Politécnico La Fe de Valencia from 2013-2015 and genotyped by MLST (Multilocus
Sequence Typing) analysis. The frequency of ST types is shown in Figure 4.1. From
the 200 isolates, 29 strains (14%) were identified as a novel STs and can be
designated as single locus variants (SLV) or double locus variants (DLV) of the
already described Clonal Complexes (CC). The remaining strains belonged to 19
different CC, the most frequent CC being CC5 (22.5%), CC30 (15.5%), CC45 (10.5%)
and CC398 (9.5%).
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Figure 4.1 Frequency distribution (%) of S. aureus Clonal Complexes (CC) isolated from CF
patients. A total of 200 S. aureus strains were differentiated into 19 genotypes by the seven-gene
standard MLST genotyping method.

On the other hand, bacteriophages and SaPIs content was detected and
categorised according to their int gene, which dictates the insertion site (paper in
preparation) (Aanensen & Spratt, 2005) (Subedi, Ubeda, Adhikari, Penadés, &
Novick, 2007). SaPIs can be classified by integrase homology and insertion site into
five specific groups. Alternatively, bacteriophages can be clustered into seven
groups according to integrase nucleotide sequence (Goerke et al., 2009). Notably, no
strain appears to have more than one phage or SaPI of each family type, probably

due to competition over insertion site (Lindsay & Holden, 2004).
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Figure 4.2 Distribution of bacteriophages in S. aureus clinical strains. The oncoprint provides
an overview of bacteriophage presence in S. aureus strains. Each column corresponds to one of the
200 S. aureus strains. The seven rows represent the presence of each type of bacteriophage. Each cell
is coloured in red or grey according to the presence or absence of the different types of
bacteriophages.
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The seven different int genes from bacteriophages were PCR amplified using
the 200 S. aureus DNA as a template. All S. aureus strains carried at least one
bacteriophage and 58.3% contained more than one integrated into their genome.
While prophages of the group Sa3int were the most frequent (78%), Sa2int could be
detected in 37%, Sa5int in 28%, Salint in 18.5%, Sa7int in 14.5% and Sa6int in only

10.5% of the isolates. Sa4int was no detected in any S. aureus strain (Figure 4.2).

To assess associations between the 7 different int type phages distribution and the
clonal complex assignation of the 200 S. aureus clinical strains, an association plot
was performed. Figure 4.3 shows a very high significant association between the
presence of specific int type phages and particular clonal complexes (p-value =<
2.22e16). [t should be noted that Saint1 phages were associated with CC12, CC121
and CC5 and Saint2 with CC15. Instead, Saint5 phages were infrequent in the widely
distributed CC5 and Saint3 in CC15. Finally, Sa6int phages were the least extended

in this strain collection but showed association with CC398 and CC5.
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Figure 4.3 Two-way association plot for “phage type” and “Clonal Complex (CC)” in S. aureus
CF clinical strains. Representation of the contingency table frequencies as a matrix of bars, the
dimensions of which are proportional to the observed frequencies of each cross-classification (phage
presence type and CC). The color code (pink and blue) and the height of the bars denote the
significance level and magnitude of the Pearson’s residuals, and their widths are proportional to the
sample size. The rectangles also indicate the polarity of the differences between observed and
expected frequencies.

In order to identify SaPIs in the S. aureus collection, PCR and Southern blot
analysis were performed. As a result, 100 strains (50%) contained at least one SaPI

integrated in the genome and 23 were positive for more than one integrase type.
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SaPlintl, SaPlintV and SaPlintlll were the most abundant type with 42%, 36% and
35%, respectively. On the other hand, SaPlint2 was detected in 12% and SaPlint4 in

only 4% of the strains from SaPI positive strains (Figure 4.4).
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Figure 4.4 Distribution of SaPlIs in S. aureus clinical strains. The oncoprint provides an overview
of SaPI presence in S. aureus strains. Each column corresponds to one of the 100 SaPI-positive S.
aureus strains. The top row shows the number of SaPIs integrated in the genome for each sample
(green). The other five rows show the presence (red) or absence (grey) of each type of SaPlI.

To study whether there are an association between SaPlIs group and S. aureus
clonal complexes, the 200 S. aureus clinical strains were also examined and
represented in an association plot (Figure 4.5). A very highly significant association
between the presence of specific SaPIs and particular clonal complexes (p-
value=<2.22e-16) was also observed. It is worth highlighting that int1 SaPIs were
associated with CC30 and CC34 and SaPlIs int3 with CC45 and CC5. In return,
although int2 and int4 SaPIs were scarcely detected, they showed a statistically
significance association with CC398 for int2 SaPIs and CC59, CC8, CC89 and CC1 for

int4 SaPlIs.
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Figure 4.5 Two-way association plot for “SaPI presence” and “Clonal Complex” in S. aureus CF
clinical strains. Representation of the contingency table frequencies as a matrix of bars, the
dimensions of which are proportional to the observed frequencies of each cross-classification (SaPI
type and CC). The color code and the height of the bars denote the significance level and magnitude
of the Pearson’s residuals, and their widths are proportional to the sample size. The rectangles also
indicate the polarity of the differences between observed and expected frequencies.

Once the strains were classified according to the SaPI and bacteriophage types,
SaPI mobilisation was tested using Southern blot. Strains were treated with
mitomycin C (MC) to activate the SOS response and to induce the endogenous
phages. The objective was to determine whether these prophages were able to
activate and mobilise the resident SaPIs in “real world” clinical strains isolated from
CF patients. Southern blot allows the examination of SaPI induction. Previous
research demonstrated that the presence of one band corresponded to SaPI being
integrated in the chromosome, while the presence of two bands indicated that the
SaPI was integrated (upper band) and excised (lower band) from the chromosome.
After MC treatment, the samples were processed and electrophoresed on an agarose
gel. DNA was transferred to a membrane and hybridised with a probe. The chosen

probes were DNA fragments from the different int SaPI genes.

Among the 100 SaPl-positive strains, 22 contained SaPIs induced by
endogenous phages. Of these 22 strains, only 15 were finally considered and the
remaining seven strains were discarded since they were considered duplicates in
the collection. This exclusion process was defined as strains isolated from the same

patient that had identical ST and the same SaPIs and bacteriophage types.
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Figure 4.6 SaPI induction of S. aureus strains isolated from CF patients. 100 strains were treated
with MC to activate the SOS response and induce the resident prophages. Samples were isolated at 0
and 90 min, separated in agarose gel and blotted with SaPI integrase-specific probe. This figure only
shows SaPI-inducible positive strains. Upper band corresponds to chromosomal bulk DNA including
SaPI and the lower band corresponds to SaPI excised from the chromosome.

Figure 4.6 shows the strains that contained SaPIs induced by endogenous
prophages. The first strain of each image is a negative control and corresponds to
non-induced SaPls. From the 22 initial strains, 15 contained SaPls induced by
endogenous phages after MC treatment. Among them, CF14 (CC30), CF128 (CC30),
CF132 (CC34), CF166 (CC34), CF173 (CC30) and CF205 (CC30) contained SaPlintl
type inducible by endogenous phages. Only two strains contained SaPlintlIll type
(CF151 and CF168) and SaPIlintlV (CF32 and CF181) inducible by prophages.
SaPlintV type is inducible by resident bacteriophages in 8 strains (CF58, CF82, CF91,
CF128, CF132, CF143, CF166 and CF242). Three strains (CF128, CF132 and CF166)
contained two SaPIs (SaPlint type I and V) and both were induced by prophages.

Finally, SaPlintlIl type induction was not detected in any strain.
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Based on the results, it can be concluded that some clinical strains contain
SaPIs induced and mobilised by endogenous phages under conditions that lead to
prophage induction. However, MC was used to induce SOS response in laboratory
conditions, prophages can be induced by a number of commonly clinically used

antibiotics.

Nine SaPI inducible S. aureus strains (CF32, CF128, CF166, CF151, CF168,
CF181, CF82, CF91 and CF143) were completely sequenced and SaPIs were
identified in the genome. First, the insertion sites and int gene were detected in the
genome, and then the SaPIs were localised. Predicted ORFs from SaPI sequences
were annotated using Protein Blast against the non-redundant protein database
maintained by the National Center for Biotechnology Information. The
bioinformatic analysis showed that some strains carried identical SaPIs such as
SaPlintl and SaPlintV from CF91, CF128 and CF166 or SaPlintlll from CF151 and
CF168.

The SaPI genomes have two components: genes involved in the ERP cycle
organised into functional modules and those contributing to virulence or other
phenotypic functions. int gene was at the extreme left end and classified the SaPIs
according to the sequence in five types (Figure 4.7). All the sequenced SaPIs were
pac types with the classical Operon I and the terS gene. The virulence genes were
located in one of three regions: mainly at the extreme right end but also at the
extreme left end or immediately to the right of int gene. The function of some genes
from the virulence module was unknown. Contrary, other virulence genes were
annotated and codified for tst, exfoliative toxin (eta), ferrichrome-binding protein

(fhuD) or enterotoxins C and L (entC and entL).
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Figure 4.7 Comparison of SaPI genomes from S. aureus clinical strains. Genes are coloured
according to their sequence and function. int (integrase) and xis (excisionase) are yellow.
Transcription regulator stl is orange and str is pink. The replication genes including the primase (pri)
and replication initiator (rep) are purple. pif (phage interference gene) is coloured in light blue.
Packaging-interference genes are green and the accessory-virulence genes are red. Genes with
unknown functions are grey.

4.1.3 SePl induction by endogenous phages in clinical strains isolated
from catheter infections.

Once pathogenicity island mobilisation was confirmed in S. aureus strains
isolated from CF patients, we wished to test the mobilisation in a different clinical
environment. To this end, 48 S. epidermidis strains were collected from patients with
catheter infections at the Hospital Universitario y Politécnico La Fe from 2015 to

2016.

S. epidermidis is generally less virulent than S. aureus. Although it forms part
of normal skin flora. it is now emerging as an opportunistic pathogen causing
nosocomial infections in hospital settings, primarily catheter and prosthesis
bacteremia (Otto, 2009) (Qin et al., 2017). Staphylococcus epidermidis Pathogenicity
island (SePI) was first identified in 2011 (Madhusoodanan et al., 2011) and, since
then, few articles have focused on the study of SePIs (H. ]J. Chen et al,, 2011) (Argemi
etal,2018).

As previously mentioned, SaPIs can be classified according to the integrase
gene into five types as it is highly conserved and allows SaPI to be integrated at five

different specific sites. Regarding SePlIs, intser1 genes are not described in literature,
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therefore, an in-silico analysis was performed in order to identify intser1 genes. A
search was conducted with the available S. epidermidis sequences found in the
GenBank non-redundant database using different intsapi sequences as probes. The
in-silico analysis enabled the classification of SePlIs according to int gene based on
sequence homology with intsapisand to design specific primers to detect five types of

SePlIs (intser1 gene).

PCR and Southern blot were performed to identify the presence of SePlIs in 48
S. epidermidis isolates. 83.3% of the isolates (n=40) contained at least one SeP],
while 43.75% (n=21) encoded more than one SePl. SePlintV type was the most
abundant (85%) followed by SePlintll (32%), SePlintl (28%) and SePlintIII (15%).
On the other hand, int typelV was not detected (Figure 4.8).
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Figure 4.8 Distribution of SePIs in S. epidermidis clinical strains. The oncoprint provides an
overview of SePI presence in S. epidermidis strains. Each column corresponds to one of the 40 SePI-
positive S. epidermidis strains. The top row shows the number of SePIs integrated in the genome for
each sample (green). The other five rows represent the presence of each type of SePl.

Although SePI mobilisation was already studied with no success
(Madhusoodanan et al., 2011), we were interested in detecting SePI mobilisation by
endogenous phages in S. epidermidis clinical strains. To this end, 40 SePI positive
strains were exposed to MC for 120 min. Cultures were harvested and the pellets
were processed (see the methods section). Southern blot was performed using

specific probes from five identified intser1 genes. Only one strain, namely SCN45,

contained SePIs mobilized by endogenous phages (Figure 4.9). SCN45 contained
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three SePls (intsepri types 1, 3 and 5) and two of them (intsepr1 types 3 and 5) were

mobilised by their endogenous phages.
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Figure 4.9 SePI induction by endogenous phages in S. epidermidis SCN45 strain. Strain SCN45
was induced with MC for 120 min. Samples were taken at time 0, 90 and 120 min. Samples were
processed, electrophoresed and hybridised with specific probes.

SCN45 was sequenced using Illumina HiSeq sequencing technology.
Bioinformatic analysis was conducted in order to identify SePIs and bacteriophages
in the genome. Three SePls were identified in SCN45 chromosome and the sequence
comparison revealed extensive similarities to SaPIs. They shared modular genetic
organisation and ORFs were matched to known SaPIs sequences on the basis of
homology. All SePIs contained an integration-excision module (int and xis genes), a
transcriptional regulation module (st/ and str genes), a terS gene and other genes
related to SePI packaging (Figure 4.10). Phaster web server was used to search for
prophage sequences within the main chromosome, revealed two prophages, known
as ®SCN45_a and ®SCN45_b. Their modular organisation was characteristic of the
Siphoviridae bacteriophage family.
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Figure 4.10 Genomic map of SePIs from S. epidermidis strain SCN45. Genes are coloured
according to their sequence and function. int (integrase) is yellow. Transcription regulator stl is
orange and str is pink. The replication genes include the primase (pri) and replication initiator (rep).
Packaging-interference genes are green and the accessory-virulence genes are red. Genes with
unknown functions are grey.
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4.1.4 SaPl induction by endogenous phages in clinical strains of diverse
origins

Once PICIs mobilisation was examined in two different collections (acquired
from our hospital), the study was extended to other strains of diverse clinical origins.
The selected clinical S. aureus strains were MRSA252, E-MRSA16, Mu50, TW20, MNS,
USA300, COL, N315, MW2, A, B, C, D and E. These 14 strains were selected due to
their broad characterisation, the easy access to their genome sequence and the
presence of SaPlIs and bacteriophages integrated in their chromosome. Table 4.1
shows some characteristics of SaPIs and bacteriophages integrated in the genome

of the selected strains.

Table 4.1 Description of selected clinical strains.

SaPI
SaPI SaPI inducible Phage
Strain (packaging int | Prophage (packaging type) by derepressor
type) type endogenous | protein
phage
E-MRSA16 SaPl4 I ®Sa2, dSa3 no -
MRSA252 SaPl4 I ®Sa2, dSa3 no -
Mu50 SaPIm4, SaPIm1 | III, V dSa3 no -
TW20 SaPI1 IV ®Sal, $Sa3 no -
MN8 SaPI2 V | ®Sal, dSa2, $Sa3 dSa5, PSab no -
USA300 SaPI5 (cos) IV | ®Sa2usa (pac), PSa3usa (cos) yes unknown
COL SaPI3 (pac) I\ ®COL (cos) yes unknown
N315 SaPIn1(pac) Vv phiN315 ($Sa3) (cos) yes Redf
MW?2 SaPImw?2 (cos) | III | ®Sa2mw (cos), PSa3mw (pac) yes DUF3113
A SaPla (pac) | ®Sa3 (cos) yes Sri
B SaPIb I ®Sa2, dSa3 no -
C SaPIc (cos) 111 dSa2, Sab (cos) yes DUF3113
D SaPId \% ®Sal, dSa3, dSab no -
E SaPle (pac) I ®Sa3 (cos) yes unknown

SaPl induction of the clinical strains was tested using Southern blot. Following
the methodology previously described, the 14 selected strains were treated with MC.
The Southern blots showed that 7 strains (50%) contained prophages able to induce
and excise the resident SaPIs: MW2, C, USA300, A, E, N315 and COL (Figure 4.11).
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Figure 4.11 SaPI induction of 14 S. aureus clinical strains. 14 strains were treated with MC to
activate the SOS response and induce the resident prophages. Samples were isolated at 0 and 90 min,
separated in agarose gel and blotted with SaPI integrase-specific probe. Upper band corresponds to
chromosomal bulk DNA including SaPI and the lower bands correspond to covalently closed circular
SaPI (CCC) excised from the genome or SaPl monomers released from the phage capsid (L) if the
helper phage mediated induction and packaging

It is important to take into consideration the difference between SaPI
induction and SaPI mobilisation in order to correctly understand the results of the
Southern blot. The specific interaction between the phage derepressor protein and
its corresponding Stl induces the SaPI and initiates the excision and replication. In
contrast, in addition to Stl-derepressor interaction, SaPI mobilisation requires

compatibility in the packaging mechanism between the SaPl and phage. As
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bacteriophages, SaPIs can be packaged using two different mechanisms: pac and cos
(Feiss & Rao, 2012). Generally, pac SaPls can be packaged by pac phages and cos
SaPIs can use the packaging mechanisms of pac and cos phages (N. Quiles-Puchalt et

al, 2014).

