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ni las mas rapidas,
ni las mas inteligentes;
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SD
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Acido desoxirribonucleico

Acido desoxirribonucleico codificante

Acido ribonucleico

ARN sequencing

Autoinductor-2

Coleccién americana de cultivos tipo

Megabase (10° pares de bases)

Coleccion espafiola de cultivos tipo

Microscopia laser confocal de barrido

Coleccidon alemana de microorganismos y cultivos celulares
Sustancias poliméricas extracelulares

Fluido crevicular gingival

Hibridacion in situ fluorescente

Hidroxiapatita

Lipopolisacérido

Coleccion nacional inglesa de cultivos tipo

Nanometros

Densidad 6ptica

Organizacién mundial de la salud

Vesiculas de membrana externa, siglas del inglés “Outer Membrane
Vesicles”

Buffer fosfato salino. siglas del inglés “Phosphate Buffered Saline”
Especies reactivas del oxigeno, siglas del inglés “Reactive Oxygen
Species”

Reaccion en cadena de la polimerasa con transcriptasa inversa
Desviacion estandar

Microscopia electronica de barrido

Polimorfismos de un solo nucle6tido, siglas del inglés “Single

Nucleotide Polymorphism”
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Resumen

Antecedentes y objetivos

Porphyromonas gingivalis, es una especie bacteriana con fuerte evidencia de
asociacion con la periodontitis. Esta bacteria puede presentarse de dos formas: como
células que flotan libremente, plancténicas, u organizandose en estructuras
tridimensionales de comunidades multimicrobianas Ilamadas biofilms que se unen a la
superficie de los dientes y sobre los tejidos blandos. Lo que cominmente se conoce como

placa dental.

La actividad patogénica de estas bacterias estd directamente relacionada con su
presencia y la supervivencia en el biofilm subgingival, donde tiene que adaptarse a la vida
en comunidad a través de patrones orquestados de regulacidén génica para desarrollar
nuevas estrategias. En los Gltimos afos, se han realizado estudios de posibles genes
asociados con el desarrollo del biofilm de P. gingivalis, sin embargo, se conoce muy poco
acerca de su expresion génica global y de como puede variar segun su estado fenotipico,
desarrollando mecanismos mas patogénicos en estado de biofilm, o por su asociacion con

otras bacterias, formando un consorcio multiespecie.

El objetivo general de esta tesis es determinar y comparar los cambios de
expresion génica global de P. gingivalis ATCC 33277, mediante andlisis transcriptomico

con el uso de microarrays, en diferentes condiciones in vitro.

Los objetivos especificos son: primero, identificar genes regulados
diferencialmente por P. gingivalis ATCC 33277 en un estado planctonico puro y en uno
en presencia de un biofilm monoespecie. Segundo, estudiar los cambios de expresion
génica global de P. gingivalis ATCC 33277, en estado plancténico y en un modelo in

vitro de biofilm estatico monoespecie. Y tercero, estudiar y comparar los cambios de



Resumen

expresion génica global de P. gingivalis ATCC 33277 en estado planctonico y asociado
a un modelo estatico in vitro de biofilm multiespecie, con el fin de ampliar el
conocimiento de las bases moleculares de la formacion del biofilm y los cambios que se

producen por la interaccion de este periodontopatdgeno con otras especies.

Metodologia

En esta investigacion se ha comparado la expresion génica global, de la bacteria
P. gingivalis ATCC 33277 en estado planctonico puro (la condicion mas sencilla) con
otras tres situaciones fenotipicas, de creciente complejidad: 1) Condicion plancténica de
P. gingivalis en presencia de un biofilm monoespecie, 2) Condicidn sésil de P. gingivalis
en biofilm monoespecie y 3) Condicién sésil de P. gingivalis junto con otras cinco
especies para formar un biofilm multiespecie (Streptococcus oralis, Actinomyces
naeslundii, Veillonella parvula, Fusobacterium nucleatum, Aggregatibacter
actinomycetemcomitans y P. gingivalis) desarrollado sobre discos de hidroxiapatita de
calcio ceramica. Para ello, los cultivos de cada condicion se incubaron en un modelo
estatico de crecimiento in vitro en placas multipocillo a 37°C, durante 96 horas y en

anaerobiosis.

Para verificar el progreso del estado planctonico a biofilm y la inclusion de
P. gingivalis en él, se utilizé microscopia electronica de barrido (SEM) y miroscopia laser

confocal de barrido (CLSM).

Después de la incubacion, se recogieron las células de cada condicidn, se extrajo
el ARN total, se tratd con ADNasa | y se purificd. Tres réplicas bioldgicas para cada
estado celular se hibridaron de forma independiente para la comparacion transcriptomica

aplicando la tecnologia de microarrays.



Resumen

Para estudiar la expresion diferencial y hacer el analisis de datos se aplico el
método de modelo lineal utilizando el software LIMMA, con un valor de significacion
p < 0,05 y un criterio de filtro para el cambio de expresion genica <-1,5 6 > 1,5 veces
para el estudio de las dos condiciones planctonicas y < -2 0 > 2 veces para el estudio de

los biofilms.

La expresion diferencial fue confirmada por reaccion en cadena de la polimerasa

con transcriptasa inversa (RT-qgPCR).

Resultados, discusion y conclusiones

En el primer estudio, un total de 1,5% de los genes (28/1909) de P. gingivalis
fueron expresados diferencialmente en las células planctonicas en presencia de biofilm en
comparacion con las células plancténicas puras. Los genes encontrados se relacionaron
principalmente con el metabolismo del hierro, la adhesion bacteriana, invasion o

virulencia, destacando también la diferente expresion de genes de funcién desconocida.

En el segundo estudio, en el andlisis por microarray, el 4,8% de los genes de
P. gingivalis (92/1.909) fueron expresados diferencialmente al comparar el estado
planctonico y el de biofilm. De ellos, 54 fueron sobreexpresados y 38 reprimidos en el
biofilm. Los genes sobreexpresados estan principalmente relacionados con la envoltura
celular, el transporte y proteinas de union o proteinas de membrana externa. Entre los

genes reprimidos destacan las transposasas 0 genes implicados en el estrés oxidativo.

En el tercer estudio, los resultados transcriptomicos demostraron que, al crecer
dentro del biofilm multiespecie, el 19,1% de los genes (365/1.909) de P. gingivalis se
expresaban de manera diferencial (165 genes estaban sobreexpresados 'y

200 reprimidos) en comparacion con el crecimiento planctonico. Estos genes estaban
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involucrados principalmente en funciones relacionadas con el estrés oxidativo, la

envoltura celular, los transposones y el metabolismo.

Este trabajo proporciona una vision de los cambios transcripcionales de
P. gingivalis para adaptarse al estilo de vida de una comunidad y al interaccionar con
otras especies bacterianas, observandose ciertos grupos de genes como los de envoltura
celular, metabolismo y estrés oxidativo y virulencia de manera persistente y
produciéndose cambios mas significativos segin va aumentando la complejidad del

fenotipo de esta bacteria.

Una mejor comprension de los genes y vias reguladoras involucradas en la
transicion entre estados planctonicos y biofilms puede facilitar informacion relevante para
la prevencion de la formacion de estas estructuras y, por consiguiente, de las

enfermedades periodontales.

10
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Background and objectives

Porphyromonas gingivalis, is a bacterial species with strong evidence of
association with periodontal diseases. These bacteria can be found in two ways: as free-
floating cells, planktonic, or organized in three-dimensional structures of multimicrobial
communities called biofilms, which attach to the surface of the teeth and on the soft

tissues. This is commonly known as dental plaque.

The pathogenic activity of these bacteria is directly related to their presence and
survival in the subgingival biofilm, where they have to adapt to community life through
orchestrated patterns of gene regulation to develop new strategies. In recent years, studies
of possible genes associated with the development of the biofilm of P. gingivalis have
been carried out, however, very little is known about the global expression of P. gingivalis
and how it can vary according to its phenotypic state, developing more pathogenic
mechanisms in a biofilm state or because of their association with other bacteria, forming

a multispecies biofilm.

The general objective of this thesis is to determine and compare the global gene
expression changes of P. gingivalis ATCC 33277, by means of transcriptomic analysis

with the use of microarrays, under different conditions in vitro.

The specific objectives are: first: to identify genes differentially regulated by
P. gingivalis ATCC 33277 in a pure planktonic state and in one in the presence of a
monospecies biofilm. Second: to study the global gene expression changes of
P. gingivalis ATCC 33277, in the planktonic state and in an in vitro model of static
monospecies biofilm. And third: to study and compare the global gene expression

changes of P. gingivalis ATCC 33277 in a planktonic state and associated with a static in

13
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vitro model of multispecies biofilm, in order to broaden knowledge of the molecular basis
of biofilm formation and the changes that are produced by the interaction of this

periodontopathogen with other species.

Methodology

In this research, the global gene expression of the bacterium P. gingivalis ATCC
33277 in pure planktonic state (the simplest situation) has been compared to three other
phenotypic conditions of increasing complexity: 1) planktonic condition of P. gingivalis
in the presence of a monospecies biofilm, 2) sessile condition of P. gingivalis in
monospecies biofilm and 3) sessile condition of P. gingivalis together with five other
species to form a multispecies biofilm (Streptococcus oralis, Actinomyces naeslundii,
Veillonella parvula, Fusobacterium nucleatum, Aggregatibacter actinomycetemcomitans
and P. gingivalis) developed on ceramic calcium hydroxyapatite discs. For this, the
cultures of each condition were incubated in a static in vitro growth model in multi-well

plates at 37°C, for 96 hours and in anaerobiosis.

To verify the progress of the planktonic state to biofilm and the inclusion of
P. gingivalis in it, Scanning Electron Microscopy (SEM) and Confocal Laser Scanning

Miroscopy (CLSM) were used.

After incubation, the cells of each condition were harvested, the total RNA was
extracted, treated with DNase | and purified. Three biological replicates for each cell
condition were hybridized independently for transcriptomic comparison using microarray
technology.

To study the differential expression and make the data analysis, a linear model method
was applied using the LIMMA software, with a significance value of p < 0.05 and a filter
criterion of gene expression change of < -1.5 or > 1.5 to study the two planktonic

14
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conditions and < -2 or > 2 to study biofilms. The differential expression was confirmed

by polymerase chain reaction with reverse transcriptase (RT-gPCR).

Results, discussion and conclusion

In the first study a total of 1.5% of the genes (28/1909) of P. gingivalis were
differentially expressed in the planktonic cells in the presence of biofilm compared to the
pure planktonic cells. The genes found were mainly related to iron metabolism, bacterial
adhesion, invasion or virulence, also highlighting the different expression of genes of

unknown function.

In the second study a 4.8% of the genes of P. gingivalis (92/1909) were
differentially expressed when comparing the planktonic and the biofilm state. Of these,
54 were up-regulated and 38 down-regulated in the biofilm. The over-expressed genes
are mainly related to the cell envelope, transport and binding proteins or outer membrane
proteins. Among the repressed genes, transposases or genes involved in oxidative stress
stand out. In the third study transcriptomic results showed that when growing within the
multispecies biofilm, 19.1% of the genes (365/1.909) of P. gingivalis were differentially
expressed (165 genes up-regulated and 200 down-regulated) compared to planktonic
growth. These genes were mainly involved in functions related to oxidative stress, cell
envelope, transposons and metabolism.

This work provides insight into the transcriptional changes of P. gingivalis to
adapt to the lifestyle of a community and to interact with other bacterial species, reporting
in a persistent way certain groups of genes such as cellular envelope, metabolism and
oxidative stress and virulence and with changes more significant as the phenotypic

complexity of this bacterium increases.

15
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A better understanding of the genes and their regulatory pathways involved in the
transition between planktonic states and biofilms could facilitate relevant information for

the prevention of the formation of biofilms and, consequently, of periodontal diseases.
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1. EL BIOFILM

1.1. Caracteristicas del crecimiento bacteriano

En el mundo natural, los microorganismos se organizan principalmente en dos
formas de crecimiento: células individuales que flotan libremente en medios fluidos
(planctdnicas) o estructuras tridimensionales de agregados de diferentes comunidades
bacterianas adheridas a superficies bidticas o abioticas (biofilms) (Marsh, 2004, Marsh,
2005), forma, ésta Gltima, en la que se encuentran la gran mayoria de las bacterias en la
naturaleza (Stoodley et al., 2002, Costerton et al., 1995, Donlan et al., 2002, Donlan,

2002).

La definicion mas aceptada de biofilm bacteriano es la enunciada por Donlan y
Costerton en 2002 como «una comunidad bacteriana inmersa en un medio liquido,
caracterizada por bacterias que se hallan unidas a un substrato o superficie, 0 unas a otras,
que se encuentran embebidas en una matriz extracelular producida por ellas mismas, y
qgue muestran un fenotipo alterado en cuanto al grado de multiplicacién celular o la

expresion de sus genes» (Donlan et al., 2002).

Las bacterias son capaces de adherirse, colonizar y formar biofilms en
practicamente cualquier superficie himeda, como en el interior de tuberias y oleoductos
y cualquier superficie costera incluso en la parte inferior de barcos, deteriorando los
materiales, acelerando su corrosién o degradandolos, como ocurre, por ejemplo, en
plataformas petroliferas (Garrett et al., 2008). Esto es de especial relevancia en el cuerpo
humano, en estudios de otitis, enfermedades infecciosas de la cavidad bucal, afecciones
cardiacas como placas de ateroma, infecciones del liquido amnidtico y tejidos

placentarios (Sanz et al., 2013, Offenbacher et al., 2006, Madianos et al., 2013, Leon et

21



Introduccién

al., 2007), o en el uso de materiales médicos como lentes de contacto, catéteres
intravasculares, valvulas cardiacas y protesis (Nakano et al., 2009, Zaremba et al., 2007,
Figuero et al., 2011) que pueden convertirse en lugar de desarrollo de biofilms que
contengan microorganismos patogenos (Gristina, 1987, Beck et al., 2000, Reyes et al.,

2013, Mattila et al., 1989).

Las superficies que colonizan pueden ver modificadas sus condiciones
fisicoquimicas y microambientales, debido al crecimiento bacteriano, a su actividad
metabolica, a la produccidn de desechos y la sintesis de material celular y extracelular
(Costerton et al., 1995). Asimismo, en ellas, las concentraciones de nutrientes pueden
llegar a ser mucho mayores de las que se pueden observar en el resto de la solucion,

facilitando asi la supervivencia de estos organismos (Hamilton, 1987).

1.2. Estructura del biofilm

Una vez que la bacteria cambia de estado planctonico a biofilm comienza a
expresar genes distintos, que cambian su comportamiento, adquiriendo mayor capacidad
para adherirse al sustrato. Este sustrato o superficie puede influir en varios aspectos: la
ratio de unién de las bacterias a la superficie, la influencia en el fenotipo de las mismas,
o la modificacién en la expresion y produccion de factores de virulencia (Feng et al.,

2015).

Ademas, esta union se facilita gracias a la sintesis de una matriz, compuesta por
sustancias poliméricas extracelulares (EPS) como polisacaridos, proteinas, acidos
nucleicos, lipidos, o sales. Es el principal componente del biofilm y puede representar
mas del 75-80% del volumen. Las EPS presentan una gran variabilidad, en funcion de

parametros complejos como pueden ser la presencia y densidad de microorganismos, la
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temperatura o las perturbaciones fisico-quimicas a las que se ven sometidas (Tan et al.,

2018).

En esta matriz quedan embebidas e inmovilizadas las bacterias (Figura 1), que
ocupan alrededor del 15-20% del volumen y adquieren estructuras tridimensionales con
forma de torres o setas, cuyo conjunto puede ser detectable a nivel macroscopico (Donlan,
2002, Branda et al., 2005, Flemming et al., 2010). Estas estructuras poseen canales de
agua, separados por pequefios espacios intersticiales huecos denominados canaliculos,
que permiten el paso de nutrientes, metabolitos y de otros agentes entre las distintas partes

del biofilm y actian como un “sistema circulatorio” primitivo (de Beer et al., 1994).

Dispersion f
Microcolonia ;

Bacteriana 7\_
Glicocalix EPS

Espacio Intersticial

Superficie Radicular
N

K\ Pelicula Adquirida
Canal
T

Microcolonia

Bacteriana Saliva y FCG

Figura 1. Estructura del biofilm oral (EPS: sustancias poliméricas extracelulares,
agregados de microcolonias bacterianas, canales. FCG: fluido crevicular gingival).
Figura adaptada de http://www.dent-wiki.com.

A mayor profundidad en el biofilm, los nutrientes, el pH, la luz, la concentracién
de oxigeno y el potencial REDOX tienden a ser menores. Este gradiente fisiologico
determinard que las bacterias aerobias y anaerobias facultativas, de crecimiento mas

rapido, se congreguen en la superficie y periferia del biofilm, mientras que las
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profundidades de la estructura se encuentren mas pobladas de bacterias anaerobias gram
negativas, con tasa de crecimiento mas lenta. De esta manera, la placa bacteriana va
incrementando en grosor, llegandose a desarrollar biofilms muy variados y complejos
(Costerton et al., 1994, Costerton et al., 1995), que ofrecerian importantes ventajas a
bacterias anaerobias en estado sesil, en contraposicion al estado planctonico (Marsh,

2005).

1.3. Ventajas del biofilm

Los biofilms permiten la persistencia y aumentan la supervivencia de las bacterias
en medios fluidos gracias a la estructura tridimensional que forman con la matriz y a la
existencia de ADN extracelular (ADNe) que desemperia un papel critico en la adhesion y
posible almacenamiento de nutrientes, lo que le confiere una serie de ventajas adaptativas

frente a sus formas libres (planctédnicas) (Marsh et al., 2017).

Les proporciona un medio protector que facilita el intercambio de informacién
genética, les permite mantener la integridad actuando como amortiguador frente a
perturbaciones externas (homeostasis), protegiéndolas de los microorganismos
competidores y de la desecacion, aumentando su tolerancia a factores de estrés ambiental
como los mecanismos de defensa del hospedador, o la perfusion de sustancias
potencialmente toxicas (Marsh et al., 2011, Kuboniwa et al., 2010). La excrecion de
grandes cantidades de exopolisacarido por parte de las bacterias de los biofilms les hace
ser notablemente resistentes, por ejemplo, a los agentes antimicrobianos, siendo capaces
de sobrevivir frente a concentraciones antibidticas de 10 a 1000 veces mayores respecto
a las bacterias plancténicas, una propiedad que se ha visto que mantienen incluso al
liberarse de la estructura del biofilm (Fine et al., 2001, Filoche et al., 2010). Ademas, el

biofilm, puede ser empleado por las bacterias como concentrador y reserva de nutrientes
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(los productos del metabolismo de unas pueden ser aprovechados por otras), aumentando
la eficiencia y diversidad metabdlicas y existiendo asi una relacion sinérgica entre los
diferentes microorganismos y por tanto, un aumento en la capacidad de causar

enfermedad (Marsh, 2004, Costerton et al., 1999, Kolenbrander et al., 2002).

Otra de las ventajas adaptativas del fenotipo sésil es que dificulta los mecanismos
inmunitarios del hospedador como la opsonizacidn, lisis por complemento o fagocitosis
de las bacterias (Huang et al., 2011, Lewis, 2001, Jenkinson et al., 2005, Allaker, 2010).
Estas estructuras provocan la respuesta inmunitaria celular y humoral, demostrado por la
identificacion de citoquinas liberadas por leucocitos expuestos a biofilm, dificultando el

proceso de eliminacién (Donlan et al., 2002).

La observacion de estas ventajas adaptativas ha provocado que el estudio en
ambitos sanitarios, industriales 0 medioambientales, de la disgregacion del glicocalix
mediante enzimas antimicrobianas (Thallinger et al., 2013) y la investigacion de genes
diana, sea clave para poder hacer mas susceptibles a las bacterias de ser atacadas por

antibidticos y asi poderlas eliminar de forma mas efectiva (Xavier et al., 2005).

1.4. Interacciones e intercambio de informacion genética entre

bacterias

La proximidad de las células dentro de un biofilm ofrece un entorno ideal para
comportamientos sociales, como ya se describio en (Parsek et al., 2005) introduciendo el

término "sociomicrobiology" para resaltar este vinculo.

Dentro de los biofilms, tienen lugar cambios en las condiciones locales que pueden

afectar a las interacciones sinérgicas o antagoOnicas en estas comunidades orales:
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coagregacion, cometabolismo, deteccion de quorum y el intercambio genético

(transferencia horizontal).

26

La coagregacion y la coadhesion, definida como el reconocimiento especifico de
celula a célula entre bacterias genéticamente distintas, es vital para la adherencia
de células planctdnicas a organismos ya adheridos en una superficie facilitando la
formacion de biofilm y promoviendo las interacciones microbianas (Rickard et
al., 2003).

El cometabolismo, mecanismo por el cual metabolitos excretados por unas
especies, pueden ser utilizados por otras como nutrientes (cooperacion
nutricional), y que presenta ventajas evidentes en una comunidad microbiana
(Flemming et al., 2010).

El quorum sensing, es una forma de comunicacion intra e interespecifica entre
las bacterias mediante pequefias moléculas difusibles llamadas autoinductores
(Al), codificados por el gen LuxS, para detectar a microorganismos préximos,
responder de forma coordinada a cambios en el medio y que la comunidad se
desarrolle de forma éptima (Parsek et al., 2005). Los autoinductores se acumulan
a medida que aumenta la poblacion bacteriana y al alcanzar un cierto umbral
(densidad celular quorum), cambia la expresion génica, originando cambios
fenotipicos en el desarrollo, estructura y funcion del biofilm y pudiendo activar
genes relacionados con factores de virulencia (Miller et al., 2001, Reading et al.,
2006).

Las interacciones célula-célula aumentan las posibilidades de supervivencia de las
diferentes especies bacterianas y reducen la de sus competidores, por tanto, tienen
un papel fundamental en la etiopatologia de las enfermedades (Campbell et al.,

2009).
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El sistema de deteccion LuxS/Autoinducer-2 (Al-2), descrito inicialmente en la
bacteria marina Vibrio harveyi, es quizas uno de los sistemas de deteccion de
quorum mas investigados. Al-2 es sintetizado mediante un proceso que
transforma S-adenosil metionina (SAM) mediante enzimas codificadas en genes
expresados por LuxS, que a su vez regulan la expresion de genes involucrados en
virulencia y metabolismo de la hemina (TonB, Rgp, Kgp).

La transferencia horizontal es un proceso de intercambio genético,
generalmente en forma de plasmidos (Lawrence et al., 2003), que se ve facilitado
por la proximidad de las células en los biofilms y que presenta ventajas para las
especies receptoras, al aumentar la resistencia a competidores, a antibidticos y
otras toxinas (Costerton, 2001, Roberts et al., 2006).

Este tipo de interaccion en la que se produce intercambio genético, entre las
células vecinas, puede darse por varios mecanismos, como la transduccion, la

conjugacion y la transformacién:

La transduccion es el proceso por el que el ADN es transferido desde una bacteria

a otra mediante un fago.