Regarding the Southern blot results, three different bands could be identified.
The top band corresponded to the SaPI integrated in the host chromosome (bulk
DNA) and is present in all the strains. The intermediate band corresponded to the
SaPI linear monomers (L) released from the phage capsids and could be identified
in MW2, C and USA300. This seems to indicate that the phage is able to induce and
encapsidate the SaPIL. The bottom band comprised covalently closed circular (CCC)
molecules, which corresponded to SaPI induced but not packaged and it is present

in A, E, N315 and COL strains (Figure 4.11).

To explain the absence of an L SaPI band in A, E, N315 and COL strains, the SaPI
and prophage sequences of the clinical strains were analysed in order to identify
whether they were cos or pac types (Table 4.1). The differences in migration and
assignment in two types (CCC or L) among the analysed strains were consistent with
the presence of cos and pac SaPlIs and phages. MW2, C and USA300 encode cos SaPI
and cos phages with similar cos sites, allowing the SaPIs to be induced and mobilized
by their endogenous phages. A, E, N315 and COL contain pac SaPIs and cos phages,

which means possible SaPI induction but not packaging.

To clearly confirm SaPl induction and subsequent excision from the
chromosome and circularisation, a PCR was performed with inward and outward-
directed primers (Figure 4.12). Specific primers were designated to recognise the
flanking region of each SaPI type. All strains that produced a band that migrated at
a position which suggests that SaPI induction by Southern blot was confirmed as the

excised product by PCR.
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Figure 4.12 SaPI excision after induction in A, E, MW2, USA300, COL and N315 strains. A.
Schematic representation of SaPI excision from the chromosome and PCR primers used for the
identification. Specific primers recognising the flanking region of each SaPI type were used. B.
Detection of SaPI excision by PCR amplification.

In addition, SaPI circularisation was tested by PCR using a pair of primers set
divergently at both end of each SaPI. Only the positive strains for SaPI induction
were tested, and all showed a band indicating SaPI circularisation. Figure 4.13

confirmed that the SaPIs encoded in A, E, C, MW2, USA300, COL and N315 strains

were able to excise and circularise after induction.

In conclusion, all these results confirm the existence of SaPI induction after MC
treatment in strains from different clinical environments. Some antibiotics can
similarly induce SOS response to MC treatment as well as induce and mobilise SaPIs
as an undesired effect. Therefore, it is important to thoroughly study the molecular
mechanism involved in SaPI mobilization in order to prevent the appearance of

unwanted effects.

93



4. Results

A SaPl integrated in the chromosome
(attL St ‘)’(15. @
—| CER ) —
— SaPI —
primer 3 circularization primer 4

|————3 P
primer 4 primer 3

Circularization PCR

S
N4

B O o
A 3

P Loe Lo

e Ny

[ HTHTE

SaPl Intl SaPlI Intlll SaPlI IntlV SaPl IntV

Figure 4.13 SaPI circularisation after excision in A, E, MW2, USA300, COL and N315 strains. A.
Schematic representation of SaPl circularisation and PCR primers used. The primers were
specifically designed for each SaPI. B. Detection of SaPI circularisation by PCR amplification using a
pair of primers set divergently at both ends of SaPI. Only excised SaPIs were tested for circularization,
all being positive.

The specific interaction between a phage derepressor protein and Stl is
essential for SaPI induction. Hence, it is key to search for new phage proteins able to

interact with different Stls for studying SaPI mobilisation and the subsequent

dissemination of virulence genes contained therein.

Stl sequences were analysed for the 15 strains collected from CF patients,
which contained SaPIs inducible by endogenous bacteriophages identified in the
previous section. Additionally, 7 strains from the small collection from diverse
clinical origins were also included. Analysis of the global repressor Stl sequences
revealed its high divergence among SaPIs. In this context, some SaPIs contained
identical Stl and could be clustered into seven groups according to the Stl sequence
(Figure 4.14 and Table 4.2). Stl such as SaPI1 (strain A and CF32) had already been

described and the derepressor was identified as a Sri protein. In addition, Stl like
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SaPI2 was previously studied and the derepressors were phage recombinase
proteins. The other Stls have not yet been studied and therefore, the phage proteins

responsible for their interaction remain unknown.
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Figure 4.14 Alignment of Stl proteins from induced SaPIs. 1) Stl like SaPI4: CF14, CF128, CF132,
CF166,CF173,CF205, 2) Stl like SaPIm4: CF151, CF168. 3) Stl like SaPI1: A, CF32. 4) Stl like SaPImw?2:
MW?2 and C. 5) Stl like SaPIE: E 6) Stl like SaPI2: N315, CF82, CF91, CF128, CF132, CF143, CF166,
CF220, CF231, CF242, CF249, CF253. 7)Stl like SaPI3: CF181, COL and USA300.
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Table 4.2 Description of Stl and derepressor proteins from SaPI induced strains.

Strains Stl like derepressor
CF14, CF128, CF132, CF166, CF173, CF205 SaPI4 unknown
A, CF32,CF181 SaPI1 sri
E new unknown
CF151, CF168 SaPIm4 unknown
MW?2, C SaPImw2 unknown
USA300, COL, CF181 SaPI3 unknown
CF58, CF82, CF91, CF128, CF132, CF143, CF166, CF242,N315 SaPI2 recombinase

4.1.5 ®Sa2mw from MW2 induces SaPImw?2 replication and transfer

Once SaPI mobilisation was tested in different strain collections, we focused
on the identification of the phage protein responsible for the induction of the SaPIs
contained in C and MW2 strains, which encode for the same Stl (Stl like SaPImw?2).
MW?2 is a community-acquired, methicillin-resistant strain that carries a wide range
of virulence and resistance genes. It was isolated from a child succumbing
pneumonia and toxic shock syndrome. Regarding the carriage of MGEs, MW2 strain
contains one SaPI (SaPImw2) and two bacteriophages (¢pSaZmw and ¢pSa3mw)

(Babaetal,, 2002).

To study the mobilisation of SaPImw2 by endogenous phages, a
chloramphenicol cassette was introduced in the island. SaPImw?2 is a cos SaP],
therefore, to preserve genome size is very important to be transferred at high
frequency by cos phages (Carpena et al, 2016). The chloramphenicol acetyl
transferase gene (cat) of 651 bp was inserted to replace the accessory enterotoxin
type C gene (entC) of 814 bp finally creating SaPImw2entC::cat. Given that $pSa3mw
is a pac phage and $SaZmw is a cos phage with the same cos site sequence as
SaPImw2 (cggcgggggc), we first thought that $SaZmw was more likely to be

involved in SaPImw2 transference than ¢pSa3mw.

To develop this idea, first, a lysogenic strain (RN4220) for $Sa2mw was
generated and SaPImwZ2entC::cat was also transduced into the strain RN4220
$SaZmw. SaPImw2entC::cat induction was tested by southern blot confirming the
ability of $SaZmw to mobilize the island (Figure 4.15). SaPI interferes with the

helper phage reproduction what finally results in a reduction in the number of
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plaques or phage titer (Frigols et al., 2015). Indeed, phage titer was reduced by two
orders of magnitude in presence of SaPImw2 (Table 4.3) compared to $SaZmw

lysogenic strain.

Stl represses the expression of the SaPI genes by binding in the intergenic
regulatory region between stl and str genes. Only the interaction of Stl with a specific
phage protein can release the repression and start the expression of the SaPI genes
(M. A. Tormo-Mas et al., 2010). To ensure that $Sa2mw was the responsible of
SaPImw2 induction, a plasmid with a reporter fusion of B-lactamase gene with the
intergenic regulatory region of SaPImw2, including st/ and str genes, was
constructed (pCN41-stl-strsapimw2-pB-lactamase). The derivative plasmid was
transformed into the lysogenic strain (RN4220 ¢pSa2mw), treated with mitomycin C
and the B-lactamase expression was measured. The analysis of the results revealed
an increase of $-lactamase activity in the derivative strain concluding that $pSaZmw

activated SaPImw?2 transcription (Figure 4.15).

A RN4220 B
RN4220 ®Sa2mw + pCN41_stl-strgapimuz
SaPImw2entC::cat
0 90 16

N I

12

B-lactamase activity
00

MC treatment No MC treatment

Figure 4.15 Induction of SaPImw2 by ®Sa2mw from MW2. A) Southern blot of $Sa2mw lysogen
in SaPImw2entC::cat positive strain (blotted with SaPI integrase type III probe) B) (-lactamase
activity of $pSaZmw lysogen with pCN4 1str-str saPimwa.

4.1.6 A hypothetical protein belonging to DUF3113 superfamily is
responsible for derepression of SaPImw2

To identify which ¢Sa2mw protein is responsible for the interaction with
Stlsapimw2 and subsequent SaPImw2 induction, two different approaches were tested.
First, seven regions of $SaZmw were cloned independently in a plasmid containing
a cadmium promoter (pCU1-Pcad-Regiongsazmw). These regions cover almost all the

DNA replication module since all previous phage derepressor genes were located in
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this module. Each plasmid was transformed in a derivative strain containing the
plasmid pCN41-stl-strsapimw2-B-lact. After 2h of induction with CdClz, B-lactamase
activity was measured indicating that the fifth section was the responsible of
SaPImw2 induction. In turn, nine ORFs were encoded in the fifth region, and
therefore, all were cloned in the plasmid pCU1-Pcad-geneg¢sazmw. The nine plasmids
were independently transformed into RN4220 pCN41-stl-strsapimw2 derivative strain
and the [(-lactamase activity was tested (Figure 4.16). In this case, the ORF
responsible for 3-lactamase activity corresponded to ORF MW1424, which encodes
for a hypothetical protein that belongs to the DUF3113 superfamily.
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B-lactamase activity
g

0 - — —_ - - - - - - = - —_ -
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Figure 4.16 MW1424 gene is responsible for SaPImw2 derepression. A) Diagram of SaZmw
marked with the cloned regions. B) B-lactamase activity of derivative strains RN4220 + pCN4 1s¢r-ser
saPimw2 + pCU1Pcad-regiongsazmw

SaPIs interfere with their helper phage reproduction and block plaque
formation. Therefore, phage mutant in the derepressor gene unable to induce the
SaPI would form plaque on a SaPI positive strain. As it was expected, $Sa2mw
infection in the SaPImw2 positive strain was obstructed and no plaques were
formed. After several attempts, two plaques were obtained and DUF3113
(MW1424) gene was sequenced. Analysis of the sequence revealed changes in the
ribosome-binding site and one mutation in the start codon (atg to atc; M1I)

supporting the hypothesis that this gene as the inducer of SaPImw?2.
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DUF3113 (MW1424) gene was overexpressed by pCN51 vector in the
SaPImw?2 positive (RN4220 SaPImw?2) strain and Southern blot test showed that
this protein is the unique responsible for the induction. Deletion of DUF3113 ORF in
the wt MW2 strain and in the lysogenic strain (RN4220 ¢SaZmw
SaPImw2entC::cat) blocked SaPI induction and consequently, there was only one
band in the Southern blot corresponding to the SaPImw?2 integrated in the genome

(Figure 4.17).

A B

RN4220 RN4220
SaPImw2entC:.cat M2 SaPImw2entC::cat
pCN51_DUF3113 WT ADUF3113 WT ADUF3113

0 90 0 90 120 0 90 120 0 90 120 0 90 120

Figure 4.17 SaPImw2entC:cat induction by DUF3113. A) Southern blot of RN4220
SaPImw2entC::icat overexpressing DUF3113. B) Southern blot of MW2 and RN4220
SaPImw2entC::cat WT and DUF3113.

$SaZmw WT and DUF3113 mutant were lysogenised in SaPImw?2 positive and
negative strain and SaPI transference and phage titers were analysed after MC
treatment. As table 4.3 shows, while ¢pSaZmw was able to mobilise the SaPImw2,
the ADUF3113 ¢SaZmw mutant completely abolished the SaPI transference.
Complementation of DUF3113 in the mutant strain fully recovered the SaPI titer.
Deletion of DUF3113 in $Sa2Zmw had no effect in phage titers suggesting that the

mutant is as viable as wt.
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Table 4.3 Effect of WT and mutant ¢Sa2Zmw in SaPI and phage titers.

. . phage SaPlI titer*

Strain Phage SaPI Plasmid titer™ (pfu) (cfu)

SaPImw?2
MW?2 dSa2mw, dSa3mw 4,82E+05 5,50E+07

entC:cat

RN4220 dSazZmw - - 2,86E+03

RN4220 dSa2mw SaPImw?2 - 9,32E+01  4,69E+04
entC:cat

RN4220 ®Sa2mwADUF3113 - - 4,38E+03

RN4220  ®Sa2mwADUF3113  S2bimw2 - 2,25E+04 0
entC::cat
SaPImw?2 pCN51

RN4220 ®Sa2mwADUF3113 ontC:cat DUF3113 7,00E+01 2,04E+05

The average of results from three independent experiments are shown. TPhage titer using RN4220
as an indicator. *“Transfer of SaPImw?2 using RN4220 as a recipient.

4.1.7 DUF3113 protein directly interacts with SaPImw2 Stl

Direct interaction between the Stl repressor and the phage derepressor
proteins disrupts the Stl SaPI DNA binding and starts the SaPI induction (M. A.
Tormo-Mas et al, 2010) (M. A. Tormo-Mas et al, 2013). To find out whether
DUF3113 derepresses SaPImw?2 in vitro using a similar mechanism, a size exclusion
chromatography (SEC) assay was performed and the relevant peaks were analysed
by SDS-PAGE. In SEC technique, the solute retention time sensitively depends on the
solute’s size. In our case DUF3113®sazmwis 7.1 kDa and Stlsapimw2 is 32.5 kDa. First,
His-tagged Stlsapimw2 and His-tagged DUF3113¢sa2zmw Were purified using a Ni-nta
affinity column, and the purified proteins were injected in the SEC column (Figure
4.18). While His-tagged DUF3113¢sa2mw eluted in a single peak (PK187), His-tagged
Stlsapimw2 eluted in two peaks (PK116 and PK165). The mixture of two proteins was
also injected in the SEC column and three peaks were identified (PK116, PK135 and
PK187). PK135 was a new peak with different retention volume corresponding with

the protein complex as was further confirmed by SDS-PAGE.
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Figure 4.18 Interaction of DUF3113 protein with Stlsapmwz. Size exclusion chromatography
assays. Blue: His-tagged-Stlsapimw2z chromatogram (PK116 and PK165). Green: His-tagged-
DUF3113sa2zmw chromatogram (PK187). Orange: interaction between His-tagged-Stlsapimwz and His-
tagged-DUF3113¢sazmw (PK116, PK135, PK187). Peaks were confirmed by SDS-PAGE.

To verify the interaction, pull down assays were performed (Figure 4.19). His-
tagged Stlsapmw2 and untagged DUF3113¢sazmw were expressed and lysed by
sonication. The supernatant was mixed, loaded onto a column and co-precipitate
what confirmed the interaction. Untagged DUF3113¢sa2mw was loaded and was not

retained by the resin.

To test the specificity of the interaction, two controls were used. Although His-
tagged Stlsapibovi was incubated with untagged DUF3113gsazmw, they eluted
separately. As it was expected, SaPIbov1 was not induced by ¢SaZmw. Additionally,
untagged DUF3113¢sazc, which does not derepress SaPImw2, was incubated with
his-tagged Stlsapimw2 and they did not co-elute. All these results support the idea of a

direct and specific interaction between DUF3113¢sa2mw and Stlsapimw2.
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Figure 4.19 Affinity chromatography of DUF3113 for His-tagged Stl. Lane 2, 3, 5, 6, 8 and 9 are
proteins induction supernatants after 20h at 16°C of 1mM IPTG treatment. Lane 4 is pull down of
Hise-Stlsapimw2 (32.52 kDa) with DUF3113esazmw (7.1 kDa). Lane 7 is pull down of Hises-Stlsapimw2 (32.52
kDa) with DUF31132c. Lane 10 is pull down of Hise-Stlsapibov1 (35 kDa) with DUF3113sazmw.

4.1.8 Diverse DUF3113 phage proteins display different capacities to
induce SaPImw?2

Since there are significant differences in the bacteriophage capacities to induce
SaPlIs, the ability of 80a, @11 and ®12 to induce SaPImw2 was tested by Southern
blot (Maiques et al., 2007). ®11 cannot induce SaPImw?2 (there was no second band),
whereas 80a and ©12 were able to induce it (Figure 4.20). ®12 is a cos phage with
the same cos site as SaPImw2 and the Southern blot showed a low band
corresponding to the monomeric form of SaPImw2 packaged in small capsids. The
presence of ccm gene in SaPImw2 could be the responsible for @12 packaging in
small capsids. Contrary, 80a is a pac phage and there was no lower band in the
Southern blot. This could be explained by the fact that SaPImw2 does not encode

CpmA-B proteins responsible for the interference to form small capsids in pac

phages.
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Figure 4.20 SaPImw2 induction by different bacteriophages. A Southern blot of ®12, ®11 and
®80a lysogens in SaPImw?2 positive strain blotted with SaPI integrase type III probe. B) B-lactamase
activity of $12, $11 and $80a lysogens with pCN4 1sti-str saPimwz.
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SaPImw2entC::cat was transduced to 80a, ®11 and ®12 lysogens in the phage
cured RN4220 to test for SaPI transfer. The transduced titers of SaPImw2entC::cat
showed that 80 and @12 were able to transduce the SaPI successfully. On the other

hand, as it was expected, @11 was unable to transfer SaPImw2entC::cat (Table 4.4).

Table 4.4 Phage (80a, ®11 and ®12) and SaPImw?2 titers.

. phage titer” SaPI titer*
Strain Phage SaPI (pfu) (cfu)
RN451 ®11 ; 2,77E+09 ;
RN451 11 SaPlmw2 9,62E+07 7

entC::cat
RN451 ®11ADUF3113 SaPlmw2 5.92E+08 0
entC::cat
RN10359 80« ; 1,79E+10 ;
RN10359 80« SaPImw2 6,87E+08 3,21E+03
entC::cat
RN4220 ®12 ; 2,05E+05 ;
RN4220 D12 SaPImw2 4,00E+03 1,71E+05
entC::cat
RN4220 ®12ADUF3113 SaPlmw2 9,23E+04 0
entC::cat

Furthermore, the ability to the lysogens to bind to Stlsapimw2 and activate the
transcription was studied. The plasmid pCN41 with 3-lactamase reporter gene fused
to stl-strsapmw2 genes was transformed in the three lysogens. All tested phages
showed different abilities to derepress the regulatory region and induce SaPImw2

(Figure 4.20).

[t was previously demonstrated that allelic variants of phage derepressor
proteins had different affinities for the SaPI-encoded repressors (M. A Tormo-Mas
et al.,, 2013). In silico analysis of DUF3113 homologues sequences determined that
DUF3113»12 was identical to DUF3113¢sazmw. Contrary, phage 80a and ®11
encoded for DUF3113 homologues in ORF25 and ORF19, respectively, and both
being identical in 61% of amino acids. Strain C, which was previously mentioned,
contains one SaPI mobilized by an endogenous prophage and two prophages in its
genome. The phages have been referred in this study as ®2c and ®6c¢ and both
contain DUF3113 homologues with 98% and 58% identity, respectively (Figure
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4.21). Since Stlsapic is identical in sequence to Stlsapimw2, DUF3113¢2c or DUF3113¢6c

should interact with Stl protein and induce the SaPI.
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Figure 4.21 Alignment of S. aureus phage encoded for DUF3113 protein shows allelic variation.
The scoring scheme assigns 0 for the least-conserved alignment position, with values up to 10 for the
most-conserved alignment position.

The only function for the phage-encoded DUF3113 protein in the SaPI cycle is
to disrupt the binding of the Stl repressor to the target DNA site. Consequently,
allelic variants should induce the SaPI transcription in a different manner. This was
confirmed by a procedure previously used in this thesis. DUF3113 homologues
genes from different phages (80a, @11, ®2c and ®6¢) were cloned into the plasmid
pCU1 with cadmiun dependent Pcad promoter. These plasmids were transformed
in RN4220 strain which carries a plasmid with (3-lactamase reporter gene fused to
stl-strsapimw2 genes. From this analysis it was observed that the presence of inducing

concentration of CdClz varied the B-lactamase activity between the tested strains.

In parallel, DUF3113 genes from phages 80a, ®11, ®2c and ®6c were tagged
with 3xflag and cloned into pCN51 with the same ribosome binding site (RBS). The
plasmids were transformed into strain RN4220 SaPImwZ2entC::cat and treated with
CdClz. Southern blot and Western blot were performed with the derivative strains
(Figure 4.22). Southern blot showed differences in SaPImw2 induction when the
proteins were equally expressed (as a result of cloning the allelic variants of
DUF3113 gene with the same RBS). DUF3113 from 80a and ®6c were able to induce
SaPImw?2, whereas, DUF3113 from ®11 and ®2c did not seem to induce it. From
these results, it could be concluded that allelic variants differ in their capability to

derepress SaPImw2 due to differences in their ability to bind to Stlsapimwz.
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Figure 4.22 Differences in the ability of DUF3113 allelic variants to induce SaPImw2. Southern
(top) and Western blots (bottom) of derivative RN4220 SaPImw2entC::cat strains carrying pCN51
3xFLAG homologues to the DUF3113 protein from phages ®Sa2mw, ®11, 80a, ®2c and $6c .

To determine whether DUF3113 was also present in another Staphylococcus
spp, an in-silico study was performed. DUF3113 protein was found in phages from
Staphylococcus argenteus, Staphylococcus warneri, Staphylococcus haemolyticus,
Staphylococcus schweitzeri and Staphylococcus simiae (Figure 4.23). In addition, S.
argenteus clinical strain (BN75) was identified, which contains a SaPI that encodes
for a Stl similar to Stlsarimw2 (99% of identity) and a phage with a DUF3113 protein
with 61% identity. In the same way, a SaPI that encodes for a Stl and a phage with a
DUF3113 was detected in the S. aureus TCH70 strain with 100% identity. These
results suggest that the mechanism described in this study could be general in

Staphylococcus spp.

Part of these results have been published in Cervera Alamar et al,, 2018.
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Figure 4.23 Alignment of DUF3113 from different Staphylococcal phage. The scoring scheme
assigns 0 as the least-conserved alignment position, with values up to 10 for the most-conserved
alignment position.
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4.2 SaPIs control of chromosomally-encoded virulence gene
expression

4.2.1 Background

SaPls are clinically relevant due to their important role in the S. aureus
pathogenicity. They usually carry two or more superantigens and are responsible
for most superantigen-related human diseases. SaPIs are efficiently encapsidated

into phage particles and can disseminate to other bacteria populations.

SaPIs were serendipitously discovered in 1998 due to their carriage of the
gene for toxic shock syndrome toxin-1 (tst) of which the SaPIs are the sole source
(Lindsay et al., 1998). Since then, many virulence genes such as enterotoxins B (seb),

C (sec), K (sek) or Q (seq) were identified in these MGEs.

SaPIs are not merely virulence gene carriers, they have also developed
different strategies that make them critical to the organism’s evolution. For example,
they mediate their own transfer and direct the horizontal transference of unlinked
chromosomal DNA containing virulence genes (J. Chen et al, 2015). In addition,
SaPIs can interfere with phage reproduction, increase the host survival of phage
infections, determine animal host specificity or even force phage evolution (Geeta

Ram et al.,, 2015)(Frigols et al., 2015) (Viana et al., 2015).

Bacteriophages, a type of MGE closely related to SaPls, are also important
contributors to host pathogenicity. They can directly provide virulence factors to the
host bacteria by the lysogenic conversion phenomenon, as well as mobilise host
genome segments through transduction. In addition, they influence the global
regulators of the host, allowing them to adapt to different situations and regulate
chromosomal genes (Osmundson, Montero-Diez, Westblade, Hochschild, & Darst,
2012). Some studies have detected small RNAs (sRNAs) in bacteriophages of S.
aureus that regulate the expression of target chromosomal genes at the
posttranscriptional level. Some sRNAs can regulate the expression of virulence
factors, suggesting that they play an essential role in staphylococcal virulence
(Chabelskaya, Gaillot, & Felden, 2010) (Eyraud, Tattevin, Chabelskaya, & Felden,
2014). A recent study demonstrated that lysogenisation with @11 and 80a phages
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in S. aureus increases the biofilm formation, as well as other transcriptional changes

in different regulatory pathways of the host (Fernandez et al., 2018).

Due to this multifunctionality shown by the SaPIs, it is likely that they can
develop other functions that could be important to bacteria. In this study, we
explored the hypothesis that SaPIs are involved in the regulation of chromosomal
genes expression. For this purpose, we performed a genome-wide transcriptional

analysis using RN450 and its derivatives strains.

4.2.2 SaPlIs controls the expression of chromosomal genes

To investigate whether SaPIs were able to control the expression of
chromosomal genes, a tiling array transcriptome study was conducted in isogenic
strains differing in the content of MGEs. The tiling array allows the simultaneous
measurement of the expression level of thousands of genes during a particular time.
This approach can emphasise whether genes are up- or down- regulated under
specific conditions. A significant change in transcript highlights the impact of SaPlIs
on bacterial physiology. To ensure that all strains used for this study shared the
same genetic background, bacteriophages and SaPIs were integrated into the non-

lysogenic RN450 strain. In this case, the strains used were:
RN450 WT (Code 4)
RN450 + 80a (Code 1)
RN450 + SaPIbov1 (SB1) + SaPI1 (Code 4S)
RN450 + 80a + SaPIbov1 (SB1) + SaPI1 (Code 1SS)
RN450 SaPIbov1Astl (Code 4D)

All strains were treated with MC to induce the prophage and SaPIs encoded in
their genome. Although, RN450 SaPIbov1Astl was also treated, it did not need to be
induced as this mutant was constitutively induced in the absence of any inducing

phage and external stimuli.
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Total RNA was isolated from the samples at 0 and 60 min after MC induction,
converted to cDNA and the cDNA hybridised with the microarray. In addition, the
RNA from RN450 WT was isolated after 60’ of MC treatment to be used as a control.

RNA transcript levels were determined for each strain and time point. Pairwise
comparisons of gene expression profiles between different strains showed that SaPI
induction had a big impact on the transcriptome of RN450. In this study, we focused
on four pairwise comparisons that we considered to be the most descriptive and
informative in terms of SaPI implication in chromosomal gene expression (Figure
4.24). We decided to only examine transcripts with log fold-changes of >=1 and <=-
1. As a result, 33 genes were identified as differentially expressed at one or more
time points in at least one of the strains or conditions. Differentially expressed genes

(DEGs) are listed in Appendix 4.

Briefly, the expression pattern of RN450 SaPlbov1Astl (4D) was compared
with RN450 + SaPIbov1 + SaPI (4S). This comparison showed differences in gene
expression between a strain with uncontrolled SaPI replication due to the mutation
in stl repressor with respect to the strain with SaPIs integrated and repressed in the
genome. Both were untreated with MC, resulting in 1 downregulated and 23

upregulated genes

Comparison of gene expression between RN450 + SaPIbov1 + SaPI1 (4S-60)
and RN450 WT (4-60 °) after 60 min of MC treatment revealed statistically
significant changes in the expression of 7 genes. RN450 + SaPIbov1 + SaPI1 (4S-60’)
showed 6 upregulated genes whereas 1 was downregulated. The operon I of
SaPIbov1 is regulated by lexA and is, therefore, activated when the SOS response is
triggered. Thus, this comparison showed the differences in gene expression related
to the activation of the Operon I of SaPIbov1 after induction with MC compared to

the control strain induced with island absence.

In addition, RN450 + 80a + SaPlbovl + SaPI1 (1SS-60) treated with MC
reported significant changes in the expression of 12 genes comparing to MC-treated

RN450 WT (4-60). 6 genes were negatively and 6 genes positively regulated. DEGs
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occurred due to SOS response activation which results in phage induction and as a

consequence in SaPI induction and replication.

Finally, the gene expression patterns after 60 min of MC treatment of RN450 +
80a (1S-60) and RN450 + 80a +SaPIbov1 + SaPI1 (1SS-60) were compared. This
pattern presented DEGs due to SaPI induction avoiding genes related to phage 80«
induction. In this comparison 8 genes were differentially regulated and all were

upregulated.

25 23
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Number of DEGs

1 1 0

4S vs 4D 4-60’ vs 45-60° 4-60" vs 1SS-60" 160 vs 1SS-60°
Upregulated genes Downregulated genes

Figure 4.24 Number of DEGs after SaPI induction. Total number of genes upregulated and
downregulated in the four pairwise comparisons of derivative RN450 strains.

4.2.3 crtOPQMN operon and SAOUHSC_02886 genes are overexpressed
by induced SaPlIs

The number of unique and overlapping DEGs between all the conditions that
were tested are shown in a Venn diagram (Figure 4.25). Most of the DEGs were
uniquely identified in a single strain while 6 genes were commonly differentially
expressed in the 4 comparisons analysed. 5 of 6 genes corresponded to the
crtOPQMN operon (SAOUHSC_02882 crtO, SAOUHSC_02881 crtP, SAOUHSC_02880
crtQ, SAOUHSC_02879 crtM and SAOUHSC_02877 crtN) and the other one was an
acetyl transferase gene (SAOUHSC_02886 gnat). Interestingly, both loci have

previously been linked with virulence.
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4-60 vs 4S-60 4-60" vs 1S5-60

4S vs 4D .~ 160 vs 1SS-60

Figure 4.25 Venn diagram of DEGs in array analysis. Four lists of DEGs between the described
comparisons were used to construct the Venn diagram. Blue circle indicates core subset of DEGs
between 450 SaPls vs 450 SB1Astl. Yellow circle, between 450 (tso) vs 450 SaPls (teo). Green area
shows differences between 450 (teo) vs 450 + 80a + SaPls (ts0) and red area indicates differences
between 450 80a (tso) vs 450 + SaPIs + 80« (teo). Central area indicates two loci (six genes) that were
found to have different expression profile across all tested conditions.

The crtOPQMN operon encodes five genes involved in the STX biosynthesis,
and is controlled by a sigmaB-dependent promoter. STX is a C30 carotenoid pigment
responsible for the characteristic golden colour of S. aureus, and it is also considered
to be an important virulence factor. Additionally, STX plays an important role in
resistance to reactive oxygen species (ROS) generated by neutrophils and
macrophages, which makes S. aureus resistant to innate immune system (G. Y. Liu et
al, 2005) (Clauditz et al, 2006) (C. L. Liu et al, 2008). The first step of STX
biosynthesis concerns the condensation of two molecules of farnesyl diphosphate
that are catalysed by the dehydrosqualene synthase CrtM resulting in the formation
of dehydrosqualene (4,4’-diapophytoene). The dehydrosqualene desaturase CrtN
dehydrogenates dehydrosqualene to form the main intermediate yellow called 4,4’-
diaponeurosporene. This molecule is then oxidised by CrtP, glycosylated by CrtQ,
and esterified by the acyltransferase CrtO to give the STX carotenoid (Marshall &

Wilmoth, 1981) (Pelz et al.,, 2005).

Deletion in the crt operon resulted a non-pigmented S. aureus with
significantly reduced virulence in murine models of infections (C. I. Liu et al., 2008).
Since STX is an important virulence factor, the STX biosynthetic pathway could be
one of the targets to combat S. aureus infections (F. Chen et al., 2016) (Gao, Davies,
& Kao, 2017).
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SAOUHSC_02886 (gnat) codifies for an uncharacterised protein with an
acetyltransferase domain (GNAT family). GNAT is a large enzyme superfamily that
catalyses the transfer of an acetyl group from acetyl CoA to the primary amine of
many substrates. Members of this family can confer resistance to aminoglycosides
antibiotics such as kanamycin, gentamycin or tobramycin (Favrot, Blanchard, &

Vergnolle, 2016).

To validate the transcriptome results, a qRT-PCR analysis was performed
(Figure 4.26). The expression levels of SAOUHSC_02886 and crtM genes were
compared between RN450 SaPIbov1 (notinduced) and RN450 SaPIbov1Astl strains,
in which all SaPI genes were derepressed (uncontrolled constant replication). Both
genes were commonly overexpressed in all the conditions tested. Expression of
these genes was significantly increased in the Astl mutant indicating that SaPI
induction positively regulates the expression. Thus, the trend observed in the
microarray was confirmed by gqRT-PCR and the fold change was larger in this

experiment than in the microarray.

Given the obtained results, we decided to focus on the study of STX expression
due to its deeply demonstrated virulence. In addition, STX is a carotenoid
responsible for strain pigmentation and expression changes produce phenotypic
differences.

10 gRT-PCR
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RN450 SB1 = RN450 SB1Astl

Figure 4.26 qRT-PCR validation of transcriptome data for two selected genes. Expression of
crtM and SAOUHSC_02886 genes were tested for SB1 wild-type and SB1Astl mutant. Relative
expression was normalized to the abundance of gyrB gene.
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4.2.4 SaPI regulate STX production by independent Sigma B system

In previous studies, Ubeda and collaborators reported that the repressor stl
deletion in SaPIbov1 caused orange pigmentation in RN4220 S. aureus strain (Ubeda
et al, 2008). They thought that the stress of unrestricted SaPI replication was
responsible for the pigmentation. Using the expression profiling information
presented in this work, however, it could be deduced that SaPIs were directly
involved in carotenoid expression and consequently in the pigmentation change.
STX is a pigment and an important virulence factor due to its antioxidant properties.
For this reason, it is important to study the regulatory mechanism that would allow

the development of virulence factor-specific drugs.