La conjugacion se produce cuando hay un contacto directo de celula a célula o
una conexion tipo puente (pili) que permite la transferencia de pequefios
fragmentos de ADN, usualmente plasmidos o transposones que pueden portar

genes de resistencia.

La transformacion se produce cuando tiene lugar la captacion de ADN libre del
medio por una célula bacteriana, lo que puede ser frecuente en los biofilms ya que

el glicocalix de los biofilm contiene abundante ADN extracelular.
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Ademas de los mecanismos anteriores, el ADN también puede ser transferido via
vesiculas de membrana en bacterias gram negativas (Olsen et al., 2013). Por tanto, el
estudio de la comunicacion celular y la transferencia de informacién genética en los
biofilms es clave para comprender la patogénesis y persistencia de las enfermedades

bacterianas, asi como para disefiar tratamientos mas eficaces.

1.5. Mecanismos para el estudio de la expresion génica:

Transcriptomica-Microarrays

Segun el dogma central de la biologia molecular, el genoma compuesto por acido
desoxirribonucleico (ADN) se transcribe a acido ribonucleico (ARN mensajero), que a su

vez se traduce a proteinas (Figura 2).
Por tanto, existen tres niveles basicos de informacion bioldgica:

e Genoma: la informacion genética que comparten todas las células de un
organismo.

e Transcriptoma: la parte del genoma que se expresa en una célula en unas
condiciones determinadas (Lewis et al. (2009), Hosogi et al., 2005, Lo et al.,
2009).

e Proteoma: el conjunto de proteinas sintetizadas por una célula a partir de los

genes que ha expresado, cuya funcion caracteriza la identidad de la misma.
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- PROTEINAS

Transcripcién inversa

| Dogma central de la biologia molecular |

Figura 2. Dogma fundamental de la biologia molecular. EI ADN se autorreplica generando
nuevas cadenas de ADN, se transcribe generando ARN mensajero que se traduce, generando la
sintesis de Proteinas.

Asi, el objetivo fundamental de la transcriptomica es determinar qué parte del
genoma es transcrita mediante este proceso de expresion génica, ya que no todos los genes
estarian expresados a la vez. Esto ha supuesto un gran avance en el estudio de
comunidades de microorganismos como son los biofilms. Una de las tecnologias que ha
permitido, desde su desarrollo a mediados de la década de los 90, disponer de datos sobre
informacién gendémica y transcriptomica a gran escala, de forma rapida y

econdmicamente accesible, es el microarray o biochip (Schena et al., 1995).

Esta, junto con la técnica del ARNseq (RNA sequencing, por sus siglas en inglés),
permite el estudio de genomas y transcriptomas completos de tejidos y organismos y han
revolucionado el estudio de los seres vivos (Passalacqua et al., 2009, Toledo-Arana et al.,

2009, Wilhelm et al., 2008).

Un microarray es un dispositivo que consiste en una superficie (slide) de vidrio,
plastico o silice, que cuenta con cientos de miles de compartimentos (spots) rellenos de
sondas de ADN (oligonucleotidos) del genoma que se quiera estudiar, formando una

matriz (array) de filas y columnas. Cada uno de los spots de esta matriz es capaz de
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detectar la presencia de su ADN complementario de manera altamente especifica en
proceso de hibridacion, dando lugar a la lectura de la expresion una gran cantidad de

genes de forma simultanea (patron de expresion) (Shalon et al., 1996) (Figura 3).

©)
©)
©)
©)
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0]0/0/0/0/0/0/0/0),
0]00/0/0/0/0/0.0,
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Figura 3. Estructura de un microarray.
Figura adaptada de https://www.agilent.com/en/product/gene-expression-
microarray-platform.

Los microarray son ampliamente utilizados en estudios de expresion génica
(estudios transcriptomicos) de organismos en condiciones distintas como pueden ser
células sanas y tumorales o la forma planctonica y sésil de una bacteria. En éstos, a partir
del ARN transcrito por el genoma del organismo, es necesario obtener el denominado

ADN codificante (ADNCc) mediante la enzima transcriptasa inversa.

Fisicamente, la presencia de oligonucledtidos complementarios es detectada
mediante un fluoréforo que es capaz de absorber fotones de una cierta longitud de onda

y emitir con otra longitud de onda diferente al producirse la hibridacion.
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Esto ha permitido la investigacion detallada de la relacion existente entre el

genoma, el transcriptoma y el estado fenotipico de las bacterias orales.

Un experimento de microarrays comprende basicamente 3 pasos (Churchill, 2002)

(Figura 4):

1) Disefio y fabricacion del microarray.

El organismo a estudiar debe estar completamente secuenciado y en cada uno de
los spots de un mismo compartimento, se unen oligonucleétidos correspondientes a un

unico gen hasta completar la totalidad del genoma.

2) Preparacion de la muestra, marcaje e hibridacion.

Una vez aislado el ARN de cada condicion, se retrotranscribe a ADNc y se marca

con una molécula fluorescente mediante una serie de reacciones enzimaticas.

Posteriormente, estas secuencias marcadas son incubadas sobre el compartimento
correspondiente de la superficie del slide durante un tiempo prolongado para que tenga
lugar la hibridacién de las bases nitrogenadas de la sonda especifica (probe) de manera

complementaria con la molécula diana (target).

3) Escaneado y analisis de los resultados.

Tras esta combinacion de procesos, se obtendrd como resultado una imagen
compuesta por puntos de colores con diferentes intensidades de fluorescencia
(proporcionales al numero de moléculas hibridadas) sobre el chip de ADN, que nos va a
indicar que genes se sobreexpresan o se reprimen y en qué medida en comparacion con
la condicion control. Esto deberé realizarse por un analisis informatico de la imagen y su

posterior analisis estadistico.
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Figura 4. Protocolo detallado de microarray de un color para comparar la expresion
génica de un organismo en dos condiciones distintas (control y test).
Figura adaptada de https://www.agilent.com/cs/library/usermanuals.

Esta técnica esté limitada por la pequefia cantidad de ARN que se puede extraer
de cada muestra, por la corta vida media del ARN procariotico y porque no seria capaz
de detectar genes que no se hayan dispuesto en el slide. Ademas, al recoger la sefial de la
hibridacion de fragmentos de un gen, esta técnica no seria sensible a mutaciones puntuales
que puedan presentar los organismos estudiados (SNPs), y también hay que considerar

que los niveles de ruido o fondo pueden llegar a ser elevados (Zhao et al., 2014).
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Sin embargo, las ventajas de su uso son multiples: analisis simultdneo y a gran
escala de miles de genes al mismo tiempo, automatizacion, pequefio tamafio de la muestra
y facil manipulacion, permitiendo el estudio a nivel transcriptémico de las diferencias

entre células planctonicas y biofilm (Lo et al., 2009, Shemesh et al., 2007).
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2. Porphyromonas gingivalis

2.1. Clasificacion

Porphyromonas gingivalis se clasifica en el género Porphyromonas, familia
Porphyromonadaceae, orden Bacteroidales, clase Bacteroidetes, phylum Bacteroidetes

del dominio Bacteria (Boone et al., 2001).

Actualmente, 8 de las 19 cepas conocidas de P. gingivalis tienen sus genomas

completamente secuenciados (Chen et al., 2017):

e La cepa P. gingivalis W83, fue la primera secuenciada, en 2003
(Nelson et al., 2003). Su genoma tiene un tamafio de aproximadamente
2,3 Mb y el 6% de este genoma estd compuesto por elementos repetidos
transponibles.

e LacepaP. gingivalis ATCC 33277, fue secuenciada en 2008. Su secuencia
se compar0 con la de la cepa W83, revelando importantes reordenamientos
gendmicos inducidos por una amplia variedad de elementos moviles
(Naito et al., 2008). Este genoma es del mismo tamafio que el de la
variedad W83 (2,3 Mb).

e La cepa TDC60 de P. gingivalis se secuencié en 2011 (Watanabe et al.,
2011). La comparacion de este genoma con las de las cepas W83 y
ATCC 33277 muestra un importante reordenamiento genémico con un
tamafo de genoma conservado (2,3 Mb).

e Finalmente, las cepas de P. gingivalis HG66, A7436, AJW4, 381 y
ATA1-28, se secuenciaron a partir del afio 2015 (Chastain-Gross et al.,

2015, Xie et al., 2015, Chastain-Gross et al., 2017).
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2.2. Caracteristicas bioquimicas.

Es una bacteria anaerobia, gram negativa, en forma de baston (bacilo o
cocobacilo), inmovil, encapsulada, anaerobica, asacarolitica y altamente proteolitica. No
forma esporas, es quimioorganotrofa y negro-pigmentada. Necesita la presencia de
hemina o menadiona y vitamina K para sobrevivir. Utiliza péptidos o aminoacidos como
fuente de energia y carbono. Su crecimiento es optimo a la temperatura de 37°C y un pH

entre 6,5y 8,3.

Al crecer en un medio de cultivo adecuado como agar sangre, crecen como
colonias elevadas de entre 1 y 2 mm de diametro, lisas brillantes de color blanco a crema
que se oscurecen, pigmentandose de un color rojo oscuro a negro en 4 a 8 dias

(How et al., 2016) (Figura 5).

Figura 5. Colonias de Porphyromonas gingivalis ATCC 33277 (en color negro)
sobre medio de agar sangre
A) en un cultivo puro, B) en un biofilm multiespecie.
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2.3. Virulencia.

Porphyromonas gingivalis esta presente principalmente en la bolsa subgingival y
periodontal profunda de la cavidad oral humana. Su proceso patogénico implica
adherencia y colonizaciéon de tejidos periodontales, seguido por la adquisicion de
nutrientes, la proliferacion y la respuesta inflamatoria del hospedador, acompafiada por

un aumento de la temperatura del fluido gingival y la aparicion de sangrado.

La asociacion entre la presencia de un microorganismo especifico y el desarrollo
de la patologia viene determinada por su virulencia. La capacidad patogénica para causar
enfermedad puede depender del tipo de cepa de P. gingivalis, de su capacidad de
infeccion, de la naturaleza y estado del hospedador y/o del lugar de colonizacién (Curtis

et al., 2005).

El microambiente oral es altamente dinamico y para sobrevivir en este nicho
siempre cambiante, P. gingivalis no solo necesita detectar las condiciones ambientales
tales como pH, disponibilidad de nutrientes, enzimas extracelulares, disponibilidad de
temperatura y oxigeno, sino también densidad microbiana y la presencia de otros

microorganismos (Inagaki et al., 2006).

Produce un amplio abanico de potenciales factores de virulencia implicados en la
colonizacion, la destruccién de tejidos, la reabsorcién de hueso o la iniciacion de la
respuesta inflamatoria del hospedador (Bostanci et al., 2012, Haffajee et al., 1994, Holt

et al., 2005, Lamont et al., 1998, Holt et al., 1999):
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Cépsula: P. gingivalis posee una capsula externa constituida por polisacaridos,
que varia segln la cepa. Esta le confiere estabilidad estructural a la bacteria siendo
clave en la evasion de la fagocitosis, opsonizacion y la accion del complemento,
eludiendo la respuesta inmunitaria y actuando como antigeno (Laine et al., 1998,
Mysak et al., 2014), siendo las cepas encapsuladas mas virulentas (Singh et al.,

2011, Holt et al., 1999).

Fimbrias: Las fimbrias son estructuras filamentosas que parecen participar en
muchas interacciones entre la bacteria y el hospedador, asi como con otras
bacterias en la adhesion para la formacién de biofilms y colonizacion e
internalizacion de tejidos periodontales del hospedador (Mao et al., 2007, Lamont
et al., 2000), como muestra un estudio en el que la ausencia de fimbrias en
P. gingivalis evitaria la invasion de células epiteliales (Ezzo et al., 2003). Hay dos
principales tipos de fimbrias que pueden ser expresadas por este patdgeno, la
fimbria principal larga y filamentosa (FImA I-V e Ib) y la fimbria menor (Mfa)
corta y fina. La variedad de fimbria expresada parece influir en la virulencia de
P. gingivalis, siendo la fimbria tipo 11 la mas virulenta (Amano et al., 2004) y las
fimbrias tipo | e Ib mas cominmente aisladas de individuos sanos (Amano et al.,
1999, Fujise et al., 2005, Teixeira et al., 2009). Tras la internalizacién de
P. gingivalis en la célula hospedadora, las principales fimbrias ven reprimidas su
expresion (Xia et al., 2007). Ademas, las fimbrias también inducen la expresion
de citoquinas proinflamatorias, como las interleuquinas 1, 6 y 8 (IL- 1, IL-6, IL-
8) y factor de necrosis tumoral o (TNF-a), estimulando la respuesta inmunitaria

durante la infeccién (Feng et al., 2006).
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Lipopolisacarido: EI lipopolisacarido (LPS) de membrana externa de
P. gingivalis es un factor clave en el desarrollo de periodontitis. Altera el
equilibrio inmunologico del hospedador induciendo la produccion de citoquinas
proinflamatorias (IL-1B, IL-6 e IL-8), inflamacién gingival y destruccién del
tejido periodontal (Andrukhov et al., 2015). Fracciones de lipopolisacarido de la
pared celular de algunas bacterias gram negativas pueden solubilizarse y actuar

como endotoxina, estimulando la respuesta inmunitaria.

Vesiculas de membrana externa (OMVs, del inglés Outer Membrane Vesicles):
Las OMVs son evaginaciones de la membrana bacteriana durante su crecimiento
y division mediante las cuales las bacterias interactian (Mug-Opstelten et al.,
1978, Zhou et al., 1998, McBroom et al., 2007).

Suelen participar en la adherencia bacteriana, la defensa contra los factores del
sistema inmunitario del hospedador, la liberacién de una amplia gama de enzimas
(fosfolipasa C, proteasas, fosfatasa alcalina entre otras) que producen dafio celular
y transportan moléculas de sefializacion entre bacterias (Ismail et al., 2003, Klieve

et al., 2005, Kuehn et al., 2005).

Hemaglutininas: Son proteinas bacterianas de superficie capaces de mediar la
adhesién no fimbrial a través de receptores de oligosacaridos a células humanas y
mediar la respuesta inmunitaria (Lamont et al., 2000). Adicionalmente facilitan a
la bacteria la adquisicion de hemina de eritrocitos (Lamont et al., 1998, Ezzo et
al., 2003), esencial para su supervivencia (Dusek et al., 1994). Varias
hemaglutininas (Hag A, RgpA, Kgp) pueden ser consideradas como dianas

terapéuticas, ya que se ha descrito un anticuerpo monoclonal capaz de reconocer
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un epitopo comdn a varias de ellas, que inhibe la hemaglutinacion y confiere

inmunizacion pasiva frente a P. gingivalis (Frazer et al., 2006, Holt et al., 2005).

Enzimas proteoliticas: Las bacterias que se pueden encontrar en bolsas
periodontales sintetizan enzimas proteoliticas, como colagenasa, cistein proteasas
0 proteasa-hemaglutinina, capaces de degradar las macromoléculas como
fibronectina y fibrindgeno, a sus componentes mas simples para nutrir a las
bacterias. Estas enzimas destruyen el tejido periodontal, lo que activa la respuesta
inmunitaria del hospedador, haciendo de las proteasas uno de los factores de
virulencia méas importantes (Lamont and Jenkinson, 2000).

Estas proteasas se pueden encontrar liberadas al medio en el interior de vesiculas
secretoras (OMVs) o en forma libre, o adheridas a la membrana bacteriana, donde
cumplirian también un papel en la maduracion y activacion de otras moléculas
que la bacteria sintetiza como fimbrias, hemaglutininas y las proteinas receptoras
de la hemoglobina (Kadowaki et al., 2000).

Entre las proteasas de membrana mas importantes se encuentran las cistein
proteasas (gingipainas), arginina RgpA, RgpB y lisina Kgp (Curtis et al., 1999),
que componen la mayoria de las proteasas de la superficie de P. gingivalis,
causando una elevada respuesta inmunitaria humoral. La ausencia de gingipinas
produce la reduccion de los niveles de crecimiento que experimenta P. gingivalis
(Grenier et al., 2001).

Las proteasas secretadas, ademas de provocar la destruccion de tejido del
hospedador, pueden causar la degradacion de inmunoglobulinas y proteinas del
complemento, interviniendo en la evasion del sistema inmunitario y en el aumento

de la proliferacion bacteriana y progresion de la infeccion (Curtis et al., 1999).
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Los dominios hemaglutinina, ademas de ser capaces de mediar la adhesion a
células tanto bacterianas como epiteliales o fibroblastos del hospedador, regulan
la adquisicion de hemina (Burgess et al., 2002, James et al., 2006), permitiendo
la lisis de eritrocitos, cuyo contenido degradaran las gingipainas hasta obtener
protoporfirina IX 'y Fe (111), de esencial necesidad para P gingivalis, que acumula
en su membrana; lo que provoca su caracteristica coloracion negra (Smalley et
al., 1998, Smalley et al., 2007). Ademas de las proteasas enddgenas, P. gingivalis
tiene la capacidad de inducir la produccién de metaloproteasas en fibrobastos,
leucocitos y macrofagos del hospedador, causando una mayor degradacion de la
matriz extracelular (Holt et al., 1999).

Sistema de  transporte de  proteinas  Tipo IX  (T9SS):
Recientemente, se ha descrito PorSS como un nuevo sistema de secrecion para el
transporte de gingipainas en P. gingivalis (Sato et al., 2005, Saiki and Konishi,

2007).
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2.4. Importancia de P. gingivalis en las enfermedades periodontales

La cavidad oral humana es considerada un habitat calido, himedo y dindmico en
el que se genera un ambiente ecoldgico especifico y complejo de una gran diversidad,
incluso siendo un nicho tan pequefio (Paster et al., 2001). En ella, los microorganismos,
ademas de encontrarse flotando libremente en un medio liquido como es la saliva, se
establecen y desarrollan en biofilms muy complejos sobre diferentes superficies de
contacto como tejidos blandos (mucosas, encia, bolsa periodontal, tejidos conjuntivos y
lengua) o tejidos duros mineralizados naturales (dientes) o artificiales (protesis) (Filoche
et al., 2010). Estas Gltimas estructuras, al ser superficies no descamativas, permiten la
colonizacion persistente. Ademas, en ellas, los microorganismos se pueden distribuir de
forma muy variada en dos zonas, una mas en contacto con el medio externo, el area
supragingival, expuesta a la saliva y a mecanismos de autolimpieza mecanica frecuentes
por la lengua, las mejillas, la masticacion y la deglucion. Y por otro lado el area
subgingival, que no es perturbada por las actividades de limpieza de la boca, credndose
un ambiente relativamente estanco y favoreciendo la acumulacion de microorganismos
que pueden provocar la aparicion de las enfermedades periodontales (Allaker, 2010,

Sedlacek et al., 2007, Marsh, 2005).

Estas enfermedades periodontales, de naturaleza infecciosa e inflamatoria, se han
reclasificado recientemente en el World Workshop on the Classification of Periodontal
and Peri-implant Diseases and Conditions 2017, organizado por la Academia Americana
de Periodoncia (AAP) y la Federacién Europea de Periodoncia (EFP), como gingivitis y

las periodontitis, en funcion del tipo de tejidos afectados (Caton et al., 2018) (Figura 6).
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Figura 6. Progresion en el hospedador de un estado de salud periodontal y
homeostasis de microorganismos a un estado de disbiosis y enfermedad
periodontal. Gingivitis, inflamacion periodontal sin pérdida 6sea y Periodontitis,
asociada con un biofilm disbidtico, formacion de bolsas periodontales, inflamacion y
pérdida dsea. Figura adapatada de (Olsen et al., 2017).

La gingivitis se define por “una reaccion inflamatoria reversible de los tejidos
supraalveolares ante la acumulacion de placa bacteriana, sin destruccion de los tejidos de

soporte” (Chapple et al., 2018).

Por otro lado, la periodontitis es “una enfermedad inflamatoria cronica, progresiva
y multifactorial, asociada a un proceso de disbiosis de la placa dental que se caracteriza
por la pérdida del ligamento periodontal y del hueso alveolar, la presencia de bolsas
periodontales y el sangrado gingival siendo la pérdida de las piezas dentales su

consecuencia ultima” (Papapanou et al., 2018).
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Estas enfermedades periodontales son un importante problema de salud pablica y
se encuentran entre las mas prevalentes a nivel mundial, siendo la periodontitis severa la
sexta enfermedad maés prevalente y afectando a mas de un 10% de la poblacion mundial
(Tonetti et al., 2017, Sheiham et al., 2002, Llodra Calvo et al., 2002, Loe et al., 1965,
Loe et al., 1978), incluida la poblacién espariola (Carasol et al., 2016). Esta prevalencia
se incrementa con la edad y tiene un gran impacto social, econdmico y de recursos

médicos en la prestacion sanitaria (Kassebaum et al., 2014).

La placa dental fue el primer biofilm estudiado en 1684 por Antonie van
Leeuwenhoek cuando observé con el primer microscopio la diversidad y alto nimero de
"animaliculos” presentes en "raspados™ tomados de alrededor de dientes y declarando en
la Royal Society de Londres: “The number of these animicules in the scurf of a man's
teeth are so many that | believe they exceed the number of men in a kingdom." (Porter,

1976).

Es definida por la Organizacion Mundial de la Salud (OMS) como “una entidad
estructural especifica pero altamente variable resultante de la colonizacion secuencial y
el crecimiento de microorganismos en las superficies de los dientes y restauraciones que
consisten en microorganismos de varias cepas y especies incorporadas en una matriz
extracelular de produccion propia, compuesta de productos metabolicos bacterianos y

sustancias del suero, saliva y sangre” (Kassebaum et al., 2014).

La placa dental es por tanto, un biofilm en continuo cambio en sus tipos y
cantidades (Sedlacek et al., 2007) formado por la sucesion ordenada de mas de 700
especies de bacterias identificadas (Dewhirst et al., 2010), que varian segun las personas

y los sitios dentro de la misma boca, pudiéndose aislar en los depositos de placa dental
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de un individuo sano maés de 400 diferentes (Filoche et al., 2010, Dewhirst et al., 2010,

Mira et al., 2017).

Los factores que determinan esta variacion interindividual en la composicion de
la microbiota oral son entre otros, factores ambientales (temperatura, presion de oxigeno,
pH, disponibilidad de nutrientes), factores del hospedador (salivacion, fluido gingival,
genética, edad, dieta, anatomia de los dientes, higiene oral) y factores microbianos
(adherencia, coagregacion, relaciones intra e inter especificas, heterogeneidad,
mecanismos de virulencia) (Kolenbrander et al., 2006, Marsh, 2005, Socransky et al.,

2002, Sanz et al., 2017) (Figura 7).
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Figura 7. Factores que determinan la composicion de la microbiota oral.
Figura adaptada de (Rosier et al., 2018).