It is known that the stress response alternative sigma B factor (SigB - oF)
regulates STX production, since 68 mutant is white (Lan, Cheng, Dunman, Missiakas,
& He, 2010). Although the regulation mechanism is not confirmed, it seems to be
direct since a consensus o DNA binding motif was identified in the crt operon
promoter upstream of crtO gene (Kullik, Giachino, & Fuchs, 1998) (Pelz et al., 2005).
We would like to know whether STX production regulated by SaPIs was linked to
SigB regulation. To answer this question, the SaPlbov1Astl (SB1Astl) was
transduced to a o® positive SH1000 strain and to a o mutant strain. Cells were
harvested after 16h, the pellet was visualised and the carotenoid pigment was

measured (Figure 4.27). The pigmentation was slightly higher in SH1000 SB1Ast]

compared to SH1000 WT. The SB1Astl transduction to the white SH1000 Ac®

produced an orange phenotype, which confirms that the regulation mechanism of

SB1 occurred independently of o

To ensure that the SB1 effect on pigmentation was due to changes in crt operon
expression, crt-operon deletion mutant in SH1000 SB1Astl and SH1000 AcB SB1Astl
strains were generated. As shown in Figure 4.27, both strains were white despite

SB1 derepression.
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Figure 4.27 Production of staphyloxanthin in S. aureus strains SH1000 and its derivatives. The
bottom panel shows the colour of the bacterial cell pellet from SH1000 and its derivatives: SB1Astl
and SB1Astl ASTX (WT, AcB). The top graph shows the quantification of carotenoid pigment
production. Values indicate the average of three independent experiments.

4.2.5 LexA-controlled SaPl operon 1 regulates staphyloxanthin
production

To further understand the SaPI regulatory mechanism in relation to STX
production, we wanted to specify which region or genes from the SaPI could be
involved. All SaPIs contain a conserved genomic structure in which genes are
organised into functional modules. One of these modules is the Operon I (Opl),
which contains genes involved in SaPI encapsidation and transfer. The expression
of the Operon I occurs independently of the SaPI cycle but is controlled by a LexA-
dependent promoter (Ubeda et al., 2007).

The SOS response is a global gene regulatory system used by bacteria to
respond to DNA damage (Baharoglu & Mazel, 2014). MC was used to stress the cells
and induce SOS response in laboratory conditions. SOS response produces the
activation of the protease RecA, which in turn induces autocleavage of the repressor
LexA (Butala, Zgur-Bertok, & Busby, 2009). In a strain with a prophage, the active
RecA initiates the phage repressor CI autocleavage leading to the expression of the
phage genes and the initiation of the lytic cycle (Goerke, Koller, & Wolz, 2006). In a
SaPI positive strain, following SOS response, the Lex-A dependent promoter of the
Operon I is activated and only promotes the expression of this gene cluster. In a SaPI

and helper prophage positive strain, the SOS response triggers prophage induction
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and subsequent SaPI induction with the expression of all the SaPI genes (Ubeda et

al, 2005).

The expression profile showed overexpression of crtOPQMN operon in the
SaPIs positive strain (4S-60) after 60 min of MC treatment compared to the treated
RN450 WT (4-60). Since this strain only contained SaPIs integrated in the genome
(prophage negative strain), the SOS response only caused the Lex-A-dependent
Operon [ activation. Thus, we suspected that Operon I was the only one involved in
STX expression. To test this hypothesis, SaPIbov1l Operon I mutant strain (RN450
SB1AOpI) was used. The capacity of RN450 SB1AOplI to produce STX was analysed
after MC induction. As shown in Figure 4.28, the Operon | must be required for STX
production since the Opl mutant strain displayed a decreased pigment production

compared to the WT.

4.2.6 PtiA and PtiM are involved in STX production

In SaPIbov1, the LexA-mediated Operon I comprises 6 genes (from ORF5 to
ORF10) that codify homologues to terS (ORF5), ptiA (ORF6), ptiM (ORF7), comB
(ORF8), cpmA (ORF9) and ptiB (ORF10). All are involved in SaPI morphogenesis,
phage interference and packaging. Thus, to identify the gene or genes responsible
for the STX production, SaPIbov1 was transduced to RN450 strain and independent
in-frame deletions in each gene of Operonlsarivovi were generated. The capacity to
produce STX was examined in six derivative strains after MC treatment (RN450 SB1
AORF5, RN450 SB1 AORF6, RN450 SB1 AORF7, RN450 SB1 AORF8, RN450 SB1
AORF9 and RN450 SB1 AORF10). As shown in Figure 4.28, ORFs 6 and 7 seemed to
be involved in pigment production as both gene deletions had the greatest effect on

pigment reduction.

In order to study STX expression, it is important to take into account the strain
selected to perform the genetic manipulations. Basal pigmentation could differ

between strains, and this must be considered when interpreting the results. In this

instance, RN450 was used as a background, but SH1000 and SH1000 Ac® were used
in the previous section. RN450 (also known as 8325-4) is a SigB positive strain with

a 11 bp deletion in rsbU, which is a positive activator of SigB. Deletion of rsbU results

114



4. Results

in defective SigB activity, and phenotypically, RN450 results in a poor basal
pigmentation. SH1000 derives from RN450 but the rsbU was repaired and showed

high pigmentation. SH1000 Ac® was generated from SH1000 and displayed a

colourless phenotype (white) due to the lack of the positive regulator o (Herbert et

al.,, 2010) (Bak et al., 2013).
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Figure 4.28 Pigment production of RN450 SB1 mutants. The top part shows the quantification of
pigment production in RN450 SB1 Operon [ mutant and in all genes contained in the Opl: AORF5
(terS), AORF6 (ptiA), AORF7 (ptiM), AORF8 (cpmB), AORF9 (cpmA) and AORF10 (ptiB). The bottom
panel shows the colour of the bacterial cell pellet.

To confirm whether ORF6 and ORF 7 were involved in strain pigmentation,
both genes were cloned separately and together into a pCN51 vector containing a
cadmium-inducible promoter (Pcad) and then transformed into the laboratory strain
RN450. The vector positive strains were induced with CdClz and the obtained pellets
were analysed to measure pigment production. As shown below, in Figure 4.29,
ORF6 overexpression had no effect regarding colour changes, while ORF7 showed a

slight increase in pigmentation. Remarkably, when ORFs 6 and 7 were co-expressed,

staphyloxanthin pigment production was significantly increased.
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Figure 4.29 Production of STX by ORF6 and ORF7 overexpression. Top: Measurement of STX
extracted in methanol of RN450 and its derivatives with pCN51 vector. Bottom: colour of analysed
bacterial cells. Data represents the mean of the results of three independent experiments.

The plasmid pCN51 ORF6-7 was also transformed into SH1000 and
SH1000AoB strains, and the derivative strains were treated with CdCl..
Quantification of pigment production by carotenoid extraction confirmed that,
regardless of the presence or absence of SigB, both strains exhibited strong orange
pigmentation. To ensure that differences in pigmentation were related to changes
in crtOPQMN expression, deletion of this operon was generated in SH1000 and
SH1000AcB (Acrt = ASTX), then the pCN51 ORF6-7 plasmid was transformed and
the derivative strains were finally treated with CdClz. The absence of colony

pigmentation in both strains verified that crtOPQMN operon was responsible for

strain coloration (Figure 4.30).
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Figure 4.30 Production of STX when ORF6 and ORF7 from SaPlbovl were overexpressed in
SH1000 derivatives strains The bottom panel shows the colour of the bacterial cell pellets from
SH1000 and its derivatives: pCN51_ORF6-7 (WT, AcB) and ASTX pCN51_ORF6-7 (WT, AcB). The top
graph shows the quantification of carotenoid pigment production.
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gRT-PCR was performed to confirm the different expression of crtM (from crt-
operon) and SAOUHSC_02886 genes when PtiA and PtiM were overexpressed. RNA
from RN450 with pCN51@ or pCN51_ORF6-7 was isolated, the cDNA was synthetized
and the expression was quantified. Both crtM and SAOUHSC_02886 genes were

overexpressed with PtiA-M presence (Figure 4.31).
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Figure 4.31 qRT-PCR for crtM and SAOUHSC_02886 genes. Expression of crtM and
SAOUHSC_02886 genes were tested for RN450 pCN51@ and pCN51_ORF6-7. Relative expression was
normalized to the abundance of gyrB gene.

The ORF6 and ORF7 homologs present in SaPI2 have been previously
characterised and named ptiA and ptiM, respectively. These two genes are involved
in phage interference mechanisms. PtiA binds to the phage transcription activator
LtrC and blocks the production of virion and lysis proteins. PtiM acts as a modulator
protein, binds to PtiA and precisely modulates their activity to not interfere with
SaPI particle formation (Geeta Ram et al,, 2014) (Geeta Ram et al., 2015). Therefore,
PtiA and PtiM directly interact to form a complex that enhances STX production.
They are moonlighting proteins sine they have more than one function, one related

to STX production and the other related to phage packaging interference.

To confirm that the STX regulation by PtiA-M (ORF6-7) is not exclusive to
SaPIbov1, homologous to PtiA-M in different SaPIs (SaPI2, SaPleq and SaPIpt1028)
were cloned in the pCN51 vector and transformed into the RN450 strain. Sequence
alignment of the proteins showed that all were highly similar (more than 90%
identity). After CdClz treatment, all strains showed an increase in pigmentation, and
therefore homologues to PtiA and PtiM could be responsible for STX expression

(Figure 4.32 and Figure 4.33)
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Figure 4.32 Alignment of PtiA and PtiM from different SaPIs. PtiA and PtiM from SaPlbov1, SaPI2,
SaPleq and SaPIpt1028 were aligned using PRALINE multiple sequence alignment program.

1,8

Abs 465 nm

Q PtA-M  PtA-M SaPI2  PtA-M PtiA-M
SaPlbov1 SaPIpt1028  SaPleq

RN450 pCN51

Figure 4.33 STX production by homologous proteins to PtiA and PtiM from SaPlbov1. Top
graph: quantification of STX carotenoid of RN450 strains and its derivatives: RN450 + pCN51_ptiA-M
from SaPIbov1, SaPI2, SaPIpt1028 and SaPleq. Bottom image: colour of the bacterial cell pellets.
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Finally, to rule out the possibility that the observed effect was dependent on
a regulatory mRNA contained in ptiA-M, four independent nonsense mutations in
ptiA-M genes were introduced: K2stop and R64stop in ptiA and K2stop and K88stop
in ptiM. The result of these mutations was a shorter and unfinished protein product
that did not affect the gene structure. The mutated ORFs were introduced into the
plasmid pCN51 and transformed into RN450 strain. Figure 4.34 illustrates the
difference in pigmentation of derived RN450 strains containing plasmids after CdCl2
treatment. Both mutations in PtiM (ORF7) abolished STX production whereas
mutations in PtiA (ORF6) showed little pigmentation similar to PtiM overexpression
shown in Figure 4.29. These results were consistent with those obtained previously
by PtiA, PtiM and PtiA-M overexpression. In this context, PtiA alone had no effect in
pigmentation, while PtiM slightly increased it (Lorenz et al, 2011). This result
indicated that SaPI proteins PtiA and PtiM are linked to form a complex, and they

overexpress crtOPQMN with a positive effect in pigmentation.

I o e
Q2 PiM PtiA-M PiA(K2%)-M PtiA(R64*)-M PtA-M(K2*) PiA-M(K88*)
RN450 pCN51

Figure 4.34 Pigment production of RN450 derivatives with shortened proteins PtiA and PtiM.
The top graph shows the quantification of carotenoid pigment production. Values indicate the
average of three independent experiments. The bottom panel shows the colour of the bacterial cell
pellet from RN450 derivatives strains.

4.2.7 PtiA-M complex does not bind to the operon crtOPQMN promoter

The simplest hypothesis about STX regulation mechanism by SaPIs was that
PtiA-M directly regulate the transcription of crtOPQMN by specifically binding to the
respective promoter. To probe this idea, the promoter region upstream the operon
was deleted in RN450 strain (APcrtO), and pCN51g / pCN51_ptiA-M were

independently transduced and induced to quantify strain pigmentation. Figure 4.35
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shows that deletion of the promoter appeared to have no negative effect on STX
production when ptiA-M were overexpressed. These results suggested that PtiA-M
did not act as transcriptional regulator by binding to crtOPQMN promoter and

therefore, an alternative mechanism must exist.
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Figure 4.35 STX production by PtiA-M in PcrtO mutant strains. Top graph: Quantification of STX
production of RN450 APcrtO strain. Bottom panel: Colour of bacterial cell pellets.

4.2.8 Flanking genes to crtOPQMN are co-transcribed when PtiA-M are
overexpressed

To elucidate the regulation mechanism of crtOPQMN expression by PtiA-M, the
transcriptional profile in the crtOPQMN operon region of RN450 SaPlbov1Astl (4D)
/ RN450 +SaPIbov1 + SaPI1 (4S) was carefully examined (Figure 4.36). The first
observation was that, in the RN450 SaPIbov1Astl (4D) strain (uncontrolled constant
SaPI replication), high expression signals (red lines) were observed far upstream of
the crtO promoter, specifically starting downstream of the isaA gene
(SAOUHSC_02887), continuing until over GNAT (SAOUHSC_02886) and passing
over the crtOPQMN operon. Interestingly, this high signal continued until reaching
the copA gene, where signals decreased to basal levels. Note that copA gene is
encoded at the opposite DNA strand. In contrast, the expression level profile of 4S
strain (blue) in that genomic region was as expected, meaning that transcriptomic
signals began and ended at the corresponding transcriptional start and stop sites for
gnat, oat, ssaA and crtOPQMN genes, respectively. The transcriptional behaviour
observed in the SaPlbov1Astl (4D) strain suggested that the genes are co-
transcribed in a single transcript which could indicate the presence of a putative

processive antitermination mechanism.
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Figure 4.36 Transcriptional activity of the crt-operon region. The blue line represents
transcription from RN450 SaPlbovl while the red line represents transcription from RN450
SaPIbov1 Astl. The analysed region was between SAOUHSC_02888 and SAOUHSC_02873 (20 kb).
RT-PCR analysis was performed to validate the hypothesis regarding the
existence of an antitermination mechanism affecting the crtOPQMN operon and the
flanking zones. RT-PCR represents a valuable tool for identifying co-transcribed
genes. Specifically, RT-PCR was used to assess the co-transcription of several gene
sets localised between SAOUHSC_02887 (isaA) and crtN genes. To conduct the RT-
PCR analysis, RNA was extracted from two derivative strains: SH1000 AcB
complemented with pCN51_g or pCN51_ptiA-M after 2h of CdClz treatment. Whole-
cell RNA was first reversely transcribed into a cDNA, and was then amplified via PCR.
The primers used, hybridised with intergenic regions of the supposed transcript.
Successful PCR amplification was taken as a signal that the genes were co-
transcribed into a polycistronic mRNA, whereas non-amplification meant that genes
were independently transcribed. Figure 4.37 shows PCR products with all the
primers used from isaA to crtN with the cDNA from derivative strain SH1000 Ac®
pCN51_ptiA-M. Contrary, there were no PCR products with any primers when the
cDNA from strain SH1000 Ac® pCN51_¢ was used as a template. The reverse
transcription mixture lacking reverse transcriptase was used as a negative control

and no PCR products were detected for all the primer pairs in similar reactions.

These results demonstrated that isa4, gnat, oat, ssaA and the crt-operon were
co-transcribed as a single operon when PtiA-M were overexpressed, whereas they

were transcribed individually in standard conditions.
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Figure 4.37 RT-PCR analysis of the intergenic regions of the cluster from isaA to crtO genes.
Top: Location of the amplicons were indicated by the numbered boxes. Bottom: Gel electrophoresis
of amplicons from RT-PCR experiments: 1=cDNA SH1000 Ao® + pCN51g, 2=cDNA SH1000 Ac® +
pCN51ptiA-M, 3 and 4 negatives controls in absence of reverse transcriptase in the reaction,
5=positive control of genomic DNA.

4.2.9 PtiA-M regulates STX production through an antitermination
mechanism that begins at isaA

In the simplestinstance of a bacterial operon, genes are transcribed in a unique
polycistronic mRNA, which is initiated at a promoter located upstream of the first
gene. However, in many cases, regulation of the operon is more complex and
involves internal promoters. To analyse the possible responsibility of the internal
promoters included in the gene cluster in relation to STX expression, deletion of
some promoters from the hypothetical operon was performed. Promoters of isaA4,
gnat, oatA and ssaA genes were chosen since they are upstream of the crtOPQMN
operon and they could influence its expression. Four independent derivative strains
were generated (APisad, APgnat, APoatA and APssaA in RN450 strains) and
complemented with plasmids expressing the PtiA-M complex. The carotenoid

production was measured after CdClz treatment.

Promoter deletions of Pgnat, PoatA and PssaA did not cause phenotypic
changes. However, PisaA deletion dramatically decreased pigmentation (Figure
4.38). These findings suggest that PtiA-M complex regulates STX overexpression
through an indirect mechanism involving isaA.
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Figure 4.38 Pigment production of RN450 derivatives strains with different promoters
deletion. Top graph: STX quantification by methanol extraction of APisad, APgnat, APoatA and
APssaA derivatives strains. Bottom panel: Colour of bacterial pellet. Values indicate the average of
three independent experiments.