Varias hipotesis han tratado de explicar el papel del biofilm dental como principal

agente patdgeno para estas enfermedades:

1) La hipotesis de la “placa especifica” (SPH), enunciada por Loesche en 1976,
se centra en los cambios cualitativos, considera que s6lo la accion de ciertas especies
patogenas esta implicada en el desarrollo de la enfermedad. Asi, microorganismos gram
positivos sacaroliticos darian lugar a caries, mientras que bacterias gram negativas y

proteoliticas daran lugar a enfermedades periodontales (Loesche, 1976).
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2) La hipotesis de la “placa no especifica” (NSPH), Theilade en 1986 reconocio
la importancia de los cambios cuantitativos, las enfermedades surgirian por una cantidad
excesiva de microflora total que supere el umbral de capacidad de defensa del
hospedador, ya que todos los microorganismos participarian por igual en los procesos

patogénicos (Theilade, 1986).

3) La hipatesis de la “placa ecolégica”, propuesta por Marsh en 1994 unifica las
ideas principales de las dos anteriores, sostiene que los organismos asociados con la
enfermedad pueden estar presentes también en los sitios sanos, pero en niveles tan bajos,
qgue no son clinicamente relevantes. Cuando se produce un cambio en el medio
(pH, potencial redox, mayor o menor presencia de nutrientes...), puede producir una
alteracion del balance de la microflora hacia una méas patogénica y favorecer la aparicion

de mecanismos de virulencia que desencadenen la enfermedad (Marsh, 1994).

4) La era del biofilm. Grupos microbianos especificos (clusters). Socransky,
Haffajee y colaboradores (1998) demostraron la presencia de grupos microbianos
especificos (clusters) que participan en la formacién del biofilm oral tanto en individuos
sanos, como en aquellos con gingivitis y periodontitis, aunque los recuentos y

proporciones varien en cada caso.

Analizaron mas de 13.000 muestras de placa subgingival, procedente de
185 pacientes adultos, utilizando sondas para unas 40 especies bacterianas e identificaron
seis grupos o complejos de especies bacterianas asociadas. Este hallazgo hizo que a partir
de ese momento nuestra comprension de las enfermedades periodontales no se hiciera
con la descripcion de bacterias individuales sino con complejos bacterianos asociados

(Figura 8).
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Figura 8. Complejos microbianos subgingivales.
Figura adaptada de (Socransky et al., 1998).

Para el comienzo de las enfermedades periodontales, esta adhesion bacteriana y
posterior organizacion espacial sobre las superficies bucales, no se produce de forma
aleatoria, sino debe darse una precisa incorporacién especifica y secuencial de los
microorganismos de los complejos bacterianos y una modificacion en sus proporciones
(Socransky et al., 1998, Aas et al., 2005, Diaz et al., 2006, Kolenbrander et al., 1990,

Socransky et al., 2002) (Figura 9).
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Figura 9. Diagrama de asociacion de las especies bacterianas subgingivales.

Los diferentes complejos microbianos han sido relacionados con la secuencia de
colonizacién de la superficie dentaria y con la gravedad de la enfermedad.

La heterogeneidad aumenta a medida que la placa envejece y madura. Como resultado
de los cambios ecoldgicos, las bacterias gram negativas anaerobias estrictas colonizan
de manera secundaria y contribuyen a una mayor patogenicidad del biofilm.

Figura adapatada de (Socransky et al., 1998).

En primer lugar, comienza el acondicionamiento de la superficie del diente
recubriéndose de glicoproteinas (mucinas) y de moléculas hidréfobas salivares,
forméandose lo que se conoce como “pelicula adquirida”, necesaria para la colonizacion
por parte de las bacterias. La pelicula adquirida atraera a las bacterias del flujo salival
(planctonicas) pasivamente y de forma reversible, mediante fuerzas fisicoquimicas
débiles como la hidrofobicidad o las interacciones electrostaticas (fuerzas de Van der
Waals), principalmente seran especies de Actinomyces, seguidas de un complejo amarillo

compuesto por miembros del género Streptococcus, un complejo verde compuesto por
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especies de Capnocytophaga, el serotipo a de A. actinomycetemcomitans, Eikenella
corrodens y Campylobacter concisus y un complejo violeta compuesto por Veillonella

parvula y Actinomyces odontolyticus. (Socransky et al., 1998).

Estos grupos de especies bacterianas (complejos amarillo, verde y violeta)
aparecen significativamente asociados y son los colonizadores iniciales de la superficie
dentaria. Generalmente, a continuacion, tiene lugar la fase de multiplicacion celular de
las bacterias adheridas y se empezaran a excretar sustancias extracelulares poliméricas
(EPS) que formaran la matriz a la que se irdn agregando distintas especies bacterianas del
complejo naranja (Campylobacter gracilis, Campylobacter rectus, Campylobacter
showae, Eubacterium nodatum, Parvimonas micra, Prevotella intermedia, Prevotella
nigrescens y Streptococcus constellatus, Fusobacterium spp.). Estas Gltimas actdan como
“puente” de colonizadores mas tardios, pertenecientes al complejo rojo, compuesto
principalmente por bacterias gram negativas de mayor capacidad periodonto-patdégena
como Tannerella forsythia, P. gingivalis y Treponema denticola, originando el biofilm
maduro y siendo consideradas un sello hallmark fuertemente asociado con la enfermedad
periodontal (Socransky et al., 1998) (Kolenbrander et al., 1993, Kolenbrander et al.,
2002, Socransky et al., 2002). El aumento de la biomasa tanto por la uniéon de nuevas
bacterias como por la formacion del glicocalix conduce, como hemos comentado, al
agotamiento del oxigeno siendo las bacterias anaerobias las méas representativas en zonas

profundas, desplazando a las aerobias (Diaz et al., 2006).

La comprension de la interaccién directa e indirecta entre los patdgenos del
complejo rojo y méas en concreto el papel de Porphyromonas en dicha asociacion puede

tener efectos significativos en el manejo de las enfermedades periodontales.
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5) Simbiosis y Disbiosis: P. gingivalis como patdgeno clave. En la poblacion
sana, con una correcta alimentacion y habitos de higiene bucal, se establece una situacién
de equilibrio y de beneficio mutuo entre el microbioma oral y el hospedador (simbiosis),
a pesar de las tensiones ambientales a las que es sometida regularmente, como la higiene
bucal periddica, la ingesta de alimentos o los cambios diurnos en el flujo de saliva (Marsh
et al., 2011, Sanz et al., 2017). Sin embargo, en ocasiones, el equilibrio homeostéatico
microbiano puede romperse, produciéndose perturbaciones por cambios en el medio que
superan un umbral, como aparicion de sustancias toxicas, por tabaquismo, diabetes,
predisposicion genética o higiene dental deficiente, lo que se conoce como disbiosis, en
donde la composicién cualitativa y cuantitativa de las poblaciones microbianas, asociadas
a la salud, estan significativamente reducidas y aumentan las proporciones de especies
que adquieren propiedades potencialmente dafiinas, originando el desarrollo de las
enfermedades dentales (Hajishengallis, 2014, Camelo-Castillo et al., 2015, Sanz et al.,

2017, Mira et al., 2017).

Ademas las enfermedades periodontales pueden ser un ejemplo de “sinergismo
patogeno”, en el cual la enfermedad es una consecuencia de la actividad combinada de
un consorcio bacteriano que de manera individual no seria tan virulento, pero que al

interactuar entre si, puede intensificar sus efectos (Marsh et al., 2017, Mira et al., 2017).

Aunque en ocasiones haya cambios en la estructura de estos conjuntos
microbianos, esta flexibilidad es perfectamente compatible con la salud, y los individuos
no desarrollan niveles similares de enfermedad oral en presencia de idénticas

circunstancias.

El factor critico diferenciador para definir la disbiosis es, por tanto, la activacion

del sistema inmunologico del hospedador y la produccion de citoquinas y mediadores

50



Introduccién

inflamatorios, que incrementan la secrecion de fluido crevicular y sangre generandose un
ambiente propicio para la multiplicacién y crecimiento de estas bacterias y la formacién
de bolsas periodontales mas profundas donde su fuente principal de alimento son los
restos hidrolizados por enzimas, de periodonto y sangre, de ahi que haya un mayor
sangrado al sondaje y destruccion de tejidos de soporte (Offenbacher et al., 1996,

Socransky et al., 1998, Gohler et al., 2014).

El contexto ambiental y los procesos que subyacen en el desarrollo y la estabilidad
de las poblaciones microbianas en la boca sana, asi como las variaciones interindividuales
de cada microorganismo, incluyendo la capacidad de manipular el perfil transcripcional
de las células vecinas de la comunidad (Darveau et al., 2012), son fundamentales para
comprender cdmo estas poblaciones se transforman en un estado disbidtico en la

enfermedad.

Segun la teoria de “Polymicrobial Synergy and Dysbiosis (PSD)” propuesta por
(Hajishengallis et al., 2012b), este cambio en el equilibrio entre los microorganismos
puede causar la proliferacion de bacterias patdgenas clave (keystone pathogens), que
hasta el momento estaban en menor proporcion, y que sean capaces de desplazar a las
demas especies y predisponer a la enfermedad, causando infecciones persistentes, como
la periodontitis (Hajishengallis et al., 2012a, Jenkinson et al., 2005, Filoche et al., 2010,

Rosan et al., 2000, Sedlacek et al., 2007).

Dentro de estos patdgenos, se considera a P. gingivalis como un patégeno clave
especialmente relevante en el biofilm subgingival, cuya actividad es necesaria para el
desarrollo de las enfermedades periodontales y que ve modificada su expresion genica
durante la evolucion de los sintomas (Hajishengallis et al., 2012b, Bostanci et al., 2012,

Mira et al., 2017). En un modelo murino se comprobo6 que incluso en baja abundancia
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(<1% del total de la microbiota), P. gingivalis seria capaz de desestabilizar la funcion
inmunitaria innata del hospedador y promover el establecimiento de una comunidad
dishiotica, una respuesta inflamatoria y el desarrollo de la enfermedad (Darveau et al.,
2012). Ademas se ha demostrado en estudios de biofilms mixtos in vitro que es capaz,
también, de modificar el patron de expresion génica de los microorganismos vecinos, por
lo que los grupos minoritarios de bacterias no deben ser subestimados, pues ejercen un

papel clave en el desarrollo de la disbiosis (Mira et al., 2017, Frias-Lopez et al., 2012).

También ha sido demostrado que cuando P. gingivalis era introducido en un
biofilm de especies bacterianas no patogenas, podia cambiar el perfil de expresion de la
comunidad (Frias-Lopez et al., 2012). Por otro lado, se ha podido detectar la presencia de
P. gingivalis en individuos sanos, lo que parece indicar que no todas las cepas tendrian la
misma capacidad patogénica, o bien como se ha comentado, que el estado del hospedador
influye en el desarrollo y severidad de la enfermedad (Curtis et al., 2005, Marsh et al.,

2017, Miraet al., 2017, Sanz et al., 2017).
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2.5. Andlisis transcriptomico de P. gingivalis.

Desde los afios ochenta se estan desarrollando modelos de biofilm in vitro de flujo
continuo o dindmicos en robbins device (Kharazmi et al., 1999, Sternberg et al., 2006), o
sistemas estaticos en placas multipocillo, sencillos de manejar y reproducibles, donde se
pueden controlar las condiciones de la superficie, las condiciones ambientales (de
accesibilidad de nutrientes, temperatura, pH, potencial redox...) y la evolucion de una

poblacion definida de bacterias (Merritt et al., 2005).

La mayoria de estos estudios de microorganismos se han llevado a cabo en
condiciones planctonicas o utilizando una Unica especie bacteriana en biofilm, lo que
permitia explorar el efecto de las variables ambientales, fisiolégicas y genéticas con
parametros estrechamente controlados en sistemas de modelos in vitro (Liu et al., 2016,

Waite et al., 2005, Schembri et al., 2003, Whiteley et al., 2001).

En relacion a P. gingivalis la gran parte de los trabajos estan realizados aplicando
distintas condiciones y sobre un numero limitado de genes de quorum sensing, de
respuesta al polifosfato, de respuesta a la limitacion de hemina, entre otros (Yuan et al.,

2005, Kiyama-Kishikawa et al., 2005, Moon et al., 2014).

Otros autores han comenzado a hacer estudios de la expresion génica global en la
cepa W50 comparando situacion plancténica y biofilm monoespecie, encontrando
cambios significativos en grupos de genes como biogénesis, replicacion de ADN,
regulacion transcripcional, produccion de energia, biosintesis de cofactores, y transporte
(Lo et al., 2009). Aln asi se conoce poco acerca de los procesos regulatorios y respuesta
adaptativa de la bacteria en biofilm y su relacion con la patogenicidad. También se han
llevado a cabo investigaciones, donde se detallan los cambios sufridos por la bacteria

P. gingivalis W83 después de la inoculacion en la cavidad oral de rata (Zhao et al., 2015),
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Introduccién

observandose 42 genes sobreexpresados en comparacion con la cepa silvestre, en su
mayoria correspondientes a proteinas hipotéticas, transposones y transposasas. En este
mismo estudio 22 genes fueron reprimidos en la cepa inoculada codificando para
transportadores, permeasas putativas, proteinas de unién a ATP, metabolismo de

proteinas y los acidos nucleicos entre otros.

Sin embargo, son escasos los trabajos de investigacion de los patrones de
expresion genica global de P. gingivalis con modelos de biofilm in vitro validados de
poblaciones méas complejas y heterogéneas (Kuboniwa et al., 2017, Redanz et al., 2011,
Bao et al., 2014), o con la cepa ATCC 33277, donde se reproduzca con precision la
dindmica y la secuencia de colonizacion bacteriana del biofilm subgingival multiespecie.
Y donde se pueda establecer una evolucion de la adaptacion de la bacteria y sus respuestas
desde la condicion mas sencilla (planctonica monoespecie) a condiciones mas complejas
en las que pueden estar recibiendo sefiales de quorum sensing o intercambios de ADN
(transferencia génica horizontal) (Shapiro, 1998), para formar biofilms tanto monoespecie
como multiespecie. Cuanto méas completas sean las poblaciones bacterianas mejor podran
ser comparados los procesos de formacion y desarrollo en las condiciones que ofrece el

ambiente oral (Hall-Stoodley et al., 2004, Hajishengallis et al., 2012b, Comolli, 2014).
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Justificacion, Objetivos e Hipotesis

1. JUSTIFICACION

Diversos estudios de biofilms revelaron que cientos de genes, entre ellos muchos
genes no caracterizados, se expresan diferencialmente en el biofilm en comparacion con
el estado plancténico. Estos estudios centran la atencion en determinados genes
candidatos asociados con el desarrollo del biofilm, el analisis de los genes de deteccidn
de quorum regulados por su implicacién en el desarrollo del biofilm o la expresion genica

de la bacteria tras algun tratamiento concreto.

Sin embargo, se encuentra poca informacion que describa tanto los cambios
iniciales como los que se dan posteriormente una vez P. gingivalis se ha incorporado al
biofilm monoespecie y/o multiespecie, en su expresion génica global. Esto puede ser clave
para entender mejor su comportamiento y sus mecanismos de accion en las enfermedades

periodontales y asi establecer estrategias terapéuticas adecuadas.
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2. OBJETIVOS

2.1. OBJETIVO GENERAL

Determinar y comparar los cambios de expresion génica global de P. gingivalis
ATCC 33277, mediante analisis transcriptomico en diferentes condiciones (planctonico
en presencia de biofilm y biofilm tanto monoespecie (P. gingivalis) como multiespecie
(S. oralis, A. naeslundii, V. parvula, F. nucleatum, A. actinomycetemcomitans, P.

gingivalis).

2.2. OBJETIVOS ESPECIFICOS

1. Estudiar la diferente expresion génica de P. gingivalis ATCC 33277 en dos condiciones
plancténicas: medio planctonico puro y plancténico en presencia de su propio biofilm

monoespecie.

2. Estudiar la diferente expresion génica de P. gingivalis ATCC 33277 en sus dos
fenotipos de crecimiento: planctonico y en biofilm monoespecie, prestando especial
atencion a los genes implicados en la patogenicidad de esta especie bacteriana, entre ellos

proteasas, adhesinas o fimbrias.

3. Estudiar la diferente expresion génica de P. gingivalis ATCC 33277 en un biofilm
multiespecie frente al estado planctonico, para estudiar la posible influencia de otras

bacterias.
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3. HIPOTESIS

3.1. HIPOTESIS GENERAL

El perfil de expresion génica de P. gingivalis y su accion patogénica puede verse

afectada por estado fenotipico en el que se encuentre.

3.2. HIPOTESIS ESPECIFICAS

1. Existe una diferente expresion génica de P. gingivalis ATCC 33277 en dos condiciones

plancténicas: medio plancténico puro y plancténico en presencia de biofilm monoespecie.

2. Existe una diferente expresion genica de P. gingivalis ATCC 33277 en sus dos

fenotipos de crecimiento: planctonico y en biofilm monoespecie.

3. Los cambios en la expresién génica, ademas de verse influidos por el estado fenotipico,
estan condicionados por otras variables como la presencia o asociacion de otras especies

bacterianas (biofilm multiespecie).
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Materiales y Métodos. Resultados

Los Materiales y Métodos y los Resultados de los estudios presentados en esta tesis
han sido publicados, como articulos cientificos en tres publicaciones independientes, en las

revistas cientificas BMC Microbiology y PLoS One con las siguientes referencias:

Articulo 1. Sanchez MC, Romero-Lastra P, Ribeiro-Vidal H, Llama-Palacios A,

Figuero E, Herrera D, Sanz M. Comparative gene expression analysis of planktonic
Porphyromonas gingivalis ATCC 33277 in the presence of a growing biofilm versus
planktonic cells. BMC Microbiology. (2019); 19(1):58. Epub 2019/03/15.

doi: 10.1186/s12866-019-1423-9. PubMed PMID: 30866810.

Articulo 2. Romero-Lastra P, Sanchez MC, Ribeiro-Vidal H, Llama-Palacios A, Figuero

E, Herrera D, Sanz M. Comparative gene expression analysis of Porphyromonas gingivalis
ATCC 33277 in planktonic and biofilms states.

PLoS ONE (2017); 12(4): e0174669. https://doi.org/10.1371/journal.pone.0174669.

Articulo 3. Romero-Lastra P, Sdnchez MC, Llama-Palacios A, Figuero E, Herrera D,
Sanz M. Gene expression of Porphyromonas gingivalis ATCC 33277 when growing in an
in vitro multispecies biofilm.

PLoS ONE (2019); 14(8): e0221234. https://doi.org/10.1371/journal.pone.0221234.
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ARTICULO 1

Sanchez MC, Romero-Lastra P, Ribeiro-Vidal H, Llama-Palacios A, Figuero E,

Herrera D, Sanz M. Comparative gene expression analysis of planktonic
Porphyromonas gingivalis ATCC 33277 in the presence of a growing biofilm versus
planktonic cells. BMC Microbiology. 2019;19(1):58. Epub 2019/03/15.
doi: 10.1186/512866-019-1423-9. PubMed PMID: 30866810.

RESUMEN

Antecedentes: Porphyromonas gingivalis es uno de los microorganismos patégenos
clave en el inicio y la progresion de la periodontitis que reside en la cavidad oral dentro
de complejos biofilms multiespecie. En este estudio in vitro, utilizando microarrays de
ADN, se lleva a cabo el estudio de la expresion génica diferencial de Porphyromonas
gingivalis ATCC 33277 en dos condiciones plancténicas, en ausencia o presencia de su

propio biofilm monoespecie.

Resultados: Aproximadamente el 1,5% de los genes (28 de 1909 genes, con un criterio
de filtro para el cambio de expresion génica mayor o igual a 1,5 veces, valor de
significacion p < 0,05) fueron expresados diferencialmente por las células plancténicas
de P. gingivalis cuando se encontraba en presencia de un biofilm. Estos genes fueron
predominantemente relacionados con el metabolismo del hierro, la adhesién bacteriana,
la invasion, la virulencia y el sistema de deteccidn de quorum sensing. Los resultados de
microarrays fueron consistentes con los obtenidos por la. reacciéon en cadena de la

polimerasa con transcriptasa inversa (RT-qPCR).
Conclusion: este estudio proporciona informacion sobre los cambios transcripcionales

de las células planctonicas de P. gingivalis cuando crece en presencia de un biofilm,

observando la importancia que el cambio de fenotipo puede tener en el transcriptoma.
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Abstract

gene expression of this pathogen.

RT-gPCR, Planktonic growth, Biofilm

Background: Porphyromonas gingivalis, a microorganism residing in the oral cavity within complex multispecies
biofilms, is one of the keystone pathogens in the onset and progression of periodontitis. In this in vitro study, using
DNA microarray, we investigate the differential gene expression of Porphyromonas gingivalis ATCC 33277 when
growing in the presence or in absence of its own monospecies biofilm.

Results: Approximately 1.5% of genes (28 out of 1909 genes, at 1.5 fold change or more, p-value < 0.05) were
differentially expressed by P. gingivalis cells when in the presence of a biofilm. These genes were predominantly
related to the metabolism of iron, bacterial adhesion, invasion, virulence and quorum-sensing system. The results
from microarrays were consistent with those obtained by RT-qPCR.

Conclusion: This study provides insight on the transcriptional changes of planktonic P. gingivalis cells when
growing in the presence of a biofilm. The resulting phenotypes provide information on changes occurring in the

Keywords: Porphyromonas gingivalis, Microarray hybridization, Gene transcription, Transcriptomics, Gene expression,

Background
Porphyromonas gingivalis, a Gram-negative anaerobe
residing within the oral cavity, has been identified as one
of the key pathogenic species implicated in the establish-
ment and development of periodontal diseases [1-3],
mainly through the expression of a broad range of viru-
lence factors involved in tissue colonization, evasion of
host defenses and stimulation of a chronic inflammatory
response [3].

P. gingivalis is found within the oral cavity adopting a
sessile biofilm lifestyle, predominately as a component of
complex biofilms containing multiple microbial
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communities [4]. P. gingivalis has the capacity to adhere
to mucosal and dental surfaces, including the teeth, gin-
giva, cheek and tongue, as well as to other oral bacteria,
thus withstanding the host natural barriers, the host im-
mune defenses and the presence of multiple antimicro-
bial agents [5-8]. These virulence factors are the
consequence of specific gene expression, and it is, there-
fore, important to improve our knowledge on them in
order to understand how these microorganisms can
adapt to specific ecological determinants, and their role
within the biofilm environment.

It is well known that microbial gene expression is sig-
nificantly different within biofilms when compared to
planktonic growth [9-12]. Recent investigations have
studied the specific gene expression of P. gingivalis when
growing in biofilms, and compared to planktonic
growth, demonstrating the differential expression of a

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommaons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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broad range of genes [13—19]. In biofilm growth, the cell
replication and growth rate are decreased with repressed
genes involved in cell envelope biogenesis, DNA replica-
tion, energy production, biosynthesis and phospholipid
metabolism. By contrast, there is an important number
of genes involved in regulatory mechanisms which are
overexpressed, such as those encoding transport and
binding proteins, proteins involved in signal transduc-
tion and transcriptional regulation and many others not
well characterized. Within this research line, Ang et al.
(2008) [20] conducted a proteomic study comparing the
envelope proteins of P. gingivalis, either growing in
planktonic or in biofilms, demonstrating an overexpres-
sion of proteins involved in hemin transport (HmuY and
[htB), in metabolic pathways, virulence factors or pro-
teins of the cell envelope.