To understand the role of isaA gene in crtOPQMN expression, a similar strategy
was used. Deletion of isaA gene (promoter + gene + terminator) was generated in
the derivative RN450 pCN51_ptiA-M strain and carotenoid production was
measured following CdClz treatment. Complete deletion of isaA was correlated with

the total absence of pigment (Figure 4.39).

The isaA gene codifies for a surface protein known as the immunodominant
staphylococcal antigen A, which is a soluble lytic transglycosylase. To determine
whether isaA protein was responsible for this regulatory mechanism, a premature
stop codon was introduced into the isaA coding sequence (L10stop) causing a
shorten protein. Following CdClz treatment, STX production was measured in the
derivative RN450 isaA L10* + pCN51_ptiA-M strain. It was observed that this
mutation did not cause any effect on STX production and the phenotype was the
same as the WT. This experiment excluded the involvement of IsaA protein in STX
production. Therefore, PtiA-M seems to exert the regulation by an antitermination

mechanism that begins at isaA gene.
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Figure 4.39 STX production of isaA mutants in RN450 derivative strains. Top graph:
Measurement of STX extracted in methanol of RN450 and its derivatives. Bottom: color of analysed
bacterial cells. The data represent the average of three independent experiments.

4.2.10 Reverse orientation of oatA gene deletes STX production when

PtiA-M are overexpressed

An important feature of operons is that genes are transcribed in the same
orientation. In fact, the transcriptional profile in the crtOPQMN operon region of
RN450 SaPIbov1Astl (4D) strain showed high expression levels from the isaA to the
copA gene, which is transcribed in the opposite orientation. One method to confirm
the co-transcription of genes within an operon is by reversing the orientation of one
gene and study how STX production is affected. The gene chosen was oatA which is

localised upstream of crtOPQMN and downstream of the isaA gene.

First, a derivative strain with in-frame deletion for the oatA gene was created
(doatA) ensuring that the reading frame remained intact. The gene deletion
introduced did not seem to adversely affect the STX operon transcription because
there was an increase in pigmentation comparable to the WT when ptiA-M was
overexpressed. Finally, the derivative AoatA strain was complemented with the oatA
gene inserted in the opposite “reverse” orientation. The gene replacement caused
operon disruption and the golden STX pigment was absent despite PtiA-M

overexpression (Figure 4.40).

124



4. Results

465 nm

P £ mim Wi
WT AoatA AoatA::0atA reverse
RN450 orientation
mpCN510 pCN51_ptA-M

Figure 4.40 STX production of oatA gene reverse orientated in RN450 derivative strain. Top
part: Quantification of pigment production in RN450 derivative strain (AoatA and oatA reverse). The
bottom panel shows the colour of the bacterial cell pellet.

4.2.11 Role of PtiA and PtiM as antitermination proteins

To provide experimental support to the antitermination regulatory
mechanism, two plasmid constructions were generated with the blaZ reporter gene
fused to the isaA gene (pCN41_isaA) and the region between isaA gene and ssaA
(pCN41_isaA-ssaA). Both regions contained the intergenic regions (promoter and
terminator) as well as the coding genes (Figure 4.41). The fusions plasmids were
transduced into derivative SH1000 Ao® and complemented with a second plasmid.
This second plasmid encoded for a cadmium-inducible promoter (pCU1Pcad) and
was used as a control (pCU1Pcadg) or carry ptiA-M (pCU1Pcad ptiA-M). The initial idea
was that after CdClz treatment, strains containing the pCU1Pptia-m plasmid, should
show an increase in B-lactamase activity. This could be explained as the PtiA-M
proteins binds to the transcript preventing the end of transcription. On the other
hand, the strains with pCU1Pcadg should remain unchanged. In case there was a
terminator, the transcription should stop and no [3-galactosidase activity should be
observed. As it was expected, both strains containing pCU1Pptia-m presented (-

lactamase activity, which indicated that ptiA-M avoided transcription termination.
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Figure 4.41 PtiA and PtiM avoid isaA terminator. Top part: Diagram of derivative vector pCN41:
pCN41_isaA (A) and pCN41_isaA-ssaA fused to blaZ reporter gene (B). B-lactamase activity after 2h
of CdClz treatment of SH1000 AoB derivative strain
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5. Discussion

5.1 Mobilisation mechanism of pathogenicity islands by

endogenous phages in S. aureus clinical strains

PICIs are a key factor in pathogenesis of Staphylococcus spp. Previous studies
have determined and classified MGEs, such as bacteriophages, in clinical strains.
Despite their relevance, there are no studies that determine the presence of PICIs in
Staphylococcus spp. clinical strains (Goerke et al, 2009). In this thesis we
demonstrated that SaPIs are widely distributed. They were detected in 50% of S.
aureus strains isolated from patients with CF. Interestingly, the presence of SePls
was higher than SaPIs. SePIs were identified in 83.3% of S. epidermidis strains from
catheter-associated infections. Since there are no studies to compare with, we do
not know whether this higher percentage is characteristic of S. epidermidis or is due
to the niche where each type of infection is developed. One possible explanation
could be that in chronic infections, such as those caused by S. aureus (observed in
the lungs of CF patients) require less presence of PICIs that in an acute infection,
such as catheter-associated infections. Thus, more studies are needed to determine
whether the variability found regarding the presence of PICIS is due to the species

differences or due to the niche where the infection is developed.

On the other hand, if we analyze the distribution of SaPIs in specific CC, we
observed that the distribution of these MGEs varied remarkably between lineages
and we demonstrated that there is a highly association of determined MGE with
different CC indicating that the spread of SaPIs in the bacterial population is at least
partially restricted. In certain CC some SaPls groups were completely absent and
others were significantly less or, on the other hand, significantly more frequent.
There are several studies that characterise diverse CCs and determine the presence
of SaPIs in these CCs, but there are no studies focused on the association between
the different SaPIs and CCs (Kurt et al., 2013). However, Goerke and colleges showed
that the distribution of bacteriophages varied remarkably between lineages, and
they suggest that a possible explanation the existence of restriction-based barriers
(Goerke et al., 2009). Other authors speculate that MGE promote the spreading of

determined bacterial clones. This hypothesis was emphasized by the emergence of
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highly virulent MRSA strains carrying a phage harboring a new adherence factor

(Schulte, Bierbaum, Pohl, Goerke, & Wolz, 2013).

PICIs mobilisation could promote the acquisition of virulence determinants by
S. aureus strains and transform a benign bacterium into a virulent pathogen. For this
reason, SaPI induction and transference has been widely studied. However, the
problem is that studies have always been limited to laboratory strains. In this thesis,

for the first time, SaPI mobilisation was investigated in clinical strains.

SaPI mobilisation was studied in a collection of S. aureus clinical strains from
CF patients and the study was then extended to S. aureus strains from different
clinical origins. SePI mobilisation was also investigated in S. epidermidis clinical
strains from infected catheters. The obtained results confirmed the existence of SaPI
and SePI mobilisation by endogenous phages in “real world” strains. We consider
this finding highly important since the antibiotics used in clinical practice, such as
B-lactams or fluoroquinolones, can induce the SOS response. SOS activation by
antibiotics induce the prophage and promote the spread of SaPIs and staphylococcal

virulence genes as an unwanted consequence.

In addition, based on the fact that SaPIl interference mechanisms are
counterselective for the phage, endogenous phages able to induce coresident SaPIs
are considered unlikely to be found (Frigols et al., 2015). However, as already
mentioned, this study showed that SaPI induction by endogenous phages naturally
occurs in human clinical isolates. One possible reason is the different interference
mechanism between pac and cos types. pac SaPls encode for genes that are
responsible for interference with pac phage packaging. On the other hand, cos
SaPIs encode for the ccm gene which causes severe interference in cos phage
packaging. However, there are no described interference mechanisms between
pac SaPls and cos phages. Strains such as COL, N315, A or E, in which the SaPIs are
pac and their coresident phages are cos, bacteriophages may have been acquired
by horizontal transfer regardless of the SaPI presence, since they are not affected

by interference mechanisms.
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Furthermore, SaPImw2 mobilisation was characterised in depth. As described,
MW?2 contains the cos SaPImw2 which is induced and packaged by the cos phage
®SaZmw. DUF3113 is a small protein and is the responsible for SaPImw2
derepression. All derepressor phage proteins have a dual role: a primary function
related to the phage biology and a secondary function related to SaPI mobilisation.
The best studied example is the dUTPase protein, which prevents the incorporation
of uracil into DNA and is also able to mobilize SaPIbov1 (M. A Tormo-Mas et al,
2013). DUF3113 is a protein with an unknown function for the phage. Deletion of
the MW1424 gene was generated but did not change either phage replication or
phage titer. So, under laboratory conditions, DUF3113 is not an essential protein. In
this study, a new phage derepressor protein was identified. DUF3113 is added to the

four described derepressors but there are still many derepressors to identify.

cos SaPIc from clinical strain C, which encodes for the same stl gene as
SaPImw?2, is induced by endogenous cos ¢$6c. However, this phage is probably not
responsible for SaPlc packaging since ¢p6c cos site and its flanking region, which
are important to SaPI packaging, are completely different to cos site and flanking
region of SaPIc. Strain C presents another prophage, called ¢2c. In this case, p2c
cos site and its flanking region presents 89% identity with the corresponding
sequence in SaPIc. Ccm in cos SaPls drives phage interference by the production
of small capsids and the phage major capsid protein (CP) is its target (Carpena et
al,, 2016). In addition, Ccm and CP present high structural similarity in the C-
terminal domain. In this case, Ccm SaPIc presents higher structural similarity with
CPao2c than with CPwec (Figure 5.1). So, it is possible that SaPIc only interferes with
d2c. Therefore, it could be supposed that SaPIc seems to be able to hijack both
prophages to carry out its ERP cycle; ¢p6c is involved in SaPlc induction and ¢2c

in packaging.

This type of mechanisms in which SaPI utilise more than one phage for its
induction is identified for the first time in this study. Until now, only one phage
had been hijacked by the SaPls. However, phage cooperation can also be
suspected in MW2 strain. SaPImw2 mobilisation from MW2 (dSaZmw and
$Sa3mw) was three orders of magnitude higher than that of $SaZmw lysogen,
which indicates that, though ¢$SaZmw is responsible for SaPImw2 induction,
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$Sa3mw increases SaPImw2 mobilisation. In this case, both phages are cos type
and the cos site of $pSaZmw is identical to that of SaPImw?2. Therefore, $SaZmw
phage could both induce and encapsidate SaPImw2. However, lysis of the MW2
culture after MC treatment was higher than in the $SaZmw lysogen. This suggests

that $Sa3mw is involved in lysis and could improve the mobilisation rate.
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Figure 5.1 C-terminal portion of Ccm is structurally more similar to CP¢2c than CPdé6c.
Cartoon representation of (A) Ccm SaPIc (residues 156-351), (B) CP ¢2c (residues 156-401) and (C)
CP ¢6¢c (residues 156-401). Structural models for these proteins were generated using RaptorX.
Superposition of Ccm SaPIc and CP ¢2c (D), using PyMol, exhibited a root-mean-square-deviation
(RMSD) of 0.511. The same comparison involving Ccm SaPIc and CP ¢6c revealed a significant higher
value (14.622).

To sum up, this is the first study where SaPI mobilisation was demonstrated
in a collection of S. aureus clinical strains. SaPImw2 mobilisation was studied in
depth and the gene responsible for its derepression has been described.
Additionally, the study shows signs of a new SaPI strategy hijacking the machinery

of more than one phage to increase SaPI mobilisation.

Instead, there are still many uncertainties about SaPI induction and further
studies are necessary to identify new phage derepressors and to better
understand the mechanism of SaPI mobilisation and the consequent transfer of

virulence factors.
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As future work we propose different research lines:

Determine the phage inductors responsible for the induction of both SaPIs
and SePIs described in this thesis, whose repressors have not been previously

studied.

All the SaPI inductors described until now are moonlighting proteins, as in
addition to their activity as inducers of specific SaPIs, develop a function for the
the phage itself, so we consider that it is of interest to define which function these

proteins perform in the phage biology.

Investigate in more detail the cooperation among phages in order to

mobilize other MGEs such as the SaPlIs.
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5.2 SaPIs control of chromosomally-encoded virulence gene

expression

The importance of SaPIs to the physiology, adaptation and evolution of the
microorganism is unquestionable. Embedded in bacterial genomes, these entities
can prevent phage infection and interfere with phage reproduction (M. A. Tormo-
Masetal.,, 2010) (Frigols et al., 2015). Once SaPIs are induced, they can contribute
to the enhancement of their hosts’ pathogenicity by transferring their virulence
genes and unlinked virulence genes scattered throughout the chromosome (]J.
Chen et al.,, 2015). But would it be possible for SaPIs to develop more functions

than those described so far?

Recent studies showed the regulation of chromosomal genes by MGEs such
as bacteriophages, but what about SaPIs? Are these MGEs able to regulate also
chromosomal genes? In this study we resolve that question and demonstrate that
SaPIs develop a new function associated with the regulation of chromosomal gene

expression.

The tiling array of S. aureus NCTC8325 genome was used to assess RN450
WT, lysogenised RN450 and SaPl-positive RN450 strains for differential
expression. The data obtained from this analysis revealed significant changes in
the bacterial transcriptome resulting from SaPI induction. In all different
conditions 33 genes were found differentially expressed after SaPI induction. A
cluster of five genes encoded hypothetical proteins were reported. When
SaPIbovl was in constant replication (Astl), 24 genes were differentially
expressed compared to the WT (see Appendix 4). Some of these genes are related
to virulence such as coa, cidA or trfB genes while others are involved in nitrate
and nitrite metabolism as well as transport. The coa gene (SAUHSC_00192)
codifies for an extracellular virulence factor that causes the coagulation of plasma
(Hemker, Bas, & Muller, 1975). The cidA gene (SAOUHSC_02851) encodes for a
murein hydrolase and also contributes to DNA release and biofilm development.
On the other hand, trfB (SAOUHSC_00936) is involved in resistance to two classes
of cell-wall-active antibiotics: teicoplanin and vancomycin (Bayles et al., 2007)
(Renzoni et al., 2009).
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The most interesting finding of the tiling array analysis concerned the
upregulation of two loci in the four considered comparisons. The crtOPQMN
operon and gnat gene were upregulated and also involved in virulence. Thus,
these results suggest that SaPIs regulate chromosomal genes, mainly, genes

involved in virulence and pathogenicity.

The upregulation of staphyloxanthin gene cluster (crtOPQMN) by SaPI
induction was studied in depth. The yellowish-orange (golden) pigment produced
by S. aureus has been linked to virulence owing to its antioxidant property.
Previous studies have reported that the pigmentation is controlled by rshUVW-
sigB system, but is also affected by purine biosynthesis, the tricarboxylic acid
cycle or the oxidative phosphorylation (Kullik et al., 1998) (Lan et al., 2010). In
addition, the cold shock protein A (CspA) is a positive regulator in a SigB-
dependent manner (Katzif, Lee, Law, Tzeng, & Shafer, 2005) (Caballero et al.,
2018). This study showed that STX production is also regulated by SaPI induction.
In addition, the data further indicates that the SaPI regulatory system is
independent of SigB, as the SigB mutant (white phenotype) showed pigmented

colonies after SB1 (Astl) transduction.

Specifically, PtiA and PtiM are the two SaPI proteins responsible for pigment
production. The deletion of ptiA-M genes affected STX production and the colony
was not pigmented. However, overexpression of these genes increased colony
pigmentation. PtiA and PtiM form a complex and their function has been
described in previous researches (Geeta Ram et al., 2014) (Geeta Ram et al., 2015).
As it was reported, they interfere with phages by modulating the late-module
transcription, which is responsible for the production of virion and lysis proteins.
This study uncovered a new function for this protein complex related to STX
production. Although plenty of multifunctional proteins have been described in
bacteriophages, this represents the first time that multifunctional proteins are
identified in SaPIs (M. A. Tormo-Mas et al., 2010) (Boyd, 2012) (J. Z. Bowring,
Marina, Penadés, & Quiles-Puchalt, 2016).

The regulatory mechanism of the crtOPQMN operon by PtiA-M was

unexpected and complex. Previous studies have revealed that regulation was
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direct and that the SigB or AirR specifically binds to the crt promoter region (Pelz
et al, 2005) (Hall, Yang, Guo, & Ji, 2017). In this study, the deletion of the crt
promoter resulted in no loss of pigmentation. This demonstrated that PtiA-M
neither acted as transcriptional factors nor binded to the operon promoter. This
study proposed that PtiA-M are proteins that regulate crtOPQMN and gnat genes

through processive antitermination (PA) mechanism.