Other investigations have studied the overexpression
of P. gingivalis genes affecting structural characteristics
such as the presence of different fimbrial types, as well
as specific polysaccharides involved in adhesion and
colonization mechanisms, which may significantly con-
tribute to biofilm formation [21-23]. Also, cell-cell sig-
naling mechanisms has been the focus of study, and P.
gingivalis cells have shown up-regulation of the
LuxS-dependent signaling regulatory genes, involved in
inter-species communication and quorum sensing but
also involved in stress, protease modulation and haem-
agglutination or in hemin uptake [24-27].

In spite of this knowledge, the genetic and environ-
mental determinants affecting P. gingivalis cells when
transiting from free-floating cells to biofilm have not
been fully elucidated [28-30]. It was, therefore, the
purpose of this investigation to study the gene ex-
pression of free-floating P. gingivalis cells either grow-
ing in a pure planktonic environment or when they
are placed in the presence of a P gingivalis
mono-species biofilm.

Material and methods

Bacterial strain and culture conditions

Porphyromonas gingivalis ATCC 33277 was used in this
study and grown on supplemented blood agar plates
[Blood Agar Oxoid No 2; Oxoid, Basingstoke, UK; with
5.0 mg/L hemin (Sigma, St. Louis, MO, USA), 1.0 mg/L
menadione (Merck, Darmstadt, Germany) and 5% (v/v)
sterile horse blood (Oxoid)], at 37 °C for 48 h in anaero-
biosis (10% H,, 10% CO,, and 80% N,).

Experimental assays

Figure 1 depicts an overview of the experimental design.
P. gingivalis ATCC 33277 was grown in modified Brain
Heart Infusion (BHI) medium (Becton, Dickinson and
Company, USA) in anaerobiosis at 37 °C for 24h [13].
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Bacteria were harvested in their late exponential growth
phase [0.8; standard deviation (SD) =0.1 of optical dens-
ity at 550 nm] and added to fresh modified BHI medium
in order to obtain a pure culture containing 10°
colony-forming units per milliliter (CFU/mL). Two ex-
perimental groups were carried out, free-floating P. gin-
givalis growing in a pure planktonic
environment or when they are placed in the presence of
a P. gingivalis mono-species biofilm. For that, the plank-
tonic bacterial culture prepared was placed in
pre-sterilized polystyrene well tissue culture plates (Grei-
ner Bio-one, Frickenhausen, Germany) under two envir-
onmental conditions:

cells either

(1) Test group: the bacterial suspension of P. gingivalis
was deposited in the culture plates containing
sterile ceramic calcium hydroxyapatite (HA) discs
[7-mm in diameter and 1.8 mm in thickness (SD =
0.2); (Clarkson Chromatography Products,
Williamsport, PA, USA)].

(2) Control group: the bacterial suspension of P,
gingivalis was deposited in the plates without HA
discs.

Plates were incubated in anaerobic conditions at 37 °C
for 96 h. Wells containing only culture medium were
also evaluated to assure sterility and lack of
contamination.

After 96 h of incubation, free-floating P. gingivalis cells
from both groups were harvested and processed for the
transcriptomic analysis, with the goal of obtaining ap-
proximately 20 pug of total RNA for each replicate. Each
pooled sample corresponded to one biological replicate
and was processed in the same manner.

Confocal laser scanning microscopy (CLSM)

Test and control group samples were analyzed by con-
focal laser scanning microscopy (CLSM) after 96 h of
growth. 100 puL of free-floating P. gingivalis cells from
both test and control groups were deposited in a slide
and were stained with the fluorochrome Syto9 (wave
lengths 515-530 nm) for 9 min at room temperature to
obtain an optimum fluorescence signal (Molecular
Probes B. V., Leiden, The Netherlands). Samples were
then covered with a coverslip, with the aim of minimiz-
ing the movement of bacteria. CLSM clearly showed the
absence of sessile phenotype in the bottom of the plate
of control group samples, while a sessile phenotype was
developed on the surface of hydroxyapatite discs of test
group. For that, after completely removing the
free-floating P. gingivalis cells from control wells, these
ones were sequentially rinsed with 2 mL of sterile PBS
three times (time per rinse, 10 s), in order to remove un-
bound bacteria. In the same way, after completely
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Fig. 1 Overview of experimental design. Porphyromonas gingivalis ATCC 33277 strain was maintained on blood agar plates and grown in
modified Brain Heart Infusion (BHI) medium. After 24 h, optical density was measured, and a pure culture containing 10° colony forming units per
milliliter (CFU/mL) was set. Two culture conditions were then prepared: Test cells, depositing P. gingivalis cells in presence of Hydroxyapatite (HA)
disc, and Control cells, depositing P. gingivalis cells in the wells without HA discs. After 96 h of incubation of multi-well plates under anaerobic
conditions, free floating P. gingivalis cells from both test and control condition were harvested, examined by CLSM, processed and total RNA
extracted and purified. Agilent Oligo Microarrays 8x15K (074976) for P. gingivalis ATCC 33277 were used for hybridizations, (this slides also
contents probes against the whole genome of P. gingivalis W&3), and RT-gPCR analyses were performed to confirm the results. The experiments
were repeated three times and each experimental condition was pooled into the three biological replicates and processed for the transcriptomic
analysis. (Images for Fig. 1 were taken from https.//smart.servier.com/ under a creative commons licence)

removing the free-floating P. gingivalis cells from test
wells, HA discs from test group were rinsed by
immersion in 2 mL of sterile Phosphate-Buffered Saline
(PBS) three times (time per rinse, 10s). Then, the bot-
tom of the plate and the HA discs were stained with the
fluorochrome for 9 min at room temperature. Samples
were observed with CLSM [Ix83 Olympus® inverted
microscope coupled to an Olympus® FV1200 Confocal
System (Olympus; Shinjuku, Tokyo, Japan) using x 63
water-immersion lenses (Olympus) The CLSM control
software was set to take a z-series of scans (xyz) of
0.5 pm thickness (8 bits, 1024 x 1024 pixels). Image
stacks were analyzed with the Olympus® software

(Olympus).

Total RNA isolation

After 96h of incubation under anaerobic conditions,
free-floating P. gingivalis cells from both test and control
groups were harvested, and total RNA was isolated using
the TRIzol® Max Bacterial RNA Isolation Kit (Ambion,
Life Technologies, Carlsbad, CA, USA) as detail in
Romero-Lastra et al. (2017) [13]. Briefly, P. gingivalis cell
pellets from both groups were resuspended in Max

Bacterial Reagent® (Ambion) and after temperature
shock treatment to help the break of the cell wall, con-
sisting on 4 min incubation at 95 °C and cooling on ice
for 10 min, TRIzol* reagent (Ambion) was added. Total
RNA was extracted using the chloroform protocol and
isopropanol precipitation. Isolated RNA was then
washed in 75% ethanol and resuspended in 50l
RNase-free water (Water PCR grade, Roche Diagnostic
GmbH; Mannheim, Germany). To remove any contam-
inating DNA, samples were then treated with DNase I
(Ambion), and purified using columns of RNeasy Mini
kit (Qiagen) according to the manufacturer’s protocol.

RNA concentration was measured by NanoDrop
ND1000 spectrophotometer (NanoDropTechnologies;
Thermo Scientific™, LLC, Wilmington, DE, USA), and RNA
integrity was assessed using an automated electrophoresis
device (Agilent 2100 Bioanalyzer, Agilent Technologies,
Santa Clara, CA, USA). An A260/A280 ratio of at least 2.0
was considered appropriate for the experiments.

cDNA synthesis and transcriptomic protocol

All experiments were done in triplicates. The fluores-
cently labeling was performed using SuperScript Indirect
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cDNA Labeling System (Invitrogen; Carlsbad, CA, USA)
as described in Romero-Lastra et al. (2017) [13]. Prepar-
ation of probes and hybridization was performed as de-
scribed in the manufacturer’s instructions [One-Color
Microarray Based Gene Expression Analysis Manual
Ver. 6.5 (Agilent Technologies)].

Slides specific for the strain P. gingivalis ATCC 33277
[Agilent Oligo Microarrays 8x15K (074976)] were used.
The array also contents the whole genome of P. gingiva-
lis \W83.

Microarray and data analysis

Images from Cy3 one-color microarrays (Agilent) were
taken, corrected and analyzed following the protocol de-
tailed in Romero-Lastra et al. (2017) [13].

LIMMA language with “normexp” and loess methods
were used to treat background correction and
normalization [31, 32]. Log-ratio values were used for
consistency among arrays [31]. Differentially expressed
genes were determined using linear models and Bayes
moderated t-statistic; Benjamani and Hochberg method
was used to correct false discovery rate p-values (31, 32],
and was controlled to be lower than 5% and a cutoff of
fold change (increase or decrease) up to 1.5 between the
two situations. Expression ratios were expressed as
means of the fold changes of the three biological repli-
cates and Standard Deviation (SD). Hybridizations and
statistical analysis were performed by the Genomics Unit
at the National Center of Biotechnology at the Universi-
dad Auténoma of Madrid (Spain).

Confirmation of microarray data by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR)

Microarray results were confirmed by RT-qPCR select-
ing 8 genes differentially expressed, four genes from the
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up-regulated group and four from the down-regulated
one. Universal Probe Library Roche software tool (Roche
Diagnostics) was used to design specific primers
(Table 1). P. gingivalis 16S rRNA gene was used as a
loading control.

RT-qPCR was performed from the cDNA generated
from 1pg of total RNA from each sample, using the
High Capacity cDNA Archive Kit (Applied Biosystems,
ThermoFisher Scientific; MA, USA) in a final reaction
volume of 10 pL. The qPCR reactions were performed in
triplicate using 5 puL per well of each ¢cDNA, and 3 pL of
a mix composed by 0.4 uM of each primer, 5x HOT
FIREPoll EvaGreenl qPCR Mix Plus (ROX), and
nuclease-free water, to reach a final volume of 8 uL in
384.-well optical plates and following the standards pro-
tocols provided by ThermoFisher Scientific in an Ap-
plied Biosystems ABI PRISM 7900HT apparatus (95°C
10 min, 40 cycles of 95°C 15 s and 60 °C 60s, and a final
standard melting curve dissociation protocol). The re-
sults of differentially expressed genes were analysed
using the Expression Suite Software Version 1.1 and
Comparative Ct Method (AACt) was applied [33].

Results
By CLSM analysis it was verified that in the control
group, after 96 h of incubation, free-floating P. gingivalis
cells had not evolved to biofilm phenotype (Fig. 2 a). It
could be observed that no sessile phenotype was formed
on the bottom of the plate, observing only some cellular
debris (Fig. 2 ¢). In contrast, in the test samples,
free-floating P. gingivalis cells (Fig. 2 b) were in presence
of biofilm evolved on HA disc (Fig. 2d).

The Fig. 3 depicts the genes with differential expression
in P. gingivalis ATCC 33277 resulting from microarray-
based transcriptome analyses, when comparing the two

Table 1 Primers used for reverse transcription quantitative polymerase chain reaction (RT-gPCR)

Locus name Putative identification

Primers for RT-gPCR

PGN_0557 (hmuR) TonB-dependent receptor HmuR

PGN_1058 (fin) Ferritin

PGN_0780 (prtQ) PrtQ, protease

PG_0437 Polysaccharide biosynthesis/

export protein

PGN_0183 (fimC) Minor component FimC

PG_2131 OmpA_c-like

PGMN_0181 Fimbrillin-A associated anchor proteins
Mfal and Mfa2

PG_1712 Alpha-1,2-mannosidase family protein

Forward 53" TAGTCGCGACGGACAGAAAT
Backward 53" CTGGTGAAGATCCCACGTTT
Forward 53" GAAATGATCGAGGCTGTCGT
Backward 53" GTCCTGTGATGCCATATCTCC
Forward 53" CAGCTGTAAACCGCAACAAG
Backward 53" GGCTTGGCTCCCGTATTATC
Forward 53" AGAGGGCCTTACTCGTACCG
Backward 5'-3%CCACTGGAAATAATCCTCTTCTGT
Forward 5-3"CC CAAGAAAGAACTTGAGGA
Backward 5-3" GTCGGACTATCGGCTCGTT
Forward 5-3" ACACACCCCTCTCGTCTGAG
Backward 5-3" TCCCTTCCGGATAGCTCTG
Forward 5-3" CCACTACGGTGTCTTTCGTG
Backward 53" TTAGACGC GCACATTGG
Forward 53" GCTACGAAAGCCGTCCATC
Backward 5%3" GTACCACTCCCAACCTTTGC
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Fig. 2 Representative confocal micrographs of P. gingivalis depicting 2D maximum projection images after 96 h of incubation of the two
groups designed, (a) planktonic P. gingivalis cells growing in a pure planktonic environment and (b) free
gingivalis mono-species biofilm. Image (c) corroborate the absence of sessile phenotype on the bottom of the

samples, only faint debris could be observed adhered. Image (d) shows a sessile phenotype evolved on the surfa
hydroxyapatite discs form the test group. Specimens were stained with Syto9 fluorochrome (Molecular Probes B. V., Leiden, The Netherlands)

oating P. gingivalis cells

ce of

planktonic states, either in presence or absence of a bacter-
ial biofilm. Differentially expressed genes with 1.5 fold
change (up or down) and p-value <0.05 were plotted,
X-axis represents log;, expression of pure planktonic state
(in absence of a biofilm) and Y-axis shows the log;, expres-
sion genes of cells in the presence a growing biofilm.

The differentially regulated genes of P. gingivalis cells
under both test and control groups are depicted in
Table 2. Expression ratios were expressed as means of
the fold changes of the three biological replicates and
Standard Deviation (SD). Although the gene expression
was not markedly different between both groups, a total
of 28 out of 1909 genes (1.5%) were differentially
expressed by free-floating P. gingivalis cells growing in
the presence of a biofilm.

From these differentially expressed genes, 21 tran-
scripts were found significantly increased (Table 2).
These included genes related to iron acquisition and
storage, among them the PGN_0557 (hmuR) gene, which
encodes for the outer-membrane hemin utilization re-
ceptor involved in the uptake of both free hemin and
heme bound to hemoproteins. Also, the gene PGN_0493
appeared overexpressed, which encodes for a receptor

Hma, implicated in heme uptake. Similarly, the
PGN_1494 gene, which encodes for the oxygen-
independent coproporphyrinogen-III oxidase, or the genes
PGN_1058 (ftn) and PGN_0604, which are related with
intracellular iron-storage proteins, were differentially
expressed. P. gingivalis, under these test conditions overex-
pressed genes encoding for transposases (PG_0009 and
PG_0942), in particular the ISPg5 transposase Orfl, and
the gene PGN_0780 (prtQ), which encodes a protease with
peptidase activity, belonging to the PrtC family of genes en-
coding collagenase-like proteases. The gene PGN_1312,
which encodes a transcriptional regulator of arginine me-
tabolism and the gene PG_0437 involved in the biosyn-
thesis of polysaccharides, was also up-regulated.

Conversely, in the test conditions seven transcripts
demonstrated significant down-regulation, being these
genes related to adhesion or virulence (PGN_0183
(fimC), PGN_0181, PG_2130, PG_2131, PG_1712)
(Table 2).

RT-qPCR was used for the assessment of the micro-
array results from the selected genes (4 from the
up-regulated and 4 from the down-regulated group).
Figure 4 shows a high correlation between the log,
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Fig. 3 Differential gene expression by comparative microarray
analyses (represented in log;g) when comparing planktonic
Porphyromonas gingivalis ATCC 33277 cells either in presence of a
growing biofilm or in absence of a biofilm. Control planktonic cell
gene expression (X-axis) is plotted against test cells (Y-axis) with a
1.5 fold change (up or down) and p-value < 0.05. Down regulated
genes (green) and up-regulated genes (red) are shown in the figure

ratio of microarray and RT-qPCR results in the two
studied conditions (R? = 0.8477).

Discussion

This in vitro investigation has shown that a 1.5% of
genes (28 out of 1909 genes, at 1.5-fold change or more,
p-value <0.05) were differentially expressed by P. gingi-
valis cells when in the presence of a biofilm. Several
studies have investigated the differential gene expression
of the periodontal pathogen P. gingivalis when growing
under different conditions, basically under planktonic or
biofilm conditions, and have reported distinct genetic
expression [13-19]. Among them, our research group
reported differences in gene expression when P. gingiva-
lis ATCC 33277 grew either in planktonic or in biofilms
states, finding that 4.8% of genes were differentially
expressed when growing in biofilm. These up-regulated
genes were mainly related to the cell envelope, transport,
and binding or outer membranes proteins, while the
down-regulated genes were mainly genes related to
transposases or oxidative stress [13]. Most of the previ-
ous studies, however, have not elucidated the differ-
ential gene expression when this bacterium is in
transition between both states. That is, whether
planktonic P. gingivalis within an environment of
biofilm growth, may undertake gene expression
changes that would facilitate its adaptation to the
developing biofilm environment.

72

Page 6 of 11

The present study has tried to reproduce experimen-
tally the situation in which free-floating P. gingivalis cells
when in the presence of a P. gingivalis mono-species
biofilm will develop a differential genetic expression
when compared with similar planktonic P. gingivalis
cells but without any biofilm influence. To define
differential expression, apart from statistical significance
(p < 0.05), a threshold of 1.5-fold (up or down) in the
average expression ratio was selected, which has been
previously used in microarray analysis of gene expres-
sion in P. gingivalis and was considered biologically rele-
vant [14, 18, 26]. Under these experimental conditions, a
total of 28 out of 1909 genes (1.5%) of P. gingivalis were
differentially expressed when cells from the test group
were compared with the control.

Among the differentially expressed genes, the gene
PGN_0557 (hmuR) showed up-regulation [+ 1.67 (SD =
0.13)], which encodes a major hemin uptake protein, but
also a potential adhesin. The role of this adhesin
PGN_0557 (hmuR) has been demonstrated by Kuboniwa
et al. (2009) [17], using an in vitro biofilm model of
three bacterial species (F. nucleatum subsp. nucleatum,
P. gingivalis ATCC 33277 and Streptococcus gordonii
DL1), demonstrating that the lack of PGN_0557 (fimuR)
gene in P. gingivalis resulted in a 70% reduction of com-
munity formation. In addition, the four genes involved
in iron transport (PGN_1058 (ftn), PGN_0604,
PGN_1494 and PGN_0493) appeared up-regulated, what
may indicate that these genes may contribute to biofilm
formation by protecting P. gingivalis from oxidative
stresses generated by intracellular free iron. One of these
genes, PGN_0493, encodes for the receptor Hma, which
has also been implicated in heme uptake. Hagan and
Mobley (2009) [34] demonstrated that iron acquisition,
mediated by specific outer membrane receptors, was
critical for the colonization of the urinary tract by
Escherichia coli. Similarly, heme acquisition facilitated
by the receptor Hma was a pre-requisite for the develop-
ment of kidney infection by E. coli. Therefore, the results
obtained may indicate that P. gingivalis would use simi-
lar colonization mechanisms to develop biofilm state.

Under these experimental conditions, the gene
PG_2094 was up-regulated [+ 1.91 (SD = 0.32)]. It is clas-
sified as a hypothetical protein but with certain hom-
ology with the LuxR family transcriptional regulator of
P. gingivalis SJD2, involved in the quorum sensing sys-
tem in bacteria [35]. This might suggest a promotion of
cell communication in P. gingivalis when these cells are
in the presence of a biofilm. However, nowadays, al-
though the homology with this domain is preserved, a
plausible function was assigned: translocation/assembly
module TamB. Bacteria export proteins across the cell
envelope using diverse systems. The secretion mecha-
nisms fulfill general cellular functions but are also
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Table 2 Differentially expressed genes in free-floating Porphyromonas gingivalis ATCC 33277 cells either in presence of a growing
biofilm or in pure planktonic growth (cutoff ratio = 1.5-fold change, p-value < 0.05) for the microarray analysis

Open reading frame® Gene” Protein or function Expression ratio by Microarray” (SD)
PGN_0181 Fimbrillin-A associated anchor proteins Mfal and Mfa2 —1.60 (0.09)
PGN_0183 fimC Minor component FimC —1.76 (0.16)
PGN_0493 Heavy-metal-associated domain (Hma) +1.56 (0.03)
PGN_0495 Conserved hypothetical protein +1.73(0.15)
PGN_0529 batA Aerotolerance-related membrane protein BatA —1.62 (0.02)
PGN_0557 hmuR TonB-dependent receptor HmuR +1.67 (0.13)
PGN_0604 Ferritin +1.78 (0.08)
PGN_0649 Conserved hypothetical protein +1.78 (0.18)
PGN_0780 prtQ PrtQ, protease +1.84 (041)
PGN_0787 Conserved hypothetical protein +1.61 (0.06)
PGN_1058 ftn Ferritin +1.74 (012)
PGN_1093 Conserved hypothetical protein —1.61 (0.14)
PGN_1206 folD Methylenetetrahydrofolate dehydrogenase/ cyclohydrolase +1.86 (0.25)
PGN_1312 Probable transcriptional regulator as Arg-repressor +1.85 (047)
PGN_1494 Putative oxygen-independent coproporphyrinogen Il +2.02 (0.02)
PGN_1534 Hypothetical protein +1.95 (0.28)
PGN_2071 topA DNA topoisomerase | +2.26 (0.18)
PG_0009 ISPG5 transposase Orf1 +1.74 (0.16)
PG_0437 Polysaccharide export protein, BexD/CtrA/VexA family +1.89 (042)
PG_0718 Conserved hypothetical protein +1.99 (0.38)
PG_0942 ISPg5 transposase Orf1 +1.59 (0.01)
PG_1169 Hypothetical protein +1.93 (0.28)
PG_1403 Rhomboid family protein +1.70 (0.09)
PG_1712 Alpha-1,2-mannosidase family protein —1.52 (0.02)
PG_1979 Hypothetical protein +1.82 (0.26)
PG_2094 Conserved domain protein +1.91(032)
PG_2130 Hypothetical protein —1.58 (0.09)
PG_2131 OmpA_C-like -1.61 (0.04)

2putative identification from Genebank. © Results of three biological replicates. Expression ratio by Microarray indicates the mean fold expression (SD) of that gene

essential for pathogenic bacteria during the interaction
with the host cells. Selkrig et al. (2012) described a new
translocation and assembly module (TAM) that pro-
motes efficient secretion of autotransporters in proteo-
bacteria. Functional analysis of the TAM in several
bacteria, Salmonella enterica, Citrobacter rodentium or
E. coli demonstrated that TamB is an integral inner
membrane protein that forms the translocation and
assembly module or TAM complex [36] with the
outer membrane protein, TamA, an Omp85-family
protein. The discovery of the TAM provides a new
target for the development of therapies to inhibit
colonization by bacterial pathogens [37].

It must be noted that, involved in inter-species com-
munication and quorum sensing, LuxS-dependent sig-
naling regulatory genes have been also related to stress,

protease modulation and haemagglutination or in hemin
uptake [24-27, 38]. Studies using LuxS-deficient mu-
tants of P. gingivalis have reported an altered expression
of genes involved in hemin uptake, specifically
up-regulation of the genes for a TonB-linked hemin
binding protein, HmuR and the iron storage protein fer-
ritin [27, 39, 40]. In the present study, and under these
experimental conditions, genes related with the synthesis
of both proteins were up-regulated [PGN_0557 (hmuR)
[+ 1.67 (SD=0.13)], PGN_0604 [+ 1.78 (SD =0.08)] and
PGN_1058 (ftn) [+ 1.74 (SD =0.12)]. In low level condi-
tions of hemin and iron, HmuR production is sup-
pressed by LuxS signaling, and thus the requirement of
ferritin for iron storage should be reduced [40, 41]. In-
stead, when P. gingivalis has availability of heme/iron, as
occurred in the conditions used in vitro with 5.0 mg/L
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hemin concentration or in vivo when the established
bacterial community starts to destroy the periodontal
tissue, (AI-2)
removes the repression of LuxS over hmuR gene, and
subsequently of ferritin, which facilitate tight control
and ensure adaptability to environmental conditions
(40-42].

Free-floating P. gingivalis cells in the presence of a
biofilm also overexpressed the genes PG_0009 and
PG_0942, which encode for transposases, in particular
the insertion sequence (IS) elements and ISPg5 transpo-
sase Orfl. These results are in agreement with those re-
ported by Califano et al. (2000) [43], that described how
ISPg5 and others IS elements could contribute to the di-
versity of P. gingivalis strains, as a mode of adapting to
specific ecological determinants. This differential
regulation in transposases genes and transposon func-
tions has also been reported by our research group
[13], in the comparative gene expression analysis of P.
gingivalis ATCC 33277 in biofilm versus planktonic
cells, and has been attributed to an adaptation to the
changes to the new phenotypic state. The results
from this current investigation could indicate that P.
gingivalis begins to adapt to different environmental
conditions, and may gradually adopt a sessile pheno-
type growth.

Among other genes related to a biofilm formation,
PG_0437 showed + 1.89 fold changed expression (SD
=0.42). This gene encodes a polysaccharide outer
membrane protein exporter, which is involved in
polysaccharide biosynthesis. Haft et al. (2006) re-
ported that the overexpression of these proteins oc-
curred preferentially in bacteria from sediments, soils
and biofilms [44], so that these results may imply

reduced Autoinducer-2 expression,
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that, under the experimental conditions used, P. gingi-
valis cells would use this system when adapting to
evolve to a biofilm state.

The genes PGN_1312 and PGN_0780 (prtQ) encoding
proteases were also up-regulated in the test group. P. gin-
givalis cells in the presence and, possibly evolving into a
biofilm, may develop peptidase activity, with the purpose
of inactivating host defense mechanisms, what may be
relevant when this pathogen is forming a biofilm [45, 46].

Conversely, several genes encoding proteins involved
in bacterial adhesion, invasion or virulence, were identi-
fied as down-regulated in free-floating P. gingivalis cells
in the presence of a biofilm (PGN_0183 (fimC),
PGN_0181, PG_2130, PG_2131, PG_1712). In fact, P.
gingivalis fimbriae have been identified as one of its
major colonization factors [47-53]. Although these re-
sults demonstrating the down-regulation of the genes
encoding for the formation of fimbriae may appear
contradictory, these genes encode only minor compo-
nents of the fimbriae proteins FimA and Mfal. In the
comparative gene expression analysis of P. gingivalis
ATCC 33277, in planktonic versus mature biofilms
states, carried out by our research group, it was reported
that fimD, one of the minor components of the fimbriae
A, appeared down-regulated in biofilm state [13]. Simi-
larly, Krogfelt and Klemm (1988) [54] showed that a
clone of E. coli lacking the genes encoding these minor
component proteins did produce fimbriae consisting of
pure Fim A protein, indicating that these minor protein
components were not necessary for the structural integ-
rity of the fimbriae. These results are also coincident
with those reported by Nagano et al. (2012), which dem-
onstrated that despite a lack of fimC, the FimA protein
was still produced and polymerized to form fimbriae
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[53]; likewise Nishiyama et al. (2007) reported that the
complete deletion of PGN_0181 did not affect the forma-
tion of FimA fimbriae by P. gingivalis ATCC 33277 [55].
Similarly, previous works demonstrated that P. gingivalis
autoaggregation, and its subsequent biofilm initiation, are
probably due to FimA [56, 57], this autoaggregation is in-
tensified by a loss of short fimbriae, however, other au-
thors claim that Mfa fimbriae is essential in the process of
colony formation on solid surfaces [57, 58]. These reports
appear to indicate the assay- and context-dependency in
assessing the role of each fimbrial type.

PG_1712 gene encoding the protein alpha-1,2-manno-
sidase was also down-regulated in test group. This pro-
tein belongs to the glycosidic hydrolase family 92,
cleaving mannose, which is an important sugar in the
synthesis of glycoproteins by Gram-negative bacterium
as P. gingivalis. Five genes hydrolyzing mannan have
been reported in P. gingivalis (PG_0032, PG_0902,
PG_0973, PG_1711, and PG_1712), although the
resulting enzymes have not been well characterized,
thus making it difficult to interpretate these results.
Rangarajan et al. (2013) reported that a- and
B-mannosidases from P. gingivalis did not have an ef-
fect on the biosynthesis of O-LPS and A-LPS or in
the secretion of Arg-gingipains [59].

Conclusions

This in vitro investigation has demonstrated that 28
genes (1.5%) were differentially expressed (up-regulated
or down-regulated) when comparing free-floating P. gin-
givalis placed in the presence of a P. gingivalis
mono-species biofilm versus cells growing in a pure
planktonic environment. Most of these genes are related
to the metabolism of iron, bacterial adhesion, invasion,
virulence and quorum-sensing system. Although the dif-
ferential gene expression between P. gingivalis plank-
tonic cells growing under the test or control conditions
may seem limited, the thorough understanding of the
genes and its regulatory pathways involved in the transi-
tion between planktonic and biofilm states may provide
important insights in the prevention of biofilm forma-
tion and consequently of periodontal diseases.
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RESUMEN

Antecedentes y objetivo: Porphyromonas gingivalis es un patdgeno clave en el inicio y
la progresion de la periodontitis. Su patogenicidad se ha relacionado con su presencia y
supervivencia dentro del biofilm subgingival. EI objetivo del presente estudio fue
comparar las actividades transcriptomicas de todo el genoma de P. gingivalis en biofilm

y en crecimiento planctdnico, utilizando la tecnologia de microarrays.

Material y métodos: P. gingivalis ATCC 33277 se incub0 en placas de cultivo
multipocillo a 37 °C durante 96 horas bajo condiciones anaerobicas usando un modelo
estatico in vitro para desarrollar tanto el estado plancténico como el de biofilm
monoespecie sobre discos ceramicos esteriles de hidroxiapatita célcica (HA). El
desarrollo del biofilm fue comprobado por microscopia laser confocal de barrido (CLSM)
y microscopia electronica de barrido (SEM). Después de la incubacion, se recogieron las
células bacterianas y se extrajo y purificé el ARN total. Tres réplicas bioldgicas para cada
estado celular fueron hibridadas independientemente para comparaciones
transcriptomicas. Se utilizd un modelo lineal para determinar genes expresados
diferencialmente y la reaccion en cadena de la polimerasa con transcriptasa inversa
(RT-gPCR) para confirmar la expresion diferencial. Como criterios de filtro se
seleccionaron valores de cambio en la expresion de genes < -2 0 > 2 veces y valores

significativos de p < 0,05.

Resultados: Un 4,8% de los genes (92 de 1.909 genes) fueron expresados
diferencialmente por P. gingivalis en crecimiento en biofilm comparado con el fenotipo
planctonico. De ellos, 54 genes fueron sobreexpresados en el biofilm, principalmente
relacionados con la envoltura celular, el transporte, unién o proteinas de las membranas

externas.
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Y 38 genes mostraron expresion disminuida, principalmente relacionados con

transposasas o0 estrés oxidativo.
Conclusion: La respuesta adaptativa de P. gingivalis a crecer en fenotipo de biofilm

monoespecie demostrd un aumento de la expresion génica diferencial con respecto a su

crecimiento en forma planctonica.
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Abstract

Background and objective

Porphyromonas gingivalis is a keystone pathogen in the onset and progression of periodon-
titis. Its pathogenicity has been related to its presence and survival within the subgingival
biofilm. The aim of the present study was to compare the genome-wide transcription activi-
ties of P. gingivalis in biofilm and in planktonic growth, using microarray technology.

Material and methods

P. gingivalis ATCC 33277 was incubated in multi-well culture plates at 37°C for 96 hours
under anaerobic conditions using an in vitro static model to develop both the planktonic
and biofilm states (the latter over sterile ceramic calcium hydroxyapatite discs). The bio-
film development was monitored by Confocal Laser Scanning Microscopy (CLSM) and
Scanning Electron Microscopy (SEM). After incubation, the bacterial cells were harvested
and total RNA was extracted and purified. Three biological replicates for each cell state
were independently hybridized for transcriptomic comparisons. A linear model was used
for determining differentially expressed genes and reverse transcription quantitative poly-
merase chain reaction (RT-qPCR) was used to confirm differential expression. The filter-
ing criteria of > +2 change in gene expression and significance p-values of <0.05 were
selected.

Results

Atotal of 92 out of 1,909 genes (4.8%) were differentially expressed by P. gingivalis grow-
ing in biofilm compared to planktonic. The 54 up-regulated genes in biofilm growth were
mainly related to cell envelope, transport, and binding or outer membranes proteins.
Thirty-eight showed decreased expression, mainly genes related to transposases or oxida-
tive stress.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174669  April 3, 2017
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Conclusion

The adaptive response of P. gingivalis in biofilm growth demonstrated a differential gene
expression.

Introduction

Human dental plaque is a complex and dynamic biofilm attached to tooth surfaces, where
microbial communities are embedded in a matrix of bacterial extracellular polymeric sub-
stances (EPS), proteins, salivary peptides and food scraps [1, 2]. The differential activity of
these microbial communities within the dental biofilm may have profound implications in
the onset and progression of periodontitis, one of the most prevalent chronic inflammatory
diseases affecting humans [3]. Porphyromonas gingivalis, a Gram-negative and black-pig-
mented anaerobic bacterium is one of the keystone pathogens associated with the etiology
of periodontitis. Its main ecological niche is the oral microbiome [4] and its pathogenic
activity has been directly related to its relative high numbers and proportions within the sub-
gingival biofilm, as well as the expression of virulence factors that facilitate its colonization
within the periodontal tissues and its resistance from the host inflammatory and immune
responses. [5-7].

Virulence factors in periodontal pathogens have been attributed to either presence of highly
pathogenic strains or to the up- and down- regulation of a number of genes due to the specific
ecological conditions of the bacterial communities within the biofilm. In fact, several tran-
scriptomic studies have been conducted to elucidate the behavior of different pathogenic bac-
teria growing in biofilm [8-11]. Whiteley et al. [10] reported that about 1% of the genes from
Pseudomonas aeruginosa had shown differential expression when growing in biofilm com-
pared with planktonic. Liu et al. [9] reported that 16.2% of the genes from Clostridium acetobu-
tylicum were differentially expressed in biofilm growth, mainly up-regulation of genes
involved in amino acid biosynthesis, sporulation, extracellular polymer degradation and other
various metabolic processes, what indicated that C. acetobutylicum had a distinct phenotype
when growing in a biofilm.

Similarly, transcriptomic studies have reported that approximately 18.0% of the W50
genome of P. gingivalis was differentially expressed in biofilms [8]. These studies have shown
down-regulation of genes encoding for cell envelope biogenesis, DNA replication, energy pro-
duction and biosynthesis of co-factors and up- regulation of genes involved in transport and
binding proteins. Some of these studies have focused specifically on LuxS-dependent signaling
and quorum-sensing-regulated genes since they play an important role in the physiology of
these micro-organisms, their communication with other bacteria, and their adaptation to the
biofilm environment [12-14]. Yamamoto et al. [15] reported that an increase of more than
1.5-fold in the number P. gingivalis (ATCC 33277) genes differentially regulated during the
biofilm growth (312/2,090 genes, 155 genes were up-regulated and 157 genes were down-
regulated).

In spite of these studies, our understanding of the regulatory processes and interactions,
which allow P. gingivalis to grow within the biofilm and to develop its virulence is still limited.
It is, therefore, the aim of this study to assess the differential expression of P. gingivalis genes
under two different physiological states, planktonic and biofilm growth, using transcriptomic
analysis in an in vitro static model.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174669  April 3, 2017 2/18
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Material and methods
Bacterial strain

Standard reference strain P. gingivalis ATCC 33277 was selected for the present study. Bacteria
were grown on blood agar plates (Blood Agar Oxoid No 2; Oxoid, Basingstoke, UK), supple-
mented with 5% (v/v) sterile horse blood (Oxoid), 5.0 mg/L hemin (Sigma, St. Louis, MO,
USA) and 1.0 mg/L menadione (Merck, Darmstadt, Germany) in anaerobic conditions (10%
H,, 10% CO»,, and balance N,) at 37°C for 72 hours.

Bacterial growth and experimental assays

Planktonic cultures of P. gingivalis were grown anaerobically at 37°C for 24 h in a protein-rich
medium containing brain-heart infusion (BHI) (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA) supplemented with 2.5 g/L mucin (Oxoid), 1.0 g/L yeast extract (Oxoid), 0.1
g/L cysteine (Sigma), 2.0 g/L sodium bicarbonate (Merck), 5.0 mg/L hemin (Sigma), 1.0 mg/L
menadione (Merck) and 0.25% (v/v) glutamic acid (Sigma). Upon reaching late-exponential
phase [10 colony forming units (CFU)/mL, as measured spectrophotometrically by optical
density at 550 nm], the cells were diluted in modified BHI medium to obtain a final concentra-
tion of 10° CFU/mL.

In order to study the gene expression of P. gingivalis, in biofilm or planktonic growth,
under the same culture conditions, a volume of 1.5 mL of P. gingivalis inoculums was placed in
pre-sterilized polystyrene 24-well tissue culture plates (Greiner Bio-one, Frickenhausen, Ger-
many) with or without the presence of sterile ceramic calcium hydroxyapatite discs (HA)
[7-mm diameter (standard deviation, SD = 0.2) and 1.8 mm thickness] (Clarkson Chromatog-
raphy Products, Williamsport, PA, USA). To carry out the experiment, a total of 45 multiwell
plates were used. In each plate 19 wells were filled with disk to develop the biofilms (each of
the aggregates in each hydroxyapatite disk is considered as a biofilm) and the other five wells
were used to analyze the planktonic state without hydroxyapatite disk.

Plates were incubated in anaerobic conditions at 37°C for 96 h. Wells containing only cul-
ture medium were also incubated to verify sterility and the possible contamination of bacteria
growing in both planktonic and biofilm growth was frequently checked.

Confocal Laser Scanning Microscopy (CLSM) analysis to monitor P.
gingivalis biofilm development

To ensure the change of P. gingivalis phenotype, from planktonic to biofilm, its growth was
studied by CLSM when the biofilm reached a mature state (from 24 to 96 h). To confirm the
reproducibility of the biofilm-growth, three independent experiments using trios of biofilms
were carried out for each incubation time (a concentration of 10° CFU/mL P. gingivalis cells in
planktonic culture were placed on sterile hydroxyapatite discs). Before the CLSM analysis, the
discs were rinsed in 2 mL of sterile Buffer Phosphate Saline (PBS) three times (10 sec of
immersion time per rinse), in order to remove non-adherent bacteria. Non-invasive confocal
imaging of fully hydrated biofilms was carried out using a fixed-stage [x83 Olympus inverted
microscope coupled to an Olympus FV1200 confocal system and with a x63 water-immersion
lens (Olympus; Shinjuku, Tokio, Japan). Specimens were stained with LIVE/DEAD
BacLightTM Bacterial Viability Kit solution (Molecular Probes B. V., Leiden, The Nether-
lands) at room temperature. A 1:1 fluorocromes ratio and 9+1 min of staining time was used
to obtain the optimum fluorescence signal at the corresponding wave lengths (Syto9: 515-530
nm; PI: >600 nm). At least three separate and representative locations on the HA discs cov-
ered with biofilm were selected for the study. The CLSM control software was set to take a
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z-series of scans (xyz) of 0.5 pm thickness (8 bits, 1024x1024 pixels). Image stacks were ana-
lyzed with the proprietary Olympus™ software (Olympus).

Scanning Electron Microscopy (SEM) analysis

Before SEM analysis, three hydroxyapatite discs covered with biofilms grown in vitro for

96 h were fixed in 4% paraformaldehyde and 2.5% glutaraldehyde for 4h at 4°C. Then, the
discs were washed twice in PBS and sterile water (immersion time 10 min) and then, dehy-
drated through a series of graded ethanol solutions (50, 60, 70, 80, 90 and 100%; immersion
time per series, 10 min), Then, the samples were critical point dried, sputter-coated with
gold and analysed with an scanning electron microscope JSM 6400 (JSM6400; JEOL, Tokyo,
Japan) equipped with back-scattered electron detector and with an image resolution of

25 KV.

Harvesting of planktonic and biofilm cells for gene expression analysis

After 96 h of incubation, P. gingivalis planktonic and biofilm cells were harvested (three bio-
logical replicates of each state) for independent hybridization.

For planktonic cells 1 mL was recovered from 15 diskless well. In the same experiments a
set of 300 biofilms were harvested independently, then added to 1 mL of sterile PBS, disaggre-
gated by vortexing during 3 min. In both cases the samples were recovered as partial plucks by
centrifugation at 9,000 rpm at 4°C during 5 min, in order to obtain a final 10 pg of total RNA
for each replicate in each state. To preserve the bacterial total RNA intact during the time
taken for the procedures, the work has always been in cold conditions.

In all cases, after the incubation period, an aliquot of each sample and 1 to 3 discs were used
as quality control. They were cultivated on supplemented blood agar plates under anaerobic
conditions at 37°C during two weeks to assure the absence of contamination.

Total RNA extraction

Total RNA was extracted from the harvested samples using the TRIzol™ Max Bacterial RNA
Isolation Kit (Ambion, Life Technologies, Carlsbad, CA, USA). Briefly, pools from plank-
tonic and biofilm growth samples were suspended in 200 uL of preheated Max bacterial
Reagent""' (Ambion), incubated at 95°C for 4 min and then chilled on ice for 10 min. After, 1
mL of TRIzol™ reagent (Ambion) was added to lysate the cells, incubating them at room tem-
perature 5 min. After that, 200 L of cold chloroform was added and incubated at room tem-
perature for 3 min. The mixtures were then centrifuged at 13,000 rpm for 15 min at4°C.
RNA colourless aqueous phase (~ 600 pL) was collected, augmented with 0.5 mL of cold iso-
propanol, mixed by inversion, and incubated at room temperature for 10 min. After centrifu-
gation at 13,000 rpm for 10 min at 4°C, the pellet of RNA was suspended in 1 mL of cold 75%
ethanol, centrifuged at 9,000 rpm for 5 min, air-dried and suspended in 50 pL of RNase-free
water (Roche Diagnostics, Mannheim, Germany). The samples were then treated with DNase
I (Ambion, NY, USA) to remove any contaminating DNA (set of RNase-free DNase; Qiagen,
CA, USA) and purified using columns of RNeasy Mini kit (Qiagen) according to the manu-
facturer’s protocol.

RNA quantity was measured by NanoDrop ND1000 spectrophotometer (NanoDrop-
Technologies; Thermo Scientific™, LLC, Wilmington, DE, USA). RNA quality was monitored
by Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). All the samples
used in this study exhibited an A260/A280 ratio of at least 2.0.
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cDNA synthesis and transcriptomic analysis

Three biological replicates were independently hybridized for each transcriptomic compari-
son. Fluorescently labeled cDNA for microarray hybridizations was obtained by using the
SuperScript Indirect cDNA Labeling System (Invitrogen). In brief, 5 g of total RNA was
transformed to cDNA with Superscript III reverse transcriptase using random hexamers as
primers and with aminoallyl-modified nucleotides in the reaction mixture. After cONA purifi-
cation, the Cy3 fluorescent dyes (Amersham Biosciences) were coupled to the amino-modified
first-strand cDNA. Labelling efficiency was assessed using a NanoDrop ND1000 spectropho-
tometer (NanoDropTechnologies).

Preparation of probes and hybridization was performed as described (One-Color Microar-
ray Based Gene Expression Analysis Manual Ver. 6.5, Agilent Technologies). Briefly, for each
hybridization, 600 ng of Cy3 probes were mixed and added to 5 pL of 10x Blocking Agent and
Nuclease free water in a 25 pL reaction. Then, 25 pL from 2x GExHybridization buffer was
added and mixed carefully. The samples were placed on ice and quickly loaded onto arrays,
hybridized at 65°C for 17 h and then washed once in GE wash buffer 1 at room temperature
(1 min) and once in GE Wash Buffer 2 at 37°C (1 min).

Slides corresponded to Agilent P. gingivalis Oligo Microarrays 8x15K (074976), a genome
annotation specific for strain ATCC 33277 and W83. For each culture pair, three technical rep-
licates of array hybridizations were performed.

Microarray and data analysis

Images from Cy3 channel were equilibrated and captured with a high-resolution scanner (Agi-
lent) and spots quantified using Feature Extraction software (Agilent). Background correction
and normalization of data expression were performed using LIMMA [16, 17]. LIMMA is part
of bioconductor, an R language project [18]. For local background correction and normaliza-
tion, the methods "normexp" and loess in LIMMA were used, respectively [16]. To ensure sim-
ilar distribution across arrays and to achieve consistency among arrays, log-ratio values were
scaled using the median-absolute-value as scale estimator [17].

Linear model methods were used for determining differentially expressed genes. Each
probe was tested for changes in expression over replicates by using an empirical Bayes moder-
ated t-statistic [17]. To control the false discovery rate p-values were corrected by using the
method of Benjamani and Hochberg [16, 17]. The expected false discovery rate was controlled
to be less than 5% and a filtering criterium of increase/decrease up to 2-fold differential expres-
sion between states was selected.

The National Center for Biotechnology (Genomics Unit) at Universidad Auténoma,
Madrid (Spain) performed the hybridizations and statistical analysis.

Assessment of microarray data by Reverse Transcription-quantitative
Polymerase Chain Reaction (RT-qPCR)

To confirm the microarray results using RT-qPCR, nine genes differentially expressed between
both situations were selected, four genes from the up-regulated group and five from the down-
regulated one. Specific primers were designed using the Universal Probe Library Roche soft-
ware tool (Roche Diagnostics) (Table 1). All quantifications were normalized to the P. gingiva-
lis 16S rRNA gene.
To carry out the Reverse Transcription-qPCR, cDNA was generated from 1 pg of total

RNA using the High Capacity cDNA Archive Kit (Applied Biosystems, ThermoFisher Scien-
tific) in a 10 pL of final reaction volume. After that, quantitative PCR reactions were performed
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Table 1. Primers used for Reverse Transcription-quantitative Polymerase Chain Reaction (RT-gPCR).