In PA mechanisms, antitermination factors are associated with a bacterial
RNA polymerase (RNAP) elongation complex that leads to the bypass of
terminator sites even over longer genomic distances (Weisberg & Gottesman,
1999) (Santangelo & Artsimovitch, 2011). Although proteins that control
transcription initiation have been identified, those affecting transcription
elongation have not broadly been investigated yet. The best characterised PA
mechanisms are mediated by the phage A proteins N and Q (Yarnell & Roberts,
1992) (Patterson et al, 1994). New studies are emerging that uncover more
examples of PA mechanism, however, more information needs to be acquired (A.

V. Yakhnin, Yakhnin, & Babitzke, 2008)(Goodson et al., 2017).

In our study, intergenic RT-PCR revealed that the crtOPQMN operon and
flanking regions were cotranscribed as a single transcript only when PtiA-M were
overexpressed. These results confirmed the high gene expression level observed

in the transcriptional profile of RN450 SB1 (Astl).

The deletion of the isaA promoter resulted in a decrease of pigmentation,
and the deletion of the isaA gene caused total pigment loss when PtiA-M were
overexpressed. IsaA is a lytic transglycosilase protein that was previously
reported to be implicated in cleaving peptidoglycan (Stapleton et al., 2007). A stop
mutation was introduced in the isa4 gene though it did not negatively affect STX
production. This result suggested that IsaA protein was not responsible for STX
production. isaA gene is around 4400 bp upstream of crtOPQMN operon and seemed
to be located where transcription begins. When PtiA and PtiM are overexpressed,
the RNAP binds to the isaA promoter and continues, bypassing all terminator

sequences until the copA gene, which is transcribed in the opposite direction.
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In this study, the oat gene, localised within the hypothetical operon upstream
of the crt-operon, was replaced with the oat gene in the opposite direction and the
pigment production was abolished. On the other hand, using a blaZ-based reporter
assay, it was demonstrated that the overexpression of PtiA-M lead to the RNAP to

read throughout the isa4 and ssaA terminator sites.

However, the complete basis by which PtiA-M regulates crtOPQMN could not
be discovered. Further analyses are required in order to understand the
mechanism of action of PtiA and PtiM. In addition, transcriptional profiles of
different genomic regions are now under study in order to determine the
existence of additional PA mechanisms controlled by SaPIs. Until now, five regions
were chosen according to the known information about different genetic
expression patterns following SaPI induction. Preliminary observations of
transcriptional profiles suggest that PA mechanisms are present in other parts of
the chromosome, which highlights the impact of SaPIs on the regulation of
chromosomal genes (Figure 5.2).

—— RN450 SaPlbov1 no ind
—— RN450 SaPlbov1 Ast/ no ind

SAOUHSC_02652

2.437.000 2.438.000 2.439.000 2.440.000 2.441.000 2.442.000 2.443.000 2.444.000

SAOUHSC_02653 ~ SAOUHSC_02654 SAQUHSC_02656 SAOUHSC_02658
SAOUHSC_02655

GNAT family

Figure 5.2. Example of transcriptional profile of SAOUHSC_02665 region. The blue line
represents transcription from RN450 SaPIbov1l while the red line represents transcription from
RN450 SaPIbov1 Astl. The analysed region was between SAOUHSC_02650 and SAOUHSC_02660.
Orange circle marks the region where an antitermination mechanism seems to modulate
transcription termination of SAOUHSC_02656.

Future studies should aim to examine in detail the binding region of isaA gene
by PtiA-M proteins. To do that, different plasmid constructions (pCN41) have been
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generated with the blaZ reporter gene fused to portions of isaA gene (promoter and
terminator are always included). The fusions plasmids have been transduced into
derivative SH1000 AcoB and complemented with pCU1Pcadg (used as a control) or
pCU1Pcad ptiA-M. The experiments are currently being performed and there are still

no conclusive results.

In addition, Western blot needs to be performed in order to study the
expression of PtiM in presence and absence of PtiA. It should be noted that PtiA by
itself did not increase STX expression, PtiM slightly increased STX expression and
PtiA-M coexpression significantly increased pigment production. Moreover, it has
been demonstrated that PtiM and PtiA interacts to modulate their activity. Two
constructions in pCN51 vector have been obtained to study differences in PtiM
expression. ptiA-M tagged with 3xflag and ptiA(K2*)-M tagged with 3xflag have been
independently cloned in pCN51 and transformed into RN4220. Preliminary results
have showed an increased level of PtiM when is coexpressed with WT ptiA compared
to ptiA(K2*) mutated. To explain this results could be that the PtiA protein stabilises
or prevents PtiM degradation, and higher levels of PtiM show a greater increase in

STX expression. Nevertheless, more research is required to validate this finding.

Finally, genes which are homologous to ptiA and ptiM were identified in S.
epidermidis and S. chromogenes. These two species are non-pigmented and lack
the crt-operon. These genes have also been cloned into pCN51 vector and
transformed into S. aureus. While ptiA-M from S. epidermidis has only showed a
slight increment in pigmentation, ptiA-M from S. chromogenes has showed intense
pigmentation. Future work will focus on analysing whether PtiA and PtiM from S.

epidermidis and S. chromogenes also act as antitermination factors.

138






6. Conclusions



6. Conclusions



6. Conclusions

In this doctoral thesis, SaPIs mobilisation mechanism and their role in the

regulation of chromosomal gene expression have been presented, analysed and

studied in detail. The main conclusions can be summarised as follows:
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. PICIs are present in 50% of the S. aureus strains collection isolated from

patients with CF and in 83.3% of S. epidermidis isolates collected from

catheter-associated infections.

. SaPIs could be mobilised by endogenous bacteriophages in S. aureus clinical

strains. In particular, 18.75% of the analysed clinical isolates from CF
patients as well as 50% of clinical isolates of diverse origins showed SaPI

induction by endogenous prophages.

. Two SePIs from one S. epidermidis strain (SCN45) isolated from an infected

catheter were induced by its endogenous phages.

. The MW1424 gene from ®Sa2mw codifies for a hypothetical protein with

DUF3113 domain. This protein is responsible for SaPImw2 induction and
mobilisation in the MW2 strain through direct protein interaction with the

SaPI repressor Stl.

. Allelic variants of the MW1424 gene code for proteins with different ability

to induce SaPImw?2.

. SaPIs are able to hijack more than one bacteriophage to conduct their

mobilisation. SaPIc from strain C seems to be induced by the endogenous ®6c¢
and encapsidated by ®2c. SaPImw?2 is present in MW2 and is induced and
mobilised by ®SaZmw but the presence of ®Sa3mw increases transfer

frequency.

. SaPIs are able to regulate the expression of chromosomal genes. Specifically,

they are responsible for the overexpression of the crtOPQMN operon and the

SAOUHSC_02886 genes.

. PtiM from SaPIbov1 is the main protein responsible for the overexpression

of the crtOPQMN operon and, consequently, for STX production. PtiA
interacts with PtiM contributing to this effect. Homologous proteins to PtiA
and PtiM identified in other SaPIs are also able to positively regulate STX

production.
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9. PtiA and PtiM are not transcriptional factors that bind to the crt-operon
promoter to regulate the expression. PtiA-M complex regulates the crt-
operon expression by a PA mechanism regulating the gene cluster from the

isaA gene to the copA gene
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Appendix 1: Bacterial strains used in this study

1.1 List of strains used in the section “Mobilisation of SaPIs by endogenous
phages in clinical strains”

Strain Description Reference
RN4220 Restriction-defective derivate of RN450 Lab strain
DH5a Recombination-deficient cloning strain Lab strain
BL21(DE3) Expression strain Stratagene
RN10359 RN450 lysogenic for 80« Lab strain
RN451 RN450 lysogenic for ®11 Lab strain
A Isolated in France (1981)
B Isolated in USA (2001)
C Isolated in Spain (2002) (Viana et al.,, 2015)
D Isolated in Belgium (2003)
E Isolated in Lesser Antilles (2005)
COL Isolated in England (1960) (Gill et al,, 2005)
E-MRSA 16 Isolated in UK
MRSA252 Isolated in 1997 (Holden et al,, 2004)
MW2 Isolated in USA (1998) (Baba et al., 2002)
Mu50 Isolated in Japan (1997) (Kuroda et al.,, 2001)
MN8 Isolated in (1980) (Schlievell‘;gz3])310mster,
N315 Isolated in Japan (1982) (Kuroda et al.,, 2001)
TW20 Isolated in England (2010) (Holden et al., 2010)
USA300 Isolated in San Francisco (2005) (Diep et al, 2006)
GTM750 MW2 SaPImw?2 entC::cat This study
GTM751 RN4220 SaPImw2 entC::cat This study
GTM752 RN4220 lysogenic for pSa2mw This study
GTM753 GTM752 SaPImw?2 entC::cat This study
GTM754 GTM752 pGTM2 This study
GTM755 RN4220 pGTM2 This study
GTM756 MW2 ADUF3113 SaPImw2 entC::cat This study
GTM757 RN4220 ®Sa2mw ADUF3113 SaPImw2 entC::cat This study
GTM758 RN4220 ®Sa2mw ADUF3113 This study
GTM759 GTM757 pGTM20 This study
GTM760 GTM755 pGTM4 This study
GTM761 GTM755 pGTM5 This study
GTM762 GTM755 pGTM6 This study
GTM763 GTM755 pGTM7 This study
GTM764 GTM755 pGTM8 This study
GTM765 GTM755 pGTM9 This study
GTM766 GTM755 pGTM10 This study
GTM767 GTM755 pGTM11 This study
GTM768 GTM755 pGTM12 This study
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GTM769 GTM755 pGTM13 This study
GTM770 GTM755 pGTM14 This study
GTM771 GTM755 pGTM15 This study
GTM772 GTM755 pGTM16 This study
GTM773 GTM755 pGTM17 This study
GTM774 GTM755 pGTM18 This study
GTM775 GTM755 pGTM19 This study
GTM776 BL21 pGTM22 This study
GTM777 BL21 pGTM23 This study
GTM778 BL21 pGTM24 This study
GTM779 BL21 pGTM25 This study
GTM780 BL21 pGTM26 This study
GTM781 RN4220 80a pGTM2 This study
GTM782 RN4220phill pGTM2 This study
GTM783 RN4220 phil2 pGTM?2 This study
GTM784 RN4220 80a SaPImw?2 entC::cat This study
GTM785 RN4220 phill SaPImw?2 entC::cat This study
GTM786 RN4220 phil2 SaPImw?2 entC::cat This study
GTM787 RN4220 pGTM27 SaPImw?2 entC::cat This study
GTM788 RN4220 pGTM28 SaPImw?2 entC::cat This study
GTM789 RN4220 pGTM29 SaPImw?2 entC::cat This study
GTM790 RN4220 pGTM30 SaPImw?2 entC::cat This study
GTM791 RN4220 pGTM31 SaPImw?2 entC::cat This study
GTM792 RN4220 pGTM2 pGTM32 This study
GTM793 RN4220 pGTM2 pGTM33 This study
GTM794 RN4220 pGTM2 pGTM34 This study
GTM795 RN4220 pGTM2 pGTM35 This study
GTM796 RN4220 pGTM2 pGTM36 This study
GTM797 RN4220 pGTM37 SaPImw?2 entC::cat This study
GTM798 RN4220 pGTM38 SaPImw?2 entC::cat This study
GTM799 RN4220 pGTM39 SaPImw?2 entC::cat This study
GTM800 RN4220 pGTM40 SaPImw?2 entC::cat This study
GTM801 RN4220 pGTM2 pGTM41 This study
GTM802 RN4220 pGTM2 pGTM42 This study
GTM803 RN4220 pGTM2 pGTM43 This study
GTM804 RN4220 pGTM2 pGTM44 This study
GTM805 RN4220 SaPImw?2 entC::cat pGTM20 This study
GTM806 RN4220 SaPImw?2 entC::cat phill ADUF3113 This study
GTM807 RN4220 SaPImw?2 entC::cat phi12 ADUF3113 This study
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1.2 List of strains used in the section “SaPIs control of chromosomally-
encoded virulence gene expression”

168

Strain Description Reference
RN450 Lab strain
SH1000 8325-4 (rsbU+) Lab strain
SH1000 Ac® Lab strain
RN10359 RN450 (80a) Lab strain
GTM887 RN450 SaPIbov1 SaPI1 This study
GTM888 RN450 80« SaPIbov1 SaPI1 This study
JP2015 RN450 SaPIbov1Astl (Ubeda et al,, 2008)
GTM889 SH1000 SB1Astl This study
GTM890 SH1000 oB SB1Astl This study
GTM891 SH1000 SB1Astl AcrtOPQMN This study
GTM892 SH1000 oB SB1Astl AcrtOPQMN This study
GTM893 RN450 SB1 AOpl (transduced from JP1997) (Ubeda et al., 2007)
GTM894 RN450 SB1 AORFS5 (transduced from JP1998)
GTM895 RN450 SB1 AORF6 (transduced from JP1999)
GTM896 RN450 SB1 AORF7 (transduced from JP2000) ;
(Ubeda et al,, 2008)
GTM897 RN450 SB1 AORF8 (transduced from JP2001)
GTM898 RN450 SB1 AORF9(transduced from JP2002)
GTM899 RN450 SB1 AORF10 (transduced from JP2003)
GTM900 RN450 pCN51_ptiA This study
GTM901 RN450 pCN51_ptiM This study
GTM902 RN450 pCN51_ptiA-M This study
GTM903 SH1000 pCN51_ptiA-M This study
GTM904 SH1000 oB pCN51_ptiA-M This study
GTM905 SH1000 AcrtOPQMN pCN51_ptiA-M This study
GTM906 SH1000 oBAcrtOPQMN pCN51_ptiA-M This study
GTM907 RN450 pCN51_ptiA-Msari2 This study
GTM908 RN450 pCN51_ptiA-Msapieq This study
GTM909 RN450 pCN51_ptiA-Msapipt1028 This study
GTM910 RN450 pCN51_ptiAK2*-M This study
GTMI911 RN450 pCN51_ptiAR64*-M This study
GTM912 RN450 pCN51_ptiA-MK2* This study
GTM913 RN450 pCN51_ptiA-MK88* This study
GTM914 RN450 APcrtO This study
GTM915 RN450 APcrtO pCN51g This study
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GTM916 RN450 APcrtO pCN51_ptiA-M This study
GTM917 RN450 APisaA This study
GTM918 RN450 APisaA pCN51g This study
GTM919 RN450 APisaA pCN51_ptiA-M This study
GTM920 RN450 APgnat This study
GTM921 RN450 APgnat pCN51g This study
GTM922 RN450 APgnat pCN51_ptiA-M This study
GTM923 RN450 APoatA This study
GTM924 RN450 APoatA pCN51g This study
GTM925 RN450 APoatA pCN51_ptiA-M This study
GTM926 RN450 APssaA This study
GTM927 RN450 APssaA pCN51g This study
GTM928 RN450 APssaA pCN51_ptiA-M This study
GTM929 RN450 AisaA This study
GTM930 RN450 Aisa4d pCN51g This study
GTM931 RN450 AisaA pCN51_ptiA-M This study
GTM932 RN450 isaAL10* This study
GTM933 RN450 isaAL10* pCN51g This study
GTM934 RN450 isaA L10* pCN51_ptiA-M This study
GTM935 RN450 AoatA This study
GTM936 RN450 AoatA pCN51g This study
GTM937 RN450 AoatA pCN51_ptiA-M This study
GTM938 RN450 AoatA::o0atA(reverse) This study
GTM939 RN450 AoatA::0atA pCN51g This study
GTM940 RN450 AoatA::0atA pCN51_ptiA-M This study
GTM941 SH1000 oB pCN41_isaA pCUPcaig This study
GTM942 SH1000 0B pCN41 _isaA pCUPcad ptiA-M This study
GTM943 SH1000 oB pCN41_isaA-ssaA pCUPcaig This study
GTM944 SH1000 oB pCN41_isaA-ssaA pCUPcad ptiA-M This study
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Appendix 2: List of plasmids used in this study