LOCUS NAME PUTATIVE IDENTIFICATION PRIMER SEQUENCES
porP Porins Forward 5" -3 : GGGTAGTGACCGAAACGAGA
Backward 5" -3 : GAAGGCATATTGCCCCATC
PGN 0319 Probable RNA polymerase sigma-70 factor ECF subfamily Forward 5" -3 : CGTCTGGTGGAAGCTGCTAT
Backward 5" -3~ : CAGCCGGARAGTCATTCG
PG 0215 Hypothetical protein Forward 5" -3 : GCCTTCGATGCTGTATCCAT
Backward 5" -3 : TCARAGGTCGARAARGCTCCT
PGN 0320 Hypothetical protein Forward 5" -3 : GCCTTCGATGCTGTATCCAT
Backward 5" -3 : TCAAAAGGTCGAAAAGCTCCT
PG 2130 Hypothetical protein Forward 5" -3 : TTCGAATGTGCCAAGTGC
Backward 5" -3 : TCGTCACACCGAAGTAGTCG
PGN 0575 Transposase in ISPg1 Forward 5" -3 : AGACAATCGGAGCGAGGAG
Backward 5 -3 : TTTACGCYGACGGACARCCT
PGN 1925-Cas1 Mabile and extrachromosomal element functions Forward 5" -3 : GAGCCTCTCTCCAACGCTATC
Backward 5" -3 : GCCCTCCGCTATGGGTAT
PG 0619 Alkyl hydroperoxide reductase, F subunit Forward 5" -3 : CTGCAGCCATCYATTCTGCTC
Backward 5 -3 : CTACCCGTTCGGCTACGAT
vimF Virulence modulating gene F Forward 5" -3 : CCGAAATTCTCCGCCATAG
Backward 5" -3 : CTCCGGGCTTCTCTGTGTT

https://doi.org/10.1371/journal.pone.0174669.t1001

in triplicate by using 5 pL per well of each cDNA, and 3 pL of a mix composed by 0.4 uM of
each primer, 5x HOT FIREPol® EvaGreen™ qPCR Mix Plus (ROX), and nuclease-free water,
to reach a final volume of 8 pL in 384-well optical plates. PCR reactions were run in an Applied
Biosystems ABI PRISM 7900HT machine with SDS v2.4 software and standard protocol from
Applied Biosystems (95°C 10 min, 40 cycles of 95°C 15 sec and 60°C 60 sec, and a final stan-
dard dissociation protocol). The results were analysed with the Comparative Ct Method
(AACH) [19].

Results

CLSM and SEM confirmed that P. gingivalis ATCC 33277 changed its phenotypic state, from
planktonic to a mono-species biofilm. Fig 1 shows representative CLSM (depicting viable bac-
teria as green and nonviable as red stained cells.) and SEM images of the obtained biofilms at
96 h of incubation,

With the use of the filtering criteria threshold of two-fold change in differential expression
(up or down) of the contained in P. gingivalis ATCC 33277 arrays, a total of 92 out of 1,909
(4.8%) genes were differentially expressed in the biofilm phenotype compared to planktonic
growth. These differences were statistically significant (p<0.05).

Fig 2 shows the genes differentially expressed in P. gingivalis ATCC 33277 biofilms com-
pared to planktonic cells. From the identified genes, the 54 up-regulated genes in the biofilm
were mainly related to cell envelope, transport and binding proteins, outer membranes pro-
teins, DNA repair enzymes, ribosomal proteins, or genes related to transcription initiation.
Conversely, the 38 genes that were down-regulated in biofilm cells were mostly genes encoding
proteins related to transposases, the CRISPRs system (cluster regularly inter-spaced short pal-
indromic repeats) or oxidative stress.

In Table 2, these genes are grouped by functional categories, such as the genes encoding for
the cationic outer membrane proteins (OmpH-1 and OmpH-2, PG_0448, and PG_0987),
which have shown up-regulated expression in this model of P. gingivalis biofilm. These genes
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Fig 1. Representative confocal (A) and scanning electron (B) micrographs representing
Porphyromonas gingivalis ATCC 33277 biofilm after 96h of growth. BacLight Live/Dead strain was used
to assess the viability of cells in CLSM distinguishing viable bacteria depicted as green and non-viable as red
stained cells.

https://doi.org/10.1371/journal.pone.0174669.9001

codifying proteins located specifically in the outer membrane vesicles, have been recognized as
important virulence factors of P. gingivalis. Moreover, the gene coding lipoprotein PGN_0151
appeared up regulated by a factor of 3.16 (SD 0.28) compared to planktonic state (Table 2).
Similarly, the genes related with the Por Secretion System (PorSS) (porP, PGN_1514 and
PG_0448), involved in the biosynthesis of cell surface polysaccharides and implicated in the
translocation of gingipains were up-regulated in biofilm growth. These proteins are well
known virulence factors and serve as anchors for Rgp, Kgp, hemagglutinins, and the hemoglo-
bin receptor protein. Only one gene, implicated in predicted exporter proteins (PGN_0946)
was found significantly down regulated.

An additional group of genes related to oxidative stress and metabolism was differentially
expressed in P. gingivalis, as shown in Table 2. This group of genes, represented by PGN_2076
and PG_2213, are involved in oxidative and/or regulatory mechanisms, as Nitric oxide (NO)
stress resistance and were significantly suppressed in biofilm growth. These genes enable bac-
teria to survive within the inflammatory microenvironment of the periodontal pocket. Simi-
larly, alkyl hydroperoxidase reductase subunits genes (AhpC-F (PG_0618, PGN_0660,
PG_0619 and PGN_0661) were down regulated in P. gingivalis biofilms. These genes are
involved in the primary defense against reactive oxygen species (ROS), and therefore affecting
the bacterium aero-tolerance. In fact, PG_0619 was the gene most differentially suppressed
(-13.13 (SD 0.70)). On the other hand, the putative genes related to metabolism NADPH-NAD
transhydrogenases (PGN_1120, PGN_1122 and pntB) were up-regulated.

The genes involved in transposon functions, demonstrated heterogeneous results (Table 2).
While genes corresponding to partial transposase in ISPgI (PGN_0219, PGN_0575, PGN 1216
and PGN_1420) and PGN_0579 were down-regulated, genes belonging to the partial transpo-
sase in ISPg4 (PGN_0478) and PGN_0578 were up-regulated.

Genes related to the CRISPRs and associated CAS proteins system (CRISPR/Cas), like
(PGN_1924-Cas2, PGN_1925-Casl) were down-regulated in biofilm growth, while the gene
PGN_1286, thought to be a lysozyme, was up regulated.

Among the genes related to fimbriae, only one gene, fimD, one of the minor components of
the fimbriae A, appeared down-regulated by a factor of -2.30 (SD 0.26) in biofilm versus plank-
tonic cells.
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Fig 2. Differential gene expression in Porphyromonas gingivalis ATCC 33277 biofilm as opposed to
planktonic cells. Differentially expressed genes with 2.0 fold change (up or down) and p-value < 0.05 were
plotted. X-axis presents fold difference between log expression of planktonic, and y-axis shows the log
expression of biofilm. Up-regulated genes (over-expressed in biofilm) were represented as red color and
down-regulated genes were colored in green.

https://doi.org/10.1371/journal.pone.0174669.g002

Among the genes involved in the biogenesis of components of ribosomal subunits, the
genes rpmH, rpsF and rpIl were up-regulated while KsgA were down-regulated when in com-
paring biofilm with planktonic growth.

The array data (Table 2) indicated that several RNA polymerase sigma factors of the 670
family (PG_0214, PG_0985, PGN_0319, PGN_0450, PGN_0970), involved in the regulation of
biofilm formation and diverse physiological processes, particularly virulence, were up-regu-
lated in biofilm versus planktonic cells. On the other hand, PGN_0082, a probable transcrip-
tional regulator in the AraC family, was down-regulated in biofilms cells.

The riboflavin-related gene encoded to the 3,4-dihydroxy-2-butanone 4-phosphate
synthase/ GTP cyclohydrolase II protein (PGN_0643) was found up-regulated in P. gingivalis
biofilm. This gene has been implicated in quorum sensing signaling and extracellular electron
transfer. On the contrary, the gene VimF was down-regulated. This gene has been involved in
the maturation/activation/anchorage of gingipains and other virulence factors of P. gingivalis.
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Table 2. Genes differently expressed in Porphyromonas gingivalis ATCC 33277 biofilm (cutoff ratio > 2.0 fold change, p-value < 0.05) for the
microarray analysis, grouped by functional role categories.

LOCUS NAME PUTATIVE IDENTIFICATIONA AVG RELATIVE FOLD CHANGE (SD)®
1. GENES RELATED TO CELL ENVELOPE

ompH-1 Cationic outer membrane protein OmpH 2.38(0.37)
ompH-2 Cationic outer membrane protein OmpH 2.23(0.09)
PG 0987 2.85(0.12)
PGN 0301 2.17 (0.08)
PGN 0968 3.29(0.12)
PGN 0151 Lipoprotein 3.16(0.28)
PGN 0946 Predicted exporter protein -2.29 (0.23)
porP Porins 2.43(0.27)
PGN 1514 Conserved hypothetical proteinporins 2.09 (0.09)
PG 0448 Porins 2.54(0.35)
2. GENES RELATED TO OXIDATIVE STRESS AND METABOLISM
PGN 2076 Bacterioferritin-associated ferredoxin proteins -2.46 (0.33)
PG 2213 Bacterioferritin-associated ferredoxin proteins -3.50 (0.39)
PG 2029 Metalloprotease 2.22 (0.16)
PGN 1120 Putative NADPH-NAD transhydrogenase 2.26 (0.05)
PGN 1122 NADPH-NAD transhydrogenase beta subunit 2.43 (0.30)
pntB NAD(P) transhydrogenase, beta subunit 2.35(0.28)
PG 0618 Alkyl hydroperoxide reductase, C subunit -5.52 (1.98)
PGN 0660 Putative alkyl hydroperoxide reductase C subunit -4.93 (1.21)
PG 0619 Alkyl hydroperoxide reductase, F subunit -13.13 (0.70)
PGN 0661 Alkyl hydroperoxide reductase F subunit -11.59 (1.16)
3. GENES RELATED TO TRANSPOSON FUNCTIONS
PGN 0219 Partial transposase in ISPg1 -2.78 (0.29)
PGN 0575 Transposase in ISPg1 -2.50 (0.35)
PGN 1216 Transposase in ISPg1 -2.43 (0.26)
PGN 1420 Transposase in ISPg1 -2.47 (0.16)
PGN 0478 Partial transposase in ISPg4 2.16 (0.14)
PGN 0578 Conserved hypothetical protein found in conjugate transposon 2.12(0.14)
PGN 0579 Conserved hypothetical protein found in conjugate transposonTra related domains -2.83(0.55)
4. GENES RELATED TO CRISPR
PGN 1924-Cas2 Mobile and extrachromosomal element functions -2.10(0.06)
PGN 1925-Cas1 Mobile and extrachromosomal element functions -2.53(0.42)
5. GENES RELATED TO LYSOZYMES
PGN 1286 Probable lysozyme \ 2.63(0.28)
6. GENES RELATED TO FIMBRIA
fimD Minor component FimD ‘ -2.30 (0.26)
7. GENES RELATED TO RIBOSOME
rpmHrpmH 508 ribosomal protein L34 ATCCRibosomal protein L34 W83 2.41(0.26) 2.47 (0.34)
rpsF 308 ribosomal protein S6 2.32(0.22)
rpll 508 ribosomal protein L9 2.18 (0.09)
KsgA Dimethyladenosine transferase -2.24 (0.06)
8. GENES RELATED TO TRANSCRIPTION INITIATION RNA POLYMERASE SIGMA-70 FACTOR, ECF SUBFAMILY
PG 0214 RNA polymerase sigma-70 factor, ECF subfamily 4.37 (0.18)
PG 0985 RNA polymerase sigma-70 factor, ECF subfamily 3.81(0.60)
PGN 0319 Probable RNA polymerase sigma-70 factor ECF subfamily 5.50 (0.87)
(Continued)
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Table 2. (Continued)

LOCUS NAME PUTATIVE IDENTIFICATION” AVG RELATIVE FOLD CHANGE (SD)?
PGN 0450 Putative RNA polymerase sigma-70 factor ECF subfamily 2.88 (0.01)
PGN 0970 Putative RNA polymerase sigma-70 factor ECF subfamily 3.19(0.23)
PGN 0082 Probable transcriptional regulator AraC family -2.37 (0.33)

9. GENES RELATED TO RIBONUCLEOSIDE TRIPHOSPHATE REDUCTASE
PG 1260 Anaerobic ribonucleoside triphosphate reductase -2.54(0.14)
PGN 1396 Anaerobic ribonucleoside triphosphate reductase -2.28 (0.28)
10. GENES RELATED TO RIBOFLAVIN
PGN 0643 3,4-dihydroxy-2-butanone 4-phosphate synthase 2.11(0.10)
11. OTHER
ung Uracil-DNA glycosylase 2.11(0.06) ((0.06)
vimF Virulence modulating gene F -2.36 (0.25)
PGN 1914 Carboxyl-terminal processing protease 2.74(0.23)
PGN 1156 Glycerol-3-phosphate dehydrogenase -2.19(0.06)
PGN 0906 Probable dihydoorate dehydrogenase electron transfer subunit -2.26(0.30)
12. GENES RELATED TO HYPOTHETICAL PROTEIN
PG 0100 Hypothetical protein 2.78 (0.27)
PG 0161 Hypothetical protein 2.50(0.49)
PG 0215 Hypothetical protein 4,72 (0.60)
PG 0216 Hypothetical protein 3.67(1.14)
PG 0217 Hypothetical protein 3.01(0.37)
PG 0218 Hypothetical protein 2.82(0.41)
PG 0323 Conserved hypothetical protein 3.94 (0.45)
PG 0606 Hypothetical protein 2.43(0.20)
PG 0621 Conserved hypothetical protein -2.60 (0.24)
PG 0622 Hypothetical protein -2.39(0.12)
PG 0986 Hypothetical protein 2.99 (0.83)
PG 1152 Hypothetical protein 3.28 (0.95)
PG 1267 Hypothetical protein 2.46 (0.13)
PG 1634 Hypothetical protein 2.58 (0.68)
PG 1675 Hypothetical protein 2.55(0.53)
PG 1908 Hypothetical protein -2.08 (0.07)
PG 2130 Hypothetical protein -2.50(0.21)
PG 2212 Hypothetical protein -9.49 (0.66)
PG 2224 Hypothetical proteinmembrane protein, putative -2.84 (0.56)
PGN 0052 Hypothetical protein 2.33(0.29)
PGN 0078 Hypothetical protein -2.47 (0.25)
PGN 0178 Conserved hypothetical protein -2.42(0.31)
PGN 0320 Conserved hypothetical protein 4.11(0.50)
PGN 0321 Conserved hypothetical protein 3.66 (0.28)
PGN 0322 Conserved hypothetical protein 3.31(0.99)
PGN 0323 Conserved hypothetical protein 3.81(0.20)
PGN 0332 Conserved hypothetical protein 2.33(0.14)
PGN 0486 Conserved hypothetical protein 2.28(0.12)
PGN 0588 Conserved hypothetical protein -2.49 (0.35)
PGN 0663 Conserved hypothetical protein -2.72(0.26)
PGN 0664 Conserved hypothetical protein -2.51(0.58)
PGN 0797 Conserved hypothetical protein 2.15 (0.06)
(Continued)
PLOS ONE | hitps://doi.org/10.1371/journal.pone.0174669  April 3, 2017 10/18

90



Materiales y Métodos. Resultados

@PLOS | ONE

Transcriptomic of P.gingivalis in planktonic and biofilm states

Table 2. (Continued)

LOCUS NAME PUTATIVE IDENTIFICATION” AVG RELATIVE FOLD CHANGE (SD)®
PGN 0837 Conserved hypothetical protein -2.30(0.31)
PGN 0907 Conserved hypothetical protein -2.91(0.63)
PGN 0969 Conserved hypothetical protein 2.87(0.23)
PGN 1083 Hypothetical protein 2.23(0.09)
PGN 1385 Hypothetical protein 2.24 (0.05)
PGN 1400 Conserved hypothetical protein 2.65(0.22)
PGN 1639 Conserved hypothetical protein 3.48 (0.46)
PGN 1992 Conserved hypothetical protein -2.24(0.22)
PGN 2087 Conserved hypothetical protein -2.29(0.12)

uvrAll Conserved hypothetical protein -6.89 (2.97)

A Putative identification from Genebank.
B Results of three biological replicates.

https://doi.org/10.1371/journal.pone.0174669.t002

Lastly, 45% of the 92 differentially regulated P. gingivalis genes were of unknown or poorly
characterized functions, most of them encoding unknown proteins.

The microarray results were validated by RT-qPCR on four of the genes from the up-regu-
lated group and five from the down-regulated group. Fig 3 illustrates the high correlation
between the gene expression of logarithm-transformed of RT-qPCR plotted against the aver-
age log, ratio values obtained by microarray analysis (R = 0.9716).

PG 0619

PG 2130

R?=0,9716 PGN 0319
L]
& PG 0215
" “-PGN 0320

%r . porP
-
[
o}
8 -4 3 2 0 1 2 o
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PGN 0575

Log, ratio Microarray

Fig 3. Correlation between microarray and Reverse Transcription-quantitative Polymerase Chain
Reaction (RT-qPCR) gene expression ratios determined for biofilm versus planktonic cells. The RT-
qPCR log, values were plotted against the microarray data log, values (R? = 0.9716).

https://doi.org/10.1371/journal.pone.0174669.9003
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Discussion

This microarray-based comparative transcriptomic study has shown the up- and down- regu-
lation of specific genes of P. gingivalis during the early stages of biofilm maturation (96 h of
incubation). These gene expression patterns showed that 4.8% (92/1,909) of the genes of P. gin-
givalis significantly changed in biofilm, when compared to planktonic growth. Although this
does not represent a huge difference between the two lifestyles [10, 20, 21], small changes in
the level of expression of one gene can be amplified through regulatory networks and result in
significant phenotypic alterations [22-24]. These results are in agreement with previous
reports on other pathogens, such as P. aeruginosa or Escherichia coli grown under similar dif-
ferential growth conditions, in which less of 5% of differential expression was demonstrated
[10, 11, 25, 26].

When assessing the different functional categories affected by the differentially regulated
genes, a wide diversity was observed, which may indicate that the adaptation of P. gingivalis to
a community lifestyle required a broad-based transcriptional modulation. This adaptation
involved different virulence factors, as proteins codifying for outer membrane proteins or for
fimbriae. Outer membrane vesicles (OMV's) of P. gingivalis, which are formed by “blebbing”
portions of their outer membrane, have been recognized as important virulence factors of this
pathogen in relation to periodontitis [6]. These vesicles contained specific proteases, termed
gingipains (Arg-gingipain [Rgp] and Lys-gingipain [Kgp]) [5] associated with the capacity of
P. gingivalis to invade host epithelial cells [27, 28]. This transcriptomic study has revealed four
genes, which codify proteins located in the OMVs of P. gingivalis being over-expressed
(OmpH-1 and OmpH-2, PG_0448, and PG_0987). This finding was already described by
Veith et al. (2014) [29]. Similarly, Kuboniwa et al. (2009) [30] using proteomic technology
studied P. gingivalis in biofilm growth and reported significantly increased cell envelope pro-
teins, such as OmpH protein PGN_0301, whose encoding gene has been shown over expressed
in this investigation.

The up-regulation of these proteins in biofilm versus planktonic state has also been reported
in others studies demonstrating that OMVs and related genes play an important role in bacte-
rial co-aggregation [31] and attachment to epithelial cells [32]. Although differential expres-
sion of genes has been shown at in vivo polymicrobial biofilms (Diaz and Kolenbrander [33],
this study has confirmed that up-regulation could also occur when growing in an in vitro
mono-species P. gingivalis biofilm.

Fimbriae of P. gingivalis have also been recognized as a major virulence factor, since
they mediate in cell adhesion and may facilitate their capacity to invade periodontal tissues
[34-38]. Only one gene, fim D, was found down-regulated in this study. This gene is a minor
component of a seven gene cluster, fimX, pgmA and fim ABCDE, which encode type 1 fim-
briae, and it is characterized by mannose-sensitive hemagglutination and being assembled via
the chaperone/usher pathway [39, 40]. These genes participate in the biogenesis of the fim-
briae, regulating their number and length, as well as their adherence function [41, 42]. Never-
theless, Krogfelt and Klemm (1988) observed that a clone of E. coli, not containing the genes
encoding the minor component proteins, still produced fimbriae consisting of pure Fim A
protein, (main structural component of the fimbriae type I), indicating that, at least in the case
of E. coli, the minor components were not necessary for the structural integrity of the fimbriae,
although these fimbriae were non-adhesive and did not confer hemaglutination [42-45]. Simi-
larly, Whiteley et al. (2001) suggested that these appendages may not be required at the later
stages of biofilm formation for maintenance of a mature biofilm, since fimbria, pili or flagella
were only involved at initial steps of attachment [10, 15].
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The lipoprotein-related gene PGN_0151 was over-expressed in biofilm. Hirano et al.
(2013) reported that a mutant of this gene was reduced in its ability to form biofilms com-
pared to wild type [46] what suggests that these genes were significantly involved in the bio-
film lifestyles of P.gingivalis. In regards to those genes involved in the adaptation to new local
environmental conditions, this investigation showed a differential expression of those genes
involved in the transposition system (PGN_0219, PGN_0575, PGN 1216, PGN_1420,
PGN_0579, PGN_0478 and PGN_0578), some of them codifying insertion sequences (IS).
Since transposition is generally known to be triggered by cellular stress [47-49], this finding
suggests that these transposable elements, moving from one site within the genome to
another, could have an important role in the genomic re-arrangement and recombination in
P. gingivalis growing in biofilm. This adaptation to stressful local environmental conditions
has been previously reported [7, 50-53]. Furthermore, the CRISPR-Cas and associated CAS
proteins system represents a unique system that provides prokaryotic cells, as P. gingivalis,
adaption and protection from host defenses [54, 55]. Down-regulation of the genes
PGN_1924-Cas2, PGN_1925-Cas] may suggest a decrease in the defensive capability of
P. gingivalis ATCC 33277 when growing as single-species biofilm in vitro or its adaptation to
an environment without competing species.