2.1 List of plasmids used in the section “Mobilisation of SaPIs by endogenous
phages in clinical strains

Plasmid Description Reference
pCN51 expression vector (Charpentier et al., 2004)
pCN41 expression vector (Charpentier et al., 2004)

pCU1 expression vector

pET28a expression vector Novagen
pGTM1 pMAD entC::cat This study
pGTM2 PCN41 stistrsarimwz (regulatory region SaPImw2) This study
pGTM3 pCU1 cadmium- inducible promoter Pcad This study
pGTM4 pGTM3 MW_RS07680 (MW1434) This study
pGTM5 pGTM3 region from MW1432 to MW1430 This study
pGTM6 pGTM3 region from MW1429 to MW1428 This study
pGTM7 pGTM3 MW1426 This study
pGTM8 pGTM3 region from MW1424 to MW1416 This study
pGTM9 pGTM3 region from MW1414 to MW1410 This study

pGTM10 pGTM3 MW1406 This study

pGTM11 pCU1 MW1424 (DUF3113) This study
pGTM12 pGTM3 MW1423 This study
pGTM13 pGTM3 MW1422 This study
pGTM14 pGTM3 MW1421 This study
pGTM15 pGTM3 MW1420 This study
pGTM16 pGTM3 MW1419 This study
pGTM17 pGTM3 MW1418 This study
pGTM18 pGTM3 MW1417 This study
pGTM19 pGTM3 MW1416 This study
pGTM20 pCN51 MW1424 (DUF3113) This study
pGTM21 pMAD ADUF3113 ¢pSaz2mw This study
pGTM22 pET28a-Stlsapimw2 (C-terminal His6 tag) This study
pGTM23 pET28a DUF3113¢sa2mw (C-terminal His6 tag) This study
pGTM24 pET28a DUF3113¢sazmw This study
pGTM25 pET28a DUF3113psazc This study
pGTM26 pET28a-Stlsapbovi (C-terminal His6 tag) This study
pGTM27 pCN51_DUF3113¢sazmw _3xflag This study
pGTM28 pCN51_DUF3113s04_3xflag This study
pGTM29 pCN51_DUF3113¢411_3xflag This study
pGTM30 pCN51_DUF3113¢2._3xflag This study
pGTM31 pCN51_DUF3113¢6c_3xflag This study
pGTM32 pGTM3_DUF3113¢sazmw_3xflag This study
pGTM33 pGTM3_DUF3113s0a_3xflag This study
pGTM34 pGTM3_DUF3113411_3xflag This study
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pGTM35 pGTM3_DUF3113¢2c_3xflag This study
pGTM36 pGTM3_DUF3113¢ec_3xflag This study
pGTM37 pCN51_RBS_DUF3113s0q_3xflag This study
pGTM38 pCN51_RBS_DUF3113¢11_3xflag This study
pGTM39 pCN51_RBS_DUF3113¢2._3xflag This study
pGTM40 pCN51_RBS_DUF3113¢6c_3xflag This study
pGTM41 pGTM3_RBS_DUF3113g0q_3xflag This study
pGTM42 pGTM3_RBS_DUF3113¢11_3xflag This study
pGTM43 pGTM3_RBS_DUF3113¢2._3xflag This study
pGTM44 pGTM3_RBS_DUF3113¢6c_3xflag This study

2.2 List of plasmids used in the section “SaPIs control of chromosomally-
encoded virulence gene expression”

Plasmid Description References
pCN51g (Charpentier et al.,, 2004)
pGTM50 pCN51_ptiA-M This study
pGTM51 pCN51_ptiA-Msapiz This study
pGTM52 PCN51_ptiA-Msapieq This study
pGTM53 pPCN51_ptiA-Msapiptio2s This study
pGTM54 pCN51_ptiAK2*-M This study
pGTM55 pCN51_ptiAR64*-M This study
pGTM56 pCN51_ptiA-MK2* This study
pGTM57 pCN51_ptiA-MK88* This study
pGTM58 pCN41_isaA This study
pGTM59 pCN41_isaA-ssaA This study
pGTM60 pCU1Pcqadg This study
pGTM61 pCUPcad ptiA-M This study
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Appendix 3: List of primers used in this study

3.1 List of primers used in the section “Mobilisation of SaPIs by endogenous
phages in clinical strains

Plasmid/

construction

oligonucleotides

Sequence

Oligonucleotides

for mutant constructions

pMAD entC::cat

(Introduction of
chloramphenicol

SaPImw2_1mB

CGCGGATCCGTTTCAGCAGCTTTTACAACG

SaPImw2_2c

CTTTCTTATCTTGATAATAAGGAGAAACAGAGGATT
TCTAAGC

SaPImw2_3m

CCCCGTTAGTTGAAGAAGGGGATAATGTTAATCCGA
TTTTG

phill_mw2_17cB

cassette)
pGTM1 SaPImw2_4cE CCGGAATTCAGTCTTATCTAACGGCGATG
catl94_1m CTTATTATCAAGATAAGAAAG
cat194_2c CCTTCTTCAACTAACGGGGG
pMAD ADUF3113 [duf3113_mw2_5mB | CGCGGATCCAGATGTGTTCAACACACACGG
mutation in duf3113_mw2_6¢ CATTCAATCACACTCCTAATCC
DUF3113 gene 3113 mw2 7m | GGATTAGGAGTGTGATTGAATGGGTGAACTATTAAA
pGTM21 - - ATATAACG
phill_mw2_21cE CCGGAATTCGTTGCCATCGTTACCCCTC
Oligonucleotides for phage derepressor identification
SaPImw2_5mS ACGCGTCGACTAATTCGTCCATCATTTCGTTG
PUTMZ SaPImw?2_6¢cB CGCGGATCCATGCCGTACACACTAAAAGC
phill_mw2_1mB CGCGGATCCTTACAGAGTTTCCAAAATGTC
peTM phill_ mw2_2cE CCGGAATTCTGTTGTTTACTTTGAAAATGAG
phill_mw2_3mB CGCGGATCCTCATCAGATATCAAGGGCATG
pGTMS phill_mw2_4cE CCGGAATTCTTGCACTGTTACTTGCTCC
phill_mw2_5mB CGCGGATCCAAGTAACAGTGCAAGATGAG
pETMO phill_mw2_6cE CCGGAATTCTGCATGAGCTCTATTTGAGTG
phill_mw2_7mB CGCGGATCCTTAACACTTGCTACCGAGTCG
paTM7 phill_mw2_8cE CCGGAATTCAATTAAAGTGGGGCTAAAACC
phill_mw2_9mS ACGCGTCGACGATTGAATTTGAATAGTGACGG
paTMS phill_mw2_10cB CGCGGATCCAAGTTCTTTTAATTGATCTACTG
phill_mw2_11mS ACGCGTCGACGACGCAGGAAAAGGATACGTG
pATM? phill_mw2_12cB CGCGGATCCAATCCTGGAGAGGGCTTTAGC
phill_mw2_13mB CGCGGATCCTAGTGTTAGGGAGTAAAGAGG
pATM1O phill_mw2_14cB CCGGAATTCGATAGCTATGTGGTTTGAAGTC
pGTM11/pGTM2 phill_mw2_9mS ACGCGTCGACGATTGAATTTGAATAGTGACGG
0

CGCGGATCCTCTTCTAGCCATCATTCCACC
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phill_mw2_18mB

CGCGGATCCAGGTGAACTATTAAAATATAAC

pGTM12
phill_mw2_19cE CCGGAATTCATGCTCATTATGCTTCACTCC
phill_mw2_20mB CGCGGATCCTCCGTACTGGTTCGATGTCAC
paTM1I phill_ mw2_21cE CCGGAATTCGTTGCCATCGTTACCCCTC
phill_mw2_22mB CGCGGATCCATGAGGATTTAGCAAAGGCG
paTMIA phill_ mw2_23cE CCGGAATTCCTTTTAACAATTAGGCAGTCC
phill_mw2_24mB CGCGGATCCAGACAAGCATAAGGAATGAAG
pGTM1S phill_mw2_25cE CCGGAATTCCTCTAAAATAAAGTTAGTTGC
phill_mw2_26mB CGCGGATCCAGCAACATGGTTTGGAATACG
pATMIO phill_ mw2_27cE CCGGAATTCACTAATACTCATTTTCCTGC
phill_mw2_28mB CGCGGATCCAGGTATTGAACTTGATGAAGC
paTMI phill_mw2_29cE CCGGAATTCTTCCATTCCACTCACTCGTCC
phill_mw2_30mB CGCGGATCCTGTCTGATGATTCAGTTATTAG
pATMIS phill_ mw2_31cE CCGGAATTCAAGCATTTACTCGTCCTCC
pGTM19 phill_mw2_32mS ACGCGTCGACTTGCTAACGAGCATGAGATTG
phill_mw2_10cB CGCGGATCCAAGTTCTTTTAATTGATCTACTG
Oligonucleotides for MLST genotyping
arc_1m TTGATTCACCAGCGCGTATTGTC
acr_2c AGGTATCTGCTTCAATCAGCG
tpi_1m TCGTTCATTCTGAACGTCGTGAA
tpi_1m TTTGCACCTTCTAACAATTGTAC
glp_1m CTAGGAACTGCAATCTTAATC
glp_2c TGGTAAAATCGCATGTCCAATTC
gmk_1m ATCGTTTTATCGGGACCATC
MLST gmk_2c TCATTAACTACAACGTAATCGTA
pta_lm GTTAAAATCGTATTACCTGAA
pta_2c GACCCTTTTGTTGAAAAG CTT
aro_1m ATCGGAAATCCTATTTCACATTC
aro_2c GGTGTTGTATTAATAACGATATC
ygi_lm CAGCATACAGGACACCTATTGGC
ygi_2c CGTTGAGGAATCGATACTGGAAC
Oligonucleotides for PICIs and bacteriophages identification
Intl_F GATAGCAAAGTACTCATCATCAG
Intl_R CATTGTCTGTCTTGATTG
Intl_F GACTGCCTATATGTTTG
SaPIs int
Intll_R CGTTGATATGTGCTTTCTC
Intlll_F CTCGTAAGTACATAACAC
Intlll_R CTTCATTGCATGATTCAG
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IntlV_F AGGATTCAAAATGGAATGATGG
IntlV_R CCTTATCCATCTGTTCAGTAACG
IntV_F GTCTGCTATAGACTTTGAG
IntV_R CAATGAGTATGACGAAATG
SePLintl_1m ACAAATGGGGACGTGTTAGC
SePL.intl_2c AGCAAGTAGCTCGCCGATAC

SePLintll_1m GCTGCAAACAGAAGTACAAGC

SePL.intll_2c CCATGTTAAAGCCATTAATTCGCC

' SePLintlll_1m GTACCTAAAGAAAATGCACGTG

seplsint SePLintlll_2c TGTCACTTCACCGTGATAGTC
SePLintIV_1m ATCAAGCATGTGACGAATGG
SePLintIV_2c TGCGTTACCTTCATTACGCC
SePLintV_1m AATGGTCTGATATAGACTTTGAG
SePLintV_2c GTGGTATTTATATCTTTGTGGCG
Salint 1m AAGCTAAGTTCGGGCACA
Salint 2c GTAATGTTTGGGAGCCAT
SaZint_1m TCAAGTAACCCGTCAACTC
SaZint_2c ATGTCTAAATGTGTGCGTG
Sa3int_1m TTATTGACTCTACAGGCTGA
Sa3int_2c GAAAAACAAACGGTGCTAT
Sa4int_1m ATTGATATTAACGGAACTC

Phage int Sa4int_2c TAAACTTATATGCGTGTGT
Sa5int_1m AAAGATGCCAAACTAGCTG
Sa5int_2c CTTGTGGTTTTGTTCTGG
Sa6int_1m GCCATCAATTCAAGGATAG
Sa6int_2c TCTGCAGCTGAGGACAAT
Sa7int_1m GTCCGGTAGCTAGAGGTC
Sa7int_2c GGCGTATGCTTGACTGTGT

Oligonucleotides for SaPI excision and circularization

SaPl_Intlexc_1m GCAGGTGGACCAAGAAGAGG

SaPlintl excision

SaPI_Intlexc_2c CTTTGTGCAAATCCCAAACAC

SaPI_Intlcirc_1c ATCTACACTTGCGCAATTAGG

SaPlintl

circularization

SaPI_Intlcirc_2m AGGCGTAATTGTGAAACTAGG

SaPI_Int3exc_1m TGCTGTTAACGCGATTCAAC

SaPlintllI excision
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SaPI_Int3exc_2c

CTTTTTTGACACTTATTTGACAC

SaPI_Int3circ_1c ATGACACCAGCTTTTTGGGT
SaPlintlIl
circularization | sap[ Int3circ_2m GAGGTGATGTTGGGTGCAC
SaPI_Int4exc_1m TCGAACTTTGCAATCGAACA
SaPlintlV excision
SaPI_Int4exc_2c CTTGAGGGAGTGGGACTGAA
SaPI_Int4circ_1c ATGGATCGTGTAGGCCATTC
SaPlintlV
circularization | Sap[ Int4circ_2m GTGTGGTTGTTTTCAAGGGC
SaPI_Int5exc_1m GCTGCTACAAACGAGTGGGT
SaPlintV excision | sap] [nt5exc_2c ATACCATAACTCCCGCACCA
SaPI_Int5circ_1c TACAAGAACGCTTGCGACAC
SaPlintV
circularization | S3PI IntScirc 2m
- - TATGAGGTGATGTTGGGTGC

Oligonucleotides for StlI-DUF3113 interaction

pETZ 8a-Stlsapimw2
(C-terminal His6

Stl_SaPImw2_1B

CGCGGATCCATGATAATTTTTCGATTAAAAGAAAT

tag) Stl_SaPImw2_2cE

pGTM22 CCGGAATTCGGCAATCACCTATTTCATTTC

pET28a_ ACGCGTCGACTATAATAATAATTTGTTTAACTTTAA
DUF3113 4502w duf3113 mw2 3mS | -\ 4 GGAGATATACCATGCAACATCAAGCTTATATC

pGTM24 duf3113_4cN ATAAGAATGCGGCCGCTCTTCTAGCCATCATTCCACC

pET28a_ duf3113_8mB CGCGGATCCATGCAACATCAAGCTTATATC
DUF3113 gsazmw ACGCGTCGACTTATAACTTTTCTTCTAGCC

duf3113_9¢cS

(C-terminal His6
tag) pGTM23

pET28_
DUF31 13¢Sa2c
pGTM25

duf3113_phill_1mS

ACGCGTCGACTATAATAATAATTTGTTTAACTTTAA
GAAGGAGATATACCATGCAACAACAAGCATATATAA
ACG

duf3113_phill_2cN

ATAAGAATGCGGCCGCGTTCAACTTCATTTATTCCA
C

pETZ 8_ StlSaPIbovl
(C-terminal His6
tag) pGTM26

Stl_SB1_1mB

CGCGGATCCATCGAAGGAGCTGGTCAAATG

Stl_SB1_2cE

CCGGAATTCTACCTTGTGGCGTGATGAT

phill_mw2_9mS

ACGCGTCGACGATTGAATTTGAATAGTGACGG
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pCN51/pGTM3_d

CGCGGATCCTTATTTATCATCATCATCTTTATAATC

uf3113 psazmw | philLmw2_3xflagC_1 | GATATCGTGATCTTTATAATCATCGTGATCTTTATA
_3xflagC pGTM27 | cB ATTTCCACCTCTAAATCTAAAACC
pGTM32
pCN51/pGTM3_ | phiV_FQ166_37mS | AGCCGTCGACAAGAATGGATGGTATATGAGG
duf3113¢11 CGCGGATCCTTATTTATCATCATCATCTTTATAATC
3xflagC pGTM28 | phill_3xflagC_1cB | GATATCGTGATCTTATAATCGCCATGCTGATCTTTA
pGTM33 TAATCTTCCACCTCTATATATGCATG
SCN51/pGTM3. (Siuf3113_ph180a_1m ACGCGTCGACTAGCTCAAAGCGTTATGG
3X‘;l‘;f3cll(3}%"29 CGCGGATCCTTATTTATCATCATCATCATCTTTATA
%T‘;/B . phi80a_3xflagC_1cB | ATCGATATCGTGATCTTTATAATCGCCATCGTGATC
p TTTATAATCTTCCACCTCTACATTTACATTT
pCN51/pGTM3_ | phill_mw2_9mS ACGCGTCGACGATTGAATTTGAATAGTGACGG
duf311392.C | .5 o . |CGCGGATCCTTATTTATCATCATCATCTTTATAATC
3xflagC pGTM30 IC’B -mwe_sxtlagh_t | GATATCGTGATCTTTATAATCATCGTGATCTTTATA
pGTM35 ATTTCCACCTCTAAATCTAAAACC
SCN51/pGTM3. (Siuf3113_ph180a_1m ACGCGTCGACTAGCTCAAAGCGTTATGG
33;:3(1:13(}‘,‘&21 443113 3xflaeC i | CGCGGATCCTTATTTATCATCATCATCTTTATAATC
%T‘;/B s Vi 8- PO | GATATCGTGATCTTTATAATCGCCATCGTGATCTTT
p - ATAATTTTTCACCTCTACATTTACGTTT
. GAAGGATTAGGAGTGTGATTGAATGCAACAACAAGC
duf3113_phill_5m ATATATAAACG
CGCGGATCCTTATTTATCATCATCATCTTTATAATC
NS1/ocTMz | Phi11-3xflagC 1cB | GATATCGTGATCTTATAATCGCCATGCTGATCTTTA
p /p - TAATCTTCCACCTCTATATATGCATG
3%?313(;%138 ACGCGTCGACGATTGAATTTGAATAGTGACGGATTT
%;TI;/[ o duf3113_mw2_13mS | ACTTCTCCGTTTTATATGAAGGATTAGGAGTGTGAT
p TGAATGC
CGCGGATCCTTATTTATCATCATCATCTTTATAATC
phill_3xflagC_1cB | GATATCGTGATCTTATAATCGCCATGCTGATCTTTA
TAATCTTCCACCTCTATATATGCATG
GAAGGATTAGGAGTGTGATTGAATGCAACAGCAAGC
duf3113 80a_3m ATATATAAACG
CGCGGATCCTTATTTATCATCATCATCTTTATAATC
CNS1/ogTM3 | PhiBOa3xflagC 1cB | GATATCGTGATCTTTATAATCCCCATCGTGGATCTT
p /p - TATAATCTTCCACCTCTACATTTACATTT
Sxfl‘gﬁcllé%xw ACGCGTCGACGATTGAATTTGAATAGTGACGGATTT
ngT‘;[ ) duf3113_mw2_13mS | ACTTCTCCGTTTTATATGAAGGATTAGGAGTGTGAT