Gene PG_2213, encoding a putative nitrite reductase-related protein and implicated in
nitric oxide (NO) stress resistance was repressed in P. gingivalis biofilm growth [56, 57]. The
ability to down-regulate nitrite reduction [58], involves the expression of several genes known
to be induced by nitrogen oxides and low oxygen tension [59, 60]. Whether P. gingivalis
PG_2213 has a similar role is unknown. Boutrin et al. (2012) suggested that NO stress resis-
tance in P.gingivalis was facilitated by a complex and tightly regulated network of genes
involved in multiple pathways, including, energy metabolism, gene regulation, detoxification,
and virulence [56].

Furthermore, although P. gingivalis seems to lack a protective NADH oxidase, Alkyl hydro-
peroxide reductase (genes PG_0618, PGN_0660, PG_0619 and PGN_0661), C subunit
(AhpC), have been reported to be involved in P. gingivalis aero-tolerance processes. The up-
regulation of genes related to NADPH-NAD transhydrogenases (PGN_1120, PGN_1122,
pntB) suggests that P. gingivalis growing in biofilm has elevated metabolic activities, as shown
with C. acetobutylicum, by Liu ef al. (2016) [9]. In this investigation, several genes related to
ribosome function (rpmH, rpsF, rpll and KsgA) were over expressed in the biofilm, what may
indicate that the metabolic increase was associated to ribosome function, that may require up
to 40% of the cell's energy in growing bacteria [52].

The observed differential up regulated expression of sigma factors in biofilm cells
(PG_0214, PG_0985, PGN_0450, PGN_0970, PGN_0319) might indicate that these genes are
important regulators of P. gingivalis during biofilm growth [8]. Similar results have been
reported for E.coli [61]. Besides, members of the AraC family of transcriptional regulators
(PGN_0082), with decreased expression in the biofilm, have been shown to be important in
carbon metabolism (degradation of sugars such as arabinose), stress response to virulence in
other species [62], and in the regulation of quorum sensing signaling in P. aeruginosa [63].
Also, related to quorum sensing signaling, the up regulated gene PGN_0643, has been involved
in the biosynthesis of riboflavin, a substance associated in a number of extracellular processes
by bacteria, especially Gram-negative organisms [64-66].

There are, however, important limitations associated to this study, since the biofilm used
was an in vitro single-species model. The obtained results, however, may serve as a resource
for future studies in oral biofilms aimed to further understand the genetic basis of the regula-
tory mechanisms of P.gingivalis and other pathogenic bacteria involved in subgingival biofilm
growth and maturation.
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Conclusions

By means of transcriptomic analysis, this study has shown that 4.8% of the P. gingivalis ATCC
33277 genome exhibited differential expression profiles when grown in biofilm. In such bio-
film growth, the up-regulated genes were mainly those related to the cell envelope, as the genes
encoding for the cationic OMPs or gene PGN_0151, which appear as a novel P. gingivalis gene
that seems to have a role in the biofilm state. Also, the genes implicated in PorSS system and
RNA polymerase sigma factors of the 670 family, which are genes related to virulence/prolifer-
ation factors were up-regulated. On the contrary, the expression of most of the genes involved
in oxidative stress or CRISPRs system were suppressed.

Therefore the adaptive response of P. gingivalis in biofilm growth demonstrated changes in
gene expression profiles.
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RESUMEN

Antecedentes y objetivo: Porphyromonas gingivalis es un microorganismo oral que
reside en el biofilm subgingival y puede ejercer diferente patogenicidad dependiendo de
la presencia de factores de virulencia especificos, pero el estudio de su expresion génica
al estar acompariada de otros microorganismos, no se ha establecido completamente. Esta
investigacion tiene como objetivo comparar el perfil transcriptémico de este patdgeno
cuando crece dentro de un biofilm multiespecie in vitro con respecto a su estado

planctonico.

Materiales y métodos: P. gingivalis ATCC 33277 se cultivé en anaerobiosis en placas
de cultivo multi-pocillo a 37°C en dos condiciones: a) muestras planctonicas (sin discos
de hidroxiapatita) y b) acompafiada de S. oralis, A. naeslundii, V. parvula, F. nucleatum
y A. actinomycetemcomitans sobre discos de hidroxiapatita para formar un biofilm
multiespecie. La microscopia electrénica de barrido (SEM) y la microscopia laser
confocal de barrido (CLSM) combinadas con la hibridacion in situ fluorescente (FISH)
se utilizaron para verificar la formacion del biofilm y la presencia de P. gingivalis en él.
El ARN total se extrajo de ambas muestras, plancténicas y biofilm multiespecie, se
purifico y, con el uso de un microarray, se analiz6 la expresion génica diferencial de
P. gingivalis ATCC 33277. Se utiliz6 un modelo lineal para determinar los genes
expresados diferencialmente utilizando un criterio de filtro para el cambio de la expresién
génica de al menos < -2 6 > 2 veces con respecto a la condicion control y un valor
significativo p < 0,05. La expresion diferencial se confirm6 mediante la reaccion en

cadena de la polimerasa con transcriptasa inversa (RT-gPCR).
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Resultados: Mediante SEM se verifico el desarrollo del biofilm multiespecie y la técnica
de FISH confirm6 la incorporacion de P. gingivalis. EI microarray demostré que
P. gingivalis dentro de un biofilm multiespecie expresa de manera diferencial el 19,1%
de sus genes (165 genes sobreexpresados y 200 reprimidos) en comparacion con la
condicion plancténica. Estos genes estaban involucrados principalmente en funciones
relacionadas con el estrés oxidativo, la envoltura celular, los transposones y el
metabolismo. Los resultados del microarray fueron confirmados por la reaccion en

cadena de la polimerasa con transcriptasa inversa (RT-gPCR).

Conclusion: Se produjeron cambios transcripcionales significativos en P. gingivalis al

crecer en un biofilm multiespecie en comparacion con el estado planctonico.
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Abstract

Background and objective

Porphyromonas gingivalis, an oral microorganism residing in the subgingival biofilm, may
exert diverse pathogenicity depending on the presence of specific virulence factors, but its
gene expression has not been completely established. This investigation aims to compare
the transcriptomic profile of this pathogen when growing within an in vitro multispecies bio-
film or in a planktonic state.

Materials and methods

P. gingivalis ATCC 33277 was grown in anaerobiosis within multi-well culture plates at 37°C
under two conditions: (a) planktonic samples (no hydroxyapatite discs) or (b) within a multi-
species-biofilm containing Streptococcus oralis, Actinomyces naeslundii, Veillonella par-
vula, Fusobacterium nucleatum and Aggregatibacter actinomycetemcomitans deposited on
hydroxyapatite discs. Scanning Electron Microscopy (SEM) and Confocal Laser Scanning
Microscopy (CLSM) combined with Fluorescence In Situ Hybridization (FISH) were used to
verify the formation of the biofilm and the presence of P. gingivalis. Total RNA was extracted
from both the multispecies biofilm and planktonic samples, then purified and, with the use of
a microarray, its differential gene expression was analyzed. A linear model was used for
determining the differentially expressed genes using a filtering criterion of two-fold change
(up or down) and a significance p-value of <0.05. Differential expression was confirmed by
Reverse Transcription-quantitative Polymerase Chain Reaction (RT-gPCR).

Results

SEM verified the development of the multispecies biofilm and FISH confirmed the incorpo-
ration of P. gingivalis. The microarray demonstrated that, when growing within the multispe-
cies biofilm, 19.1% of P. gingivalis genes were significantly and differentially expressed (165
genes were up-regulated and 200 down-regulated), compared with planktonic growth.
These genes were mainly involved in functions related to the oxidative stress, cell envelope,
transposons and metabolism. The results of the microarray were confirmed by RT-gPCR.
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Conclusion

Significant transcriptional changes occurred in P. gingivalis when growing in a multispecies
biofilm compared to planktonic state.

Introduction

The oral cavity is a unique ecological environment colonized by more than 500 bacterial spe-
cies [1-3]. These bacteria are part of the oral microbiome and may be floating freely or within
structured bacterial communities being part of complex biofilms, which provide bacteria pro-
tection against shear forces and host immune responses [4-6]. If these biofilms are not allowed
to grow and mature, mainly through effective oral hygiene practices, these stable communities
develop immune tolerance and may remain in symbiosis with the oral tissues. However, if they
increase in mass or there are relevant changes in the local environment that favors the growth
of pathobionts (dysbiosis), the immunological tolerance will be surpassed leading to inflamma-
tion [7, 8]. Among these pathobionts, Porphyromonas gingivalis has shown the expression of
virulence factors to evade the host responses and to favor its colonization and spread within
the tissues [9, 10].

Several studies have shown that when P. gingivalis grows within a biofilm, specific genes
will become differentially regulated [11-14]. These genes may be relevant in promoting pheno-
typic adaptations of this pathogen, what may facilitate its infective potential [15-17], mostly by
evading the immune response and promoting non-resolving chronic inflammation resulting
in soft and hard tissue destruction, which are the key pathological features of periodontitis [5,
9, 18-20]. There is, however, scarce transcriptomic information of P. gingivalis and most avail-
able knowledge on the gene expression comes from in vitro monospecies biofilm models [21,
22]. Our research group has recently reported significant differences of gene expression when
P. gingivalis was growing within a monospecies biofilm, mainly in those genes related to cell
envelope, transport, outer membrane proteins, transposases and oxidative stress genes [14].
Furthermore, significant differences were encountered in those genes related to metabolism,
adhesion, invasion, virulence and quorum sensing, when a growing monospecies biofilm was
in the presence of planktonic P. gingivalis [23]. However, within the oral cavity, symbionts and
pathobionts colonize as multispecies biofilms [7, 19, 24-26], and these bacteria will be faced
with diverse DNA exchanges (horizontal gene transfer) and to multiple stressors, but only
those bacteria with expressed genes that will enable them to colonize or resist host defenses,
will be able to survive and predominate [2, 3, 27-30]. It was, therefore, the purpose of this in
vitro study to compare the gene expression of P. gingivalis when growing within a multispecies
oral biofilm with its growth in planktonic conditions.

Material and methods
Bacterial strains and culture conditions

Methodology for developing the multispecies biofilm was similar to that previously reported
from our research group [14, 23]. Briefly, reference strains of P. gingivalis ATCC 33277, Strep-
tococcus oralis CECT 907T, Actinomyces naeslundii ATCC 19039, Veillonella parvula NCTC
11810, Fusobacterium nucleatum DMSZ 20482 and Aggregatibacter actinomycetemcomitans
DSMZ 8324 were used. Each bacterial strain was grown on blood agar plates (blood agar
Oxoid no. 2; Oxoid, Basingstoke, UK), supplemented with 5% (v/v) sterile horse blood
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Fig 1. Overview of experimental design. P. gingivalis ATCC 33277 was incubated in anaerobiosis at 37°C for 96 h and
grown under planktonic conditions (control group) and within a multispecies-biofilm on hydroxyapatite (HA) discs,
also containing the other described five bacterial species (test group). Scanning Electron Microscopy (SEM) and
Confocal Laser Scanning Microscopy (CLSM) were used to verify the multispecies-biofilm development and the
presence of P. gingivalis in it. Total RNA was extracted, purified and the differential gene expression was analyzed by
microarray [Agilent P. gingivalis Oligo Microarrays 8x15K (074976)] with a filtering criterion of two-fold change (up
or down) and significance p-value <0.05. Differential expression was confirmed by Reverse Transcription-quantitative
Polymerase Chain Reaction (RT-qPCR). (Images for Fig 1 were taken from https://smart.servier.com/ under a creative
commons license).

https://doi.org/10.1371/journal.pone.0221234.9001

(Oxoid), 5.0 mg/L hemin (Sigma, St Louis, MO, USA) and 1.0 mg/L menadione (Merck,
Darmstadt, Germany) under anaerobic conditions (10% Hy, 10% CO, and 80% N,) at 37°C
for 24-72 h.

Experimental assays

Fig 1 depicts the experimental design of this investigation. Planktonic cultures of each refer-
ence strain were grown anaerobically at 37°C for 24 h in a protein-rich medium containing
Brain-Heart Infusion (BHI) (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) sup-
plemented with 2.5 g/L mucin (Oxoid), 1.0 g/L yeast extract (Oxoid), 0.1 g/L cysteine (Sigma),
2.0 g/L sodium bicarbonate (Merck), 5.0 mg/L hemin (Sigma), 1.0 mg/L menadione (Merck)
and 0.25% (v/v) glutamic acid (Sigma). By means of spectrophotometry, the late exponential
phase growth was verified (optical density at 550 nm). Due to the fact that the bacteria used
have different growth rates, and that this biofilm model is static we have adjusted the inocula
of the different bacteria as was previously developed and validated by Sanchez et al., [31], in
order to avoid the overgrowth of certain species and an excessive accumulation of waste prod-
ucts, obtaining by dilution in fresh modified BHI medium the following final concentrations:

+ 10° colony forming units (CFUs)/mL for S. oralis,
« 10° CFUs/mL for V. parvula and A. naeslundii,

« 10° CFUs/mL for F. nucleatum and A. actinomycetemcomitans,

10® CFUs/mL for P. gingivalis.

Using pre-sterilized polystyrene 24-well tissue culture plates (Greiner Bio-one, Frikenhau-
sen, Germany), two types of growing conditions were developed:
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1. The test group (P. gingivalis growing within a multispecies biofilm). In each well of the
plate, 1.5 mL of the mix solution containing the six reference strains, at the above referred
concentrations, were deposited together with a sterile ceramic calcium hydroxyapatite discs
(HA) [7-mm diameter (standard deviation, SD = 0.2 mm) and 1.8 mm thickness (Clarkson
Chromatography Products, Williamsport, PA, USA)];

2. The control group (P. gingivalis growing planktonically). In each well, a volume of 1.5 mL
of pure culture of P. gingivalis (10° CFUs/mL) was deposited in the absence of discs.

The plates were then incubated in anaerobiosis at 37°C for 96 h. To rule out any possible
contamination, a set of wells within the same plate were incubated with only culture medium.

Monitoring of biofilm development: Scanning electron microscope and
confocal laser scanning microscopy

In order to verify the multispecies-biofilm development on discs, Scanning Electron Micro-
scope (SEM) was used. Three HA discs covered with biofilms grown for 96 h were fixed in 4%
paraformaldehyde and 2.5% glutaraldehyde for 4h at 4°C, then washed twice in phosphate-
buffered saline (PBS) and sterile water (immersion time 10 min) and dehydrated through a
series of graded ethanol solutions (50, 60, 70, 80, 90 and 100%; immersion time per series, 10
min). Then, critical point drying and sputter-coating with gold was carried out before analyz-
ing the samples with a scanning electron microscope JSM 6400 (JSM6400; JEOL, Tokyo,
Japan) equipped with back-scattered electron detector and with an image resolution of 25 KV.
In addition, in order to ensure the incorporation of P. gingivalis from planktonic to biofilm,
Confocal Laser Scanning Microscopy (CLSM) combined with Fluorescence In Situ Hybridiza-
tion (FISH) was used. Three HA discs covered with multispecies biofilms, grown in vitro for 96
h, were incubated for 18 h with 40 pg/ml in hybridization buffer of the 16S rRNA P. gingivalis
ALEXA Fluor 488 probe [5°-3": CACTGAACTCAAGCCCGGCAGTTTCAA; Life Technolo-
gies Invitrogen (Carlsbad, CA, USA)]. Stained biofilms were washed for 15 min in a wash buffer
(0.1 M Tris-HCI [pH 7.2], 0.18 M NaCl, 0.05 M EDTA and 0.005% sodium dodecyl sulfate [wt/
vol]), and then exposed to 1 pg/mL of DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride;
Thermo Fisher Technologies, Life Technologies Corporation, Carlsbad, CA, USA) for 5 min.
Specimens were then washed 10 min with wash buffer and examined with a fixed-stage Ix83
Olympus inverted microscope coupled to an Olympus FV1200 confocal system (Olympus;
Shinjuku, Tokio, Japan). The objective lens was a x63 water-immersion lens (Olympus) and
image stacks were acquired with a z-step size of 0.5 um thickness (8 bits, 1024x1024 pixels).
ALEXA Fluor 488 signals were detected with a PMT detector using a 405 nm laser and an emis-
sion range of 647-665 nm, together with DAPI (PMT detector / 552 nm laser / 350-470 nm
emission range). Image analysis was performed with Imaris Biteplane software (Belfast, UK).

Harvesting of planktonic and biofilm cells for gene expression analysis

After 96 h incubation in anaerobiosis at 37°C, samples from both groups, test and control,
were harvested and pooled into three biological replicates of each condition for independent
hybridization. In the control group, a total of 5 mL were recovered from the wells of the culture
plates and sequentially centrifuged to pool them into a single pellet in order to obtain 10 pg of
RNA. In the test group, a set of 100 discs per biological replicate were harvested independently
in 1 mL of sterile PBS and disaggregated by vortex during 3 min. The disaggregated multispe-
cies biofilms were then pooled in a single sample, to obtain at least 10 pg of total RNA per bio-
logical replicate.
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Both samples groups (planktonic and multispecies biofilms) were processed in the same
manner, centrifuged at 9,000 rpm at 4°C during 5 min and pooled as a single pellet for each
biological replicate.

In all cases, an aliquot of each sample was used as quality control. For that, these aliquots
were cultured on supplemented blood agar plates under anaerobic conditions at 37°C for two
weeks to control for the presence of each intended bacteria and the absence of contamination.

Total RNA extraction

The three biological replicates of each condition, test and control, were suspended in 1 mL of
TRIzol reagent (Ambion, NY, USA) to lysate the cells and to extract the total RNA [TRIzol
Plus RNA Purification Kit (Invitrogen)]. Then, 200 pL of cold chloroform was added to sepa-
rate its hydrophobic and hydrophilic content. The mixtures were then centrifuged at 13,000
rpm for 15 min at 4°C, and the RNA phase collected. Nucleic acids were then precipitated with
~ 500 pL of cold 70% ethanol and centrifuged at 11,300 rpm for 15 seconds at room tempera-
ture. Pellets were then suspended in 50 pL of RNase-free water (Roche Diagnostics, Mann-
heim, Germany). To ensure the absence of any contaminating DNA, DNase I (Ambion, NY,
USA) was added to the samples (set of RNase-free DNase; Qiagen, CA, USA) and purified
using columns of RNeasy Mini kit (Qiagen) following the manufacturer’s protocol.

RNA quantity and quality were measured with Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, Santa Clara, CA, USA). An A260/A280 ratio of at least 2.0 was reached for all the sam-
ples used in this study.

cDNA synthesis, labeling and hybridization

The three biological replicates were independently hybridized for transcriptomic comparison of the
test and control groups. The fluorescent labeling was performed using SuperScript Indirect cDNA
Labelling System (Invitrogen; Carlsbad, CA, USA). Preparation of probes and hybridization were
performed following the manufacturer’s instructions [One-Color Microarray Based Gene Expres-
sion Analysis Manual Ver. 6.5 (Agilent Technologies)]. A slide specific for the strains of P. gingivalis
ATCC 33277 and W83 was used [Agilent P. gingivalis Oligo Microarrays 8x15K (074976)].

As negative control, two replicates of multispecies biofilm without P. gingivalis (5 species-
biofilm) were prepared and loaded onto the same microarray to rule out any possible gene
cross-hybridization from the other bacteria.

Microarray and data analysis

Images from Cy3 channel were equilibrated and captured with a high-resolution scanner (Agi-
lent) and spots quantified using Feature Extraction software (Agilent) following a similar pro-
tocol as in the previous published investigations from our research group [14, 23]. Background
correction and normalization of data expression were performed using LIMMA [32-34]. For
local background correction and normalization, the methods "normexp" and loess in LIMMA
were used, respectively [32]. To ensure consistency and similar distribution across arrays, log-
ratio values were scaled using the median-absolute-value as scale estimator [33]. Linear model
methods were used for determining differentially expressed genes. Each probe was tested for
changes in expression over replicates by using an empirical Bayes moderated t-statistic [33].
To control for false discovery rates, p-values were corrected using the Benjamani and Hoch-
berg method [32, 33]. We selected an expected false discovery rate of less than 5% and a filter-
ing criterium of increase/decrease up to 2-fold differential expression between the two
conditions, as used in other similar studies [14, 17]. Expression ratios were expressed as means
of the fold changes of the three biological replicates and SD.
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Table 1. Primers used for Reverse Transcription-quantitative Polymerase Chain Reaction (RT-gPCR).

LOCUS NAME PUTATIVE IDENTIFICATION PRIMERS FOR RT-qPCR
PG_2131 OmpA_c-like Forward 57-3": ACACACCCCTCTCGICTGAG
Backward 5°-3": TCCCTTCCGGATAGCTCTG
PGN_0183 Minor component FimC Forward 5°-3": CCTTTTCAAGAAAGAACTTGAGGA
(FimC) Backward 5'-3": GTCGGACTATCGGCTCGTT
PG_1712 Alpha-1,2-mannosidase family protein Forward 5°-3": GCTACGAAAGCCGTCCATC
Backward 5°-3": GTACCACTCCCRACCTTTGC
PGN_1058 Ferritin Forward 5'-3": GAAATGATCGAGGCTGTCGT
(Fin) Backward 5°-3": GTCCTGTGATGCCATATCTCC
PGN_0033 Thioredoxin Forward 5°-3": CAACATTTGACGGCTTGGTA
Backward 5"-3": CCATGTAGCCCAGAAATCCA
PGN_1208 (CipB) ClpB protein Forward 5°-3": ACRAGGGGCATGTGGTAAAC
Backward 5°-3": AACCGAGGTTCGACGTCAT

https://doi.org/10.1371/journal.pone.0221234.t001

The National Center for Biotechnology (Genomics Unit) at Auténoma University of
Madrid (Spain) performed the hybridizations and statistical analysis.

The transcriptomic results were inspected manually using different Internet platforms
KEGG (Kyoto Encyclopedia of Genes and Genomes) and UniProt.

Reverse Transcription-quantitative Polymerase Chain Reaction (RT-
qPCR)

To validate microarray results, RT-qPCR of selected genes was performed, as described in our
previous investigations [14, 23]. Three genes were selected from the up-regulated group and
other three from the down-regulated group. Specific primers were designed using the Univer-
sal Probe Library Roche software tool, Roche Diagnostics (Table 1). P. gingivalis 16S tRNA
gene was used as a reference gene for normalization of the RT-qPCR.

The ¢cDNA was generated from 1 pg of total RNA using the High Capacity cDNA Archive
Kit (Applied Biosystems, ThermoFisher Scientific) in a 10 uL of final reaction volume. Then
qPCR reactions were performed in triplicate by using 5 pL per well of each cDNA, and 3 pL of
amix composed by 0.4 uM of each primer, 5x HOT FIREPol EvaGreen qPCR Mix Plus
(ROX), and nuclease-free water, to reach a final volume of 8 pL in 384-well optical plates. PCR
reactions were run in an Applied Biosystems ABI PRISM 7900HT machine with Software
Defined Storage (SDS) v2.4 and standard protocol from Applied Biosystems (95°C 10 min, 40
cycles of 95°C 15 sec and 60°C 60 sec, and a final standard melting curve dissociation
protocol).

All the RT-qPCR measurements were performed in triplicate and the results were analysed
with the comparative cycle threshold method (AACt) [35]. The transcriptional log, ratio from
RT-qPCR analysis was plotted against the average log, ratio values obtained by microarray
analysis.