TGAATGC

phi80a_3xflagC_1cB

CGCGGATCCTTATTTATCATCATCATCTTTATAATC
GATATCGTGATCTTTATAATCCCCATCGTGGATCTT
TATAATCTTCCACCTCTACATTTACATTT

pCN51/pGTM3_d
uf3113¢2.C
3xflagC pGTM39
pGTM43

duf3113_phill_cepaC
2m

GAAGGATTAGGAGTGTGATTGAATGCAACATCAAGC
TTATATC

phill_ mw2_3xflagC_1
cB

CGCGGATCCTTATTTATCATCATCATCTTTATAATC
GATATCGTGATCTTTATAATCATCGTGATCTTTATA
ATTTCCACCTCTAAATCTAAAACC
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duf3113_mw2_13mS

ACGCGTCGACGATTGAATTTGAATAGTGACGGATTT
ACTTCTCCGTTTTATATGAAGGATTAGGAGTGTGAT
TGAATGC

phill_mw?2_3xflagC_1
cB

CGCGGATCCTTATTTATCATCATCATCTTTATAATC
GATATCGTGATCTTTATAATCATCGTGATCTTTATA
ATTTCCACCTCTAAATCTAAAACC

pCN51/pGTM3._

duf3113¢6.C
3xflagC pGTM40
pGTM44

duf3113_phill_5m

GAAGGATTAGGAGTGTGATTGAATGCAACAACAAGC
ATATATAAACG

duf3113_3xflagC_phi
VI_1cB

CGCGGATCCTTATTTATCATCATCATCTTTATAATC
GATATCGTGATCTTTATAATCGCCATCGTGATCTTT
ATAATTTTTCACCTCTACATTTACGTTT

duf3113_mw2_13mS

ACGCGTCGACGATTGAATTTGAATAGTGACGGATTT
ACTTCTCCGTTTTATATGAAGGATTAGGAGTGTGAT
TGAATGC

duf3113_3xflagC_phi
VI_1cB

CGCGGATCCTTATTTATCATCATCATCTTTATAATC
GATATCGTGATCTTTATAATCGCCATCGTGATCTTT
ATAATTTTTCACCTCTACATTTACGTTT

3.2 List of primers used in the section “SaPIs control of chromosomally-
encoded virulence gene expression”

Plasmid/
Contruction Oligonucleotides Sequence
Oligonucleotides for mutant constructions

STX 87mB CGCGGATCCGTATACAATTGATGCACAAGG
STX_88c AATAATGGCATAGTAAGCTCAAAAACGCCAATACTCTCATG

aperto STX_89m GTAATATCGGAGGCTTTATTACTATGTCAGTATGATTGAGAG
STX_90cS ACGCGTCGACAATCAAAGCCAAAGCCATCTG
STX_111mB CGCGGATCCCCACTATTAATTGGTGACTCG
STX_103c TGTTCCTAATAAAGCTTCATTG

APgnat STX 104m CAATGAAGCTTTATTAGGAACAGTCGCAAAACTATAAAAGTT

- ATAATTG

STX_105cS ACGCGTCGACCACTGTATAGCCAGATGATGC
STX 98mB CGCGGATCCGTTACCAATATTAACGACAGC
STX 99¢ GTCTTTTATTTCTTTCAACGGACAATATCAAGTGTTATTTGT

APisaA AATG
STX_100m CCGTTGAAAGAAATAAAAGAC
STX_109cS ACGCGTCGACTTGACCATTTGATTCACGAGC
STX_98mB CGCGGATCCGTTACCAATATTAACGACAGC

. STX_126¢ TAATGTGAAATATGTGCCCTTTAG
Arsad STX_127m AAGGGCACATATTTCACATTAGTGGATATTGAAGTTAGGGAA

STX_128cE CCGGAATTCATATTTAAACGCTATGTGTCAC
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STX_98mB CGCGGATCCGTTACCAATATTAACGACAGC
4 L10* STX_139c CTTCtGCAGCGTGTGCTTaATGTCCTGTACCTGCTGCG
isaA L
STX_122cE CCGGAATTCAATTAATAAAAAAACTCTCCCC
STX_138m CATtAAGCACACGCTGCaGAAGTAAACGTTGATCAAGC
STX_148mB CGCGGATCCTCTTTATTAAGTGCCAAGTGG
STX_159c ACCAAACGATATATCTCGTCAG
AoatA CTGACGAGATATATCGTTTGGTCAGAAAAAGTGTTGTAAAC
STX_160m ATTC
STX_153cE CCGGAATTCGTTACTTCCTGATGCATAACC
STX_154mB CGCGGATCCGATGGTGCATATGACATCCAC
STX_119c CAATATCCACTTTTTAAAAAATG
APgnat
STX_155m CATTTTTTAAAAAGTGGATATTGTACTGAGTACACTAGATAC
STX_128cE CCGGAATTCATATTTAAACGCTATGTGTCAC
STX_148mB CGCGGATCCTCTTTATTAAGTGCCAAGTGG
STX_156¢ ACCAAACGATATATCTCGTCAG
APoatA CTGACGAGATATATCGTTTGGTCTACAAAATAGAGAAAAAT
STX_157c AAATG
STX_158cE CCGGAATTCAATGCTAATATACAACCAAGC
STX_148mB CGCGGATCCTCTTTATTAAGTGCCAAGTGG
TCAAATCCCATAGTAACGGTGACCAAACGATATATCTCGTCA
STX_149c G
STX_150m CTGTTACATTAGAGGATAGGCTGC
oatA reverse
STX_151c GGTCACCGTTACTATGGGATTTGA
GCAGCCTATCCTCTAATGTAACAGAAAAAGTGTTGTAAACAT
STX_152m TC
STX_153cE CCGGAATTCGTTACTTCCTGATGCATAACC
STX_1mB CATCTAAATTGAATCACTCTC
STX 2c CATCTAAATTGAATCACTCTC
AcrtOPQMN
STX_12m CCTATTGTCTTAACGAGTGCG
STX_13cE GATAACACATGTTGGTACTGC
oligonucleotides for intergenic PCRs
region STX_140 CGTACTGGTGTTTCAGCT
between
isaA-gnat | STX 141 GATGTTCTCCAAATCAGGTTG
region STX_142m AAGCGAGGAGATTTACCAAGT
between
gnat-oatA | STX 143c ATTCCTATAACTGCGAATGCC
region STX_144m CAGGTAGTAAAGCGCTGACTG
between
oatA-ssaA | STX_145c TAGTGGCAAGTCCTGCTGTAG
STX_146m TACAATTTCAGCAAACCAAGC
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region
between
ssaA-crt0 | STX_147c AATGAATCAACTCTGCCCTCT
oligonucleotides for ptiA-M constructions
pCN51_  |SB1.230mB CGCGGATCCATGGATAAACAGCAAATAAAAGAC
ptiA SB1_223mK CAAAACGCGCTTGTTTTGC
pCN51_ | SB1.229mB CGCGGATCCAATAGCAATGATTGCCTATCC
ptiM SB1_228mK GTTACACCACTTTTACATATG
pCN51_ | SB1.223mK CAAAACGCGCTTGTTTTGC
ptiA-M | SB1.229mB CGCGGATCCAATAGCAATGATTGCCTATCC
pCN51_ | ORF16SaPl_1mB | CTCACTCATTCTATCACCTCC
ptiA-Msapiz | ORF17_SaPI_2cK | CTCACTCATTCTATCACCTCC
pCN51 | pt1028_17mB ATAACGAAGTGTTCCGTAACG
_ptiA-Msapieq | SaPleq_orf6_1cK | GTTAACTCACTCATTCTATCACC
pCN51 | pt1028_17mB ATAACGAAGTGTTCCGTAACG
_ptiA-Mpeiozs | pt1028_18cK GTTAACTCACTCATTCTATAACC
229mB CGCGGATCCAATAGCAATGATTGCCTATCC
pCN51 | Orf6_SB12k 2c | CGAAGTCTTTTATTTGCTGTTAATCCATTGTTACACCAC
_ptiA-K2*-M | Orf6_k2stop_1m | GTGGTGTAACAATGGTTAACAGCAAATAAAAGACTTCG
223mK CAAAACGCGCTTGTTTTGC
229mB CGCGGATCCAATAGCAATGATTGCCTATCC
pCN51_ptid- | Orf6_R64* 2¢ CTCTTTATCATTAGCTACTCAGTCAACAATCATTTCTAAGTG
R64*M | Orf6_R64* 1m CACTTAAGAAATGATTGTTGACTGAGTAGCTAAAGAG
223mK CAAAACGCGCTTGTTTTGC
GTTTATAGGGGTGAACAAATGTAACTGCTTAAAACGAAGAA
Orf7_stop_1m TTG
pCN51ptid- | SB1.223mK CAAAACGCGCTTGTTTTGC
MK2* CGCGGATCCAATAGCAATGATTGCCTATCCAATTCGGGTAGG
Orf7_stop_2mB | CTCTGTTTATAGGGGTGA
SB1_223mK CAAAACGCGCTTGTTTTGC
SB1_229mB CGCGGATCCAATAGCAATGATTGCCTATCC
CCNS1 i Orf7_stop_4c ATAGTTTTGTAATCTTGCCTTTG
M K38* CAAAGGCAAGATTACAAAACTATTAAAATCTATAAGTAATA
Orf7_stop_3m TG
SB1_223mK CAAAACGCGCTTGTTTTGC
STX_106m GGCTTGCACATATCATTTATCG
pCN41_isaA
STX_122cE CCGGAATTCAATTAATAAAAAAACTCTCCCC
PCN41_isqA- | STX.106m GGCTTGCACATATCATTTATCG
ssaA STX_108m CCGGAATTCTTGGCGCGCCAACAATTAACCAATACATACTAC
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oligonucleotides for qPCR
crtM_1m TAGAATCATGATGGCGCTTCAG
et crtM_2c TACAGCGTTCTTCTGAACCACT
gnat STX_155m TGTACTGAGTACACTAGATAC
STX_110c CCAGAATATTCCTTCTCGAT
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Appendix 4: List of genes differentially expressed resulting from

tiling array

List of genes differentially expressed between RN450 SaPIbov1Astl (4D) and RN450 +
SaPIbov1 + SaPI (4S).

Gene Identifier Description logFC | adj.P.Val B
SAOUHSC_02882 conserved hypothetical protein -4.,3 7,769E-06 | 8,42
SAOUHSC_02880| 8lycosyl transferase, group 2family | 4 | 4 455k 07 | 12,89
protein
SAQUHSC_02881 phytoene dehydrogenase -4,1 | 1,682E-07 [12,67
SAOUHSC_02886 acetyltransferase, gnat family -4,0 2,459E-05 | 7,12
SAOUHSC_02879 squalene desaturase -3,5 6,555E-05 | 6,12
SAOUHSC_00192 staphylocoagulase -3,2 | 1,464E-06 [ 10,17
SAOUHSC_01386 | Phosphate ABC;;?)?S;"“”' PErmease | 56 | 1,294E-06 | 10,40
SAOUHSC_02877 amine oxidase:FAD oxidoreductase -2,5 5,208E-04 | 3,98
SAOUHSC_013g7 | Phosphate ABC;?)‘;;&"”% Permease | 24 | 2,932E-06 | 9,44
SAOUHSC_01385|  Phosphate Afiit;f‘n“gsporter ATP- 2,4 | 1,462E-06 | 10,22
SAOUHSC_00347 conserved hypothetical protein -2,0 6,568E-05 | 6,08
SAQUHSC_02679 | nitrate reductase molybdenum cofactor | -2,0 9,031E-03 | 0,83
SAOUHSC_02655 conserved hypothetical protein -2,0 | 2,060E-03 | 2,56
SAOUHSC_02685 transcriptional regulator NirR -1,8 | 6,147E-03 | 1,27
SAOUHSC_02680 nitrate reductase, beta subunit -1,8 1,334E-02 | 0,43
SAOUHSC_01384 | Phosphate transgfgttesiftem regulatory | 4 8 | 9.917E-06 | 8,10
SAOUHSC_00936 transcription factor -1,7 1,482E-02 | 0,30
SAOUHSC_02144 conserved hypothetical protein -1,6 | 3,038E-03 | 2,12
SAOUHSC_02675| resulatory p’rr‘;;eli’{;tLo‘;XR:ReSponse 1,4 | 8,240E-03 | 0,94
SAOUHSC_02851 LrgA family -1,2 | 7,058E-03 | 1,11
SAOUHSC_02397 | ABC transporter, ATP-binding protein -1,1 | 3,658E-03 | 1,86
SAOUHSC_03010 | imidazole glycerol phosphate synthase | -1,1 | 4,605E-03 | 1,61
SAOUHSC_02654|  Pyridine nucleotide-disulphide 1,0 | 2,706E-03 | 2,27
oxidoreductase
SAOUHSC_02407 conserved hypothetical protein 1,2 1,077E-03 | 3,23
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List of genes differentially expressed between RN450 + SaPIbov1 + SaPI1 (4S-60’) and

RN450 WT (4-60).

Gene Identifier Description logFC | adj.P.Val B
SAOUHSC_02882 conserved hypothetical protein -4.,7 2,19E-06 | 10,335
glycosyl transferase, group 2 family
SAOUHSC_02880 protein -4,4 | 3,22E-08 | 14,633
SAOUHSC_02881 phytoene dehydrogenase -4,2 | 7,96E-08 | 13,654
SAOUHSC_02879 squalene desaturase -3,9 2,09E-05 |8,0449
SAOUHSC_02886 acetyltransferase, gnat family -3,5 0,00048 |4,8259
amine oxidase:FAD dependent

SAOUHSC_02877 oxidoreductase -2,4 0,00216 | 3,169
SAOUHSC_01849 acetoin utilization protein AcuC 1,1 0,03973 |0,2902

List of genes differentially expressed between RN450 + 80a + SaPIbov1 + SaPI1 (1SS-60)

and RN450 WT (4-60)

Gene Identifier Description logFC adj.}’.Va B

SAOUHSC_02882 conserved hypothetical protein -49 |1,10E-06| 10,997
SAOUHSC_02880 | 8Ycosy! transfrrjtsé'ngm“p 2family 1 46 |857E-09| 15936
SAOUHSC_02881 phytoene dehydrogenase -4,5 | 2,55E-08| 14,771
SAOUHSC_02879 squalene desaturase -4,2 |5,90E-06| 9,2589
SAOUHSC_02886 acetyltransferase, gnat family -3,8 | 0,00013 | 6,0918
SAOUHSC_02877 | ~ amine oxidase:FAD dependent 2,3 | 0,00231 | 2,9978

oxidoreductase

SAOUHSC_02609 metallothiol transferase FosB 1,0 0,02096 | 0,4951
SAOUHSC_00045 conserved hypothetical protein 1,1 0,01576 | 0,8903
SAOUHSC_01917 lipoprotein, putative 1,1 0,02096 | 0,5249
SAOUHSC_00408 conserved hypothetical protein 1,3 0,0234 0,317
SAOUHSC_01030 glutaredoxin 1,4 | 0,02096 | 0,5138
SAOUHSC_02795 conserved hypothetical protein 1,6 0,02455 | 0,2365
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List of genes differentially expressed between RN450 + 80a (15-60) and RN450 + 80a
+SaPlbov1 + SaPI1 (1SS-60)

Gene Identifier Description logFC |adj.P.Val B

SAOUHSC_02882 conserved hypothetical protein -4,0 4,88E-05 | 7,1929
SAOUHSC_02880 | 8YC0SY! transgerrs‘f;'ngm“p 2family |\ 39 |5148-07| 11,94
SAOUHSC_02881 phytoene dehydrogenase -3,8 [892E-07]11,298
SAOUHSC_02886 acetyltransferase, gnat family -3,8 0,00013 | 6,0788
SAOUHSC_02879 squalene desaturase -3,6 7,25E-05| 6,7257
SAOUHSC_02877 | ~ amine oxidase:FAD dependent -2,5 | 0,00082 | 4,2024

oxidoreductase

SAOUHSC_02681 nitrate reductase, alpha subunit -2,2 0,00158 | 3,3342
SAQUHSC_02883 | staphylococcal secretory antigen SsaA -1,5 0,02902 | 0,2772

183