Results

A mature multispecies-biofilm was confirmed by SEM. Fig 2A depicts this multispecies-bio-
film, where most of the bacteria were organized in clusters with F. nucleatum acting as the
backbone inter-connecting among the other bacterial morphotype. The CLSM combined with
FISH was applied to detect the presence of P. gingivalis within the mature multispecies-biofilm.
Fig 2B depicts the presence of P. gingivalis highlighted with a fluorescent stain in purple
among the rest of bacterial species stained nonspecifically with DAPI in blue.
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Fig 2. Micrographs representing the multispecies-biofilms after 96 hours of growth. (A) Scanning Electron
Microscopy (SEM) depicting the structure of the biofilm. Note the microcolonies organized in clusters with F.
nucleatum connecting them; (B) Confocal Laser Scanning Microscopy combined with Fluorescence In Situ
Hybridization (CLSM-FISH). The ALEXA Fluor 488 probe detected the 168 rRNA P. gingivalis (cells in purple) within
the multispecies-biofilm (other bacterial species in blue stained with DAPI).

https://doi.org/10.1371/journal.pone.0221234.9002

Fig 3 depicts the scanning glass slide of the microarray [Agilent P. gingivalis Oligo Microar-
rays 8x15K (074976)] and the fluorescence intensity measured after the hybridization of the
three experimental replicates per group. Positive fluorescence was observed for P. gingivalis in
planktonic growth (control group) (Fig 3 A1-A3) as well as within the multispecies biofilm
(test group) (Fig 3 B1-B3). In contrast, there was no fluorescence in the negative control
group, when P. gingivalis was not part of the multispecies biofilm (Fig 3 C1-C2), which con-
firmed the high specificity of the microarray without any sign of cross-hybridization.

Fig 4 depicts the P. gingivalis gene differential expression generated by the microarray
(expressed as log,,, of fluorescence), when growing in planktonic (X-axis, control) or within a
multispecies biofilm (Y-axis, test). Using a linear model (LIMMA) with a filtering criterion of
two-fold change (up or down) and significance p-value <0.05, a total of 365 out of 1,909 genes
(19.1%) were found to have a differential expression when the two growing conditions were
compared (S1 Table).

The P. gingivalis differentially expressed genes could be categorized in functional groups as
depicted in Fig 5.

Fluorescence intensity

iIIIHHH

MR A B BB

Fig 3. Fluorescence signal of hybridization conditions on the microarray represented in boxplot (left) and the
microarray slide (right). Control group (A1, A2 and A3 in both cases) corresponds to the three experimental
replicates of planktonic Porphyromonas gingivalis ATCC 33277. Test group (B1, B2 and B3 in both cases) represents
the multispecies biofilm including P. gingivalis. And the negative control group (C1 and C2 in both cases) shows the
multispecies-biofilm without P. gingivalis.

hitps://doi.org/10.1371/journal.pone.0221234.9003
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Fig 4. Microarray-based comparative transcriptome demonstrating the gene expression (represented in log,,) for
Porphyromonas gingivalis ATCC 33277 when growing in a multispecies biofilm compared to planktonic growth.
X-axis depicts the fold difference in gene expression of P. gingivalis in planktonic growth, and the Y -axis the gene
expression of P. gingivalis inside a multispecies-biofilm. Up-regulated genes (over-expressed in multispecies-biofilm)
were represented as red color and down-regulated genes were colored in green.

https://doi.org/10.1371/journal.pone.0221234.9004
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Fig 5. Distribution in functional categories of the differentially regulated genes of Porphyromonas gingivalis
ATCC 33277 in planktonic cells compared to P. gingivalis within a multispecies-biofilm.

https://doi.org/10.1371/journal.pone.0221234.9005
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The complete list of 365 genes can be found in S1 Table. Of them, when P. gingivalis grew
within a multispecies biofilm (test group), 165 genes were identified as up-regulated. These
genes were mainly related to:

« oxidative stress protection and secretion of virulence factors, such as SodB superoxide dis-
mutase [+5.71 (SD = 2.33)], thioredoxin system PGN_0033 [+7.33 (SD = 1.03)] and
PG_0275 [+3.54 (SD = 1.11)], thiol peroxidases PG_1729 [+5.04 (SD = 0.74)] and
PGN_0388 [+4.75 (SD = 1.01)], heat shock proteins as PGN_0041 [+2.58 (SD = 0.25)] and
Clp system PGN_1208 [+8.31 (SD = 1.75)] and PGN_0008 [+3.01 (SD = 0.24)], chaperones
GroES PGN_1451 [+7.93 (SD = 0.94) ] and GrpE PGN_1715 [+2.95 (SD = 0.50)];

+ cell-cell communication, such as the gene encoding for quorum sensing S-adenosylmethio-
nine synthase (PGN_1827) [+2.55 (SD = 0.26)];

« iron metabolism, as ferritin PGN_1058 [+6.11 (SD = 1.48)] and PGN_0604 [+7.28
(SD =1.54)] and ferrodoxin PG_1813 [+2.25 (SD = 0.24)], HmuY [+3.29 (SD = 0.49)],
PGN_0741 [+2.41 (SD = 0.38)];

« ribosomes, as RpsA, RpsP, RpsT, RpmF, RpmH, RpmL, RplQ, RplT, PG_0627 [+2.47
(SD =0.05)] and PGN_0668 [+2.42 (SD = 0.17)];

« Other important functional genes, like the transposon genes that allow for adaptation to life
in communities (TraA-Q) and CRISPR (Cas2-2 PGN_1959 [+4.80 (SD = 0.50)]).

When P. gingivalis grew within a multispecies biofilm (test group), 200 genes were down-
regulated (S1 Table). These genes were mainly related to:

« cell envelope, as membrane proteins PG_0922 [-7.29 (SD = 2.61)], PG_1180 [-2.48
(SD = 0.59)], PG_2224 [-5.33 (SD = 0.13)], PGN_1020 [-4.36 (SD = 0.83)];

« lipoproteins, as PG_0180 [-3.44 (SD = 0.56)], PG_0399 [-2.34 (SD = 0.29)], PG_2133
[-14.42 (SD = 3.64)], PG_0924 [-5.03 (SD = 0.80)];

« transport, as ABC transporters PG_0912 [-2.36 (SD = 0.05)], PGN_1898 MgtE [-2.24
(SD =0.27)], PGN_1876 [-2.41 (SD = 0.18)], PG_1010 [-2.57 (SD = 0.23)], PGN_1343 [-2.81
(SD =0.71)], PGN_1734 [-3.09 (SD = 0.43)];

« aerotolerance, as (BatA-E), PGN_0529 [-5.86 (SD = 1.09)], PGN_0528 [-5.15 (SD = 1.70)],
PGN_0527 [-5.25 (SD = 0.65)], PGN_0526 [-4.74 (SD = 1.14)], PGN_0525 [-8.28
(SD =0.63))

+ fimbria, as FimA [-11.03 (SD = 1.71)], FimC [-17.73 (SD = 2.28)], FimD [-9.65 (SD = 1.85)].

Of the 365 differentially regulated P. gingivalis genes, 40.5% encoded for unknown function
or hypothetical proteins (S1 Table).

RT-qPCR confirmed the microarray results in three of the highly up-regulated genes and
three of the highly down-regulated. Fig 6 depicts the log, expression ratios for each technique
demonstrating a high correlation between both (R* = 0.9785).

Discussion

The results from this in vitro investigation have revealed significant transcriptional changes
when P. gingivalis grew within a multispecies biofilm, compared to planktonic growth, with
19.1% of P. gingivalis genes differentially expressed (165 genes were up-regulated and 200
down-regulated). The complete list of 365 genes can be found as Supporting Information file
(51 Table). In a previous report [14], we showed that gene expression of P. gingivalis changed
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Fig 6. Correlation between Microarray and Reverse Transcription-quantitative Polymerase Chain Reaction (RT-
qPCR) gene expression ratios when comparing Porphyromonas gingivalis ATCC 33277 growing within a
multispecies-biofilm versus planktonic growth. RT-qPCR log, values were plotted against the microarray data log,
values (R* = 0.9785).

https://doi.org/10.1371/journal.pone.0221234.9006

from free floating to sessile, but the present study demonstrates that when biofilm conditions
become more complex, as it is a multispecies microbial community, gene expression changes
significantly enhanced inside the functional categories. In agreement with previous reports [9,
36), this polymicrobial synergy may increase the ability of P. gingivalis to colonize/predomi-
nate in the presence of other bacteria and thus increase its pathogenicity [22].

When compared to planktonic growth, P. gingivalis within a multispecies biofilm had sig-
nificant differential expression in relevant groups of genes related to different functions and
pathogenic pathways:

Oxidative stress and virulence

The gene encoding the enzyme superoxide dismutase (SodB) was significantly up-regulated.
This enzyme is responsible for transforming Reactive Oxygen Species (ROS) into peroxides,
produced even in anaerobic conditions as a result of its own metabolism [37-39]. After that,
peroxides are then generally disposed of by the enzyme catalase [40]. However, P. gingivalis
cannot synthetize catalase and usually eliminates peroxides through the enzyme alkyl hydro-
peroxide reductase (Ahp C-F) [41]. Even though AhpF (PGN_0661) was down-regulated in
the present study, the thioredoxin system (PGN_0033, PG_0275) and thiol peroxidase-encod-
ing genes (PG_1729, PGN_0388), which are other pathways of peroxide removal [42, 43], were
up-regulated. This finding has also been previously reported [44].

It was also significant with the up-regulation of genes involved in protein regulatory sys-
tems, such as heat shock proteins (Hsp), Clp proteolytic system (ClpB, ClpC) and the chaper-
ones (GroES, GrpE), which are usually expressed during stresses situations [45]. Clp proteases
and chaperones are secreted by many pathogenic bacteria [45, 46] and they are involved in
processes of colonization and adaptation to stress conditions. In fact, different bacterial species
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have shown attenuated virulence, reduced adhesion and biofilm formation when Clp proteins
were mutated [47-53].

The complex (GroEL/GroES) is also relevant in terms of virulence, since these proteins can
mediate in adhesion and attachment to the host cells [54-56]. Moreover, diverse inhibitors of
GroEL/GroES are currently being tested as broad-spectrum antimicrobial agents [57, 58]. Hos-
ogi and Duncan (2005) showed that GroEL and other Hsp mediated the entry of P. gingivalis
into host epithelial cells [59]. Porphyromonas gingivalis GroEL was inhibited by immunization,
which significantly reduced levels of alveolar bone loss in experimental animal model [60].
Llama-Palacios et al., in a proteomic study of A. actinomycetemcomitans biofilms, also
reported increased expression in GroEL, and sera from patients with periodontitis were shown
to be immunoreactive against GroEL [61].

Another potential pathogenic mechanism of GroEL proteins is their structural similarity
with human Hsp. When overexpressed, GroEL may cause cross-reaction against human Hsp,
causing autoantibodies and leading to chronic inflammation [53, 62].

Another important group of genes also found overexpressed in our study were those
encoding for proteases, (PG_1060, PGN_1914 and PGN_0952) and peptidases (PG_0088,
PGN_2035, PGN_1103, PGN_0788 and PG_1313). These proteases have been related to viru-
lence, since they are able to degrade antibodies and, thus, to evade host tissue defenses and also
to be involved in periodontal tissue destruction [63].

When the transcriptomic profile of P. gingivalis was studied when growing in a monospe-
cies biofilms [14], only PGN_1914 was up-regulated, which may indicate that the up-regula-
tion of the rest of the described proteases is mainly driven by the presence of other species
within the biofilm.

Cell envelope

The present transcriptomic study has revealed differential expression of those genes involved
in cell envelope (PG_0679, PG_0922, PG_1039, PG_1180, PG_2224 and PGN_1020).
PG_0679 was significantly up-regulated, what is in agreement with previous reports [13]. This
gene is associated with antimicrobial resistance in multispecies biofilms, since efflux transport-
ers pump out antimicrobial molecules [64].

However, P. gingivalis within a multispecies biofilm showed most of these genes down-reg-
ulated, which contrasts with previous reports studying P. gingivalis in monospecies biofilms
(11, 14]. For example, the putative membrane protein gene PG_1180 and the putative epithe-
lial cell attachment gene PG_2224, were significantly down-regulated.

Although the function is putative or not so concise, in general, the down-regulation of many
genes involved in cell envelope biogenesis, taken together, with the down-regulation of metabolism
genes involved in energy production or DNA replication, suggest a down-turn in cell replication
and a reduced growth rate in biofilm. It has been previously attributed to restricted penetration of
nutrients and helps explain the relative resistance of biofilms to antibiotics targeting growth [11]

Genes related with cell envelope lipoproteins, such as PG_0180, PG_0399, PG_1767,
PG_1828, PG_2105, PG_2133 and PG_0924, were also differentially expressed. Among them,
PG_1828 has been described as a strong cell activator, being major virulence factor for enhanc-
ing inflammatory responses [65]. In fact, inhibition of its activity by a deficient mutant sug-
gests a direct link of PG_1828 in the pathogenesis of periodontitis [65].

Quorum sensing

The gene PGN_1827 (MetK) demonstrated a significantly higher expression in P. gingivalis
when growing in a multispecies biofilm. This gene encodes a protein related to the radical S-
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adenosyl-l-methionine (SAM) superfamily, the universal signal for quorum sensing (QS).
These proteins are responsible of the biosynthetic pathways leading to autoinducer-2 (AI-2)
production, which are key in cell-cell communication what affects different bacterial functions
related to virulence, such as motility, nutrition, phenotype expressions and modulation, stabil-
ity and composition of the biofilms [9, 66-69].

Iron metabolism

The present study has shown a significant up-regulation of genes as PGN_0741, a TonB-
dependent outer membrane receptor important for iron transportation [70] and HmuY. Hmu
family proteins are important for hemin acquisition, which is key for P. gingivalis. This bacte-
rium has an absolute growth requirement for hemin, which provides them with iron and pro-
toporphyrin IX that cannot be synthesize by itself [41, 71]. Hmu family genes has also been
implicated as a virulence factor in promoting mononuclear cell-mediated inflammatory
responses [72, 73]. The up-regulation of these genes, and in this case HmuY,can influence the
ability of P. gingivalis to promote biofilm formation, as was seen in our previous study, in
which the gene HmuR was up-regulated when growing in planktonic form in presence of a
growing monospecies biofilm [23].

There was also a significant up-regulation of the genes coding for ferritin and ferrodoxin
(Ftn, PGN_0604, PG_1813). Ferritin has been shown to be a requirement for P. gingivalis to
grow under iron-depleted conditions and peroxide stress [42, 74].

Transposons and CRISPR

P. gingivalis growing within a multispecies biofilm demonstrated up-regulation of several trans-
posons genes (TraA, TraF, TraG, Tral, Tra], TraK, TraM, TraN, TraO, TraP, TraQ, PGN_0058,
PGN_0056, PG_1061, PGN_0954 and PGN_1912), suggesting that P. gingivalis, when growing
among competing species, develops horizontal DNA transfer, which may facilitate its adapta-
tion to different micro-environments. This up-regulation has also been reported in other studies
(75-77]. Again, these genes were also up-regulated when planktonic P. gingivalis was in the
presence of a growing biofilm, what may indicate the importance of DNA transfer to allow for
survival in different environments and to adapt to an evolving biofilm [23].

Similarly, the genes of the CRISPR system: Cas2-2 and PGN_1959 were up-regulated in the
test group. These genes encode for a CRISPR protein related to CAS2 family, which play broad
roles in controlling bacterial pathogenesis, gene regulation and physiology [78], and protect its
genome against other surrounding microorganisms and mobile foreign genetic elements, in
particular plasmids and transposons [79-81].

Among other functional groups, genes related to ribosome, as RpsA, RpsP, RpsT, RpmF,
RpmH, RpmL, RplQ, RpIT, PG_0627 and PGN_0668, were up-regulated in the test group, what
presumably indicates increased translation and higher protein synthesis. The fimbria genes
FimA, FimC, FimD were down-regulated in P. gingivalis within the multispecies biofilm. This
fact has also been reported when P. gingivalis grew in monospecies biofilm [14], or when
planktonic P. gingivalis grew in the presence of a monospecies biofilm [23]. Other authors
have reported that FimA and Mfal were not required for the development of pathogenicity in
biofilms [82, 83]. A large propottion of the genes in (S1 Table) of the Supporting Information,
demonstrating differential expression when comparing both groups, were however related to
proteins of unknown function (40.5%), what indicates the need to further research to under-
stand the functionality of these genes.

This study has clear limitations, such as its in vifro nature, the limited number of bacterial
species used to develop the biofilms or the lack of influence of the patient’s immune response
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as well as its physiological condition, which would also influence the gene expression of P. gin-
givalis. Hence, further studies are needed to ascertain the pathogenic capability of P. gingivalis
in the initiation and progression of periodontitis, as well as the transcriptomic changes that P.
gingivalis could suffer accompanied by the other species when growing also in planktonic
state.

Conclusions

This study has shown that 19.1% of the P. gingivalis genome was differentially expressed when it
grew within a multispecies biofilm, in comparison with monospecies planktonic growth.
Within the biofilm, P. gingivalis has shown increased expression of virulence factors and antiox-
idant enzymes, especially Hsp proteins and several proteases. The identification and quantifica-
tion of these known genes and other related to unknown proteins may provide new knowledge
on the virulence and pathogenicity of this important periodontal pathogen, P. gingivalis.

Supporting information

S1 Table. Differentially expressed genes in Porphyromonas gingivalis ATCC 33277 in
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and Standard Deviation (SD) of each gene.
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SUPPORTING INFORMATION

S1 Table. Differentially expressed genes in Porphyromonas gingivalis ATCC 33277 in planktonic
condition and within a multispecies-biofilm (cutoff ratio of 2; p-value <0.05), grouped by functional
categories. Microarray data indicate the mean expression fold change and Standard Deviation (SD) of

each gene.
:::I';IING LOCUS PUTATIVE IDENTIFICATION AVERAGE RELATIVE FOLD
FRAME NAME CHANGE (SD)

GENES RELATED TO OXIDATIVE STRESS AND VIRULENCE

PGN_0564 SodB superoxide dismutase Fe-Mn +5.71 (2.33)
PGN_1055 VimE virulence modulating gene E -2.50 (0.64)
PGN_0033 Trx Thioredoxin +7.33 (1.02)
PG_0275 thioredoxin family protein +3.54 (1.11)
PG_1729 thiol peroxidase +5.04 (0.74)
PGN_0388 putative thiol peroxidase +4.75 (1.01)
PGN_0661 alkyl hydroperoxide reductase F subunit -3.89 (0.55)
PGN_1286 probable lysozyme +3.02 (0.37)
PGN_0055 probable lysozyme +2.45 (0.23)
PGN_0290 immunoreactive 32 kDa antigen -3.55 (0.02)
PG_0181 immunoreactive 32 kDa antigen PG49 -3.46 (0.52)
PGN_0152 immunoreactive 61 kDa antigen -8.51 (3.46)
PG_2102 immunoreactive 61 kDa antigen PG91 -6.44 (1.06)
PG_0234 immunoreactive 23 kDa antigen PG66 +2.38 (0.29)
PGN_0482 probable immunoreactive 23 kDa antigen -3.07 (0.85)
PGN_0041 HtpG heat shock protein HtpG +2.58 (0.25)
PGN_1208 ClpB ClpB protein +8.31 (1.75)
PGN_0008 ClpC ATP-dependent Clp protease ATP-binding subunit ClpC +3.01 (0.24)
PGN_1550 Clpx ATP-dependent Clp protease, ATP-binding subunit ClpX -2.43 (0.70)
PGN_1451 GroES chaperonin GroES +7.93 (0.94)
PGN_1715 GrpE putative chaperone protein GrpE +2.95 (0.50)
PG_1060 carboxyl-terminal protease +8.08 (4.41)
PGN_1914 carboxyl-terminal processing protease +5.99 (0.39)
PGN_0952 carboxyl-terminal processing protease +5.53 (1.84)
PG_0088 peptidase, M16 family -2.87 (0.24)
PGN_2035 putative peptidase -2.74 (0.55)
PGN_1103 Dipeptidase +8.89 (2.53)
PGN_0788 peptidyl-dipeptidase +2.35 (0.26)
PG_1313 dipeptidase-related protein +9.78 (4.24)
PG_1597 DnaK suppressor protein, putative +2.32 (0.19)
PG_0256 CvpA family protein -3.60 (0.49)
GENES RELATED TO AEROTOLERANCE

PGN_0525 BatE probable aerotolerance-related exported protein BatE -8.28 (0.63)
PGN_0526 BatD aerotolerance-related exported protein BatD -4.74 (1.14)
PGN_0527 BatC probable aerotolerance-related exported protein BatC -5.25 (0.65)
PGN_0528 BatB putative aerotolerance-related exported protein BatB -5.15 (1.70)
PGN_0529 BatA aerotolerance-related membrane protein BatA -5.86 (1.09)
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GENES RELATED TO CELL ENVELOPE

PG_0180 lipoprotein, putative -3.44 (0.56)
PG_0399 lipoprotein, putative -2.34 (0.29)
PG_0679 outer membrane efflux protein +2.27 (0.08)
PG_0922 membrane protein, putative -7.29 (2.61)
PG_0924 5'-nucleotidase, lipoprotein e(P4) family -5.03 (0.80)
PG_1039 integral membrane protein +2.41 (0.30)
PG_1180 membrane protein, putative -2.48 (0.59)
PG_1587 PAP2 superfamily protein -8.08 (2.56)
PG_1711 alpha-1,2-mannosidase family protein -7.43 (1.60)
PG_1712 alpha-1,2-mannosidase family protein -5.53 (1.34)
PG_1767 lipoprotein, putative +2.85 (0.57)
PG_1828 lipoprotein, putative +4.57 (0.29)
PG_2105 lipoprotein, putative +3.08 (0.25)
PG_2133 lipoprotein, putative -14.42 (3.64)
PG_2224 membrane protein, putative -5.33 (0.13)
PGN_0081 putative Na driven multidrug efflux pump -2.36 (0.18)
PGN_0405 alpha-1,2-mannosidase family protein -5.85 (0.31)
PGN_1020 probable ATP/GTP-binding transmembrane protein -4.36 (0.83)
GENES RELATED TO QUORUM SENSING
PGN_1827 MetK S-adenosylmethionine synthase I +2.55 (0.26)
GENES RELATED TO TRANSPORT

MgtE magnesium transporter -2.24 (0.27)
PG_0091 transporter, putative +2.87 (0.71)
PG_0321 LAQ/AO transport system ATPase -3.00 (0.13)
PG_0646 iron compound ABC transporter, ATP-binding protein -3.16 (0.62)
PG_0647 iron compound ABC transporter, permease protein -4.43 (0.27)
PG_0648 iron _compour_ld ABC transporter, periplasmic iron compound-binding 242 (0.34)

protein, putative

PG_0912 polysaccharide transport protein, putative -2.36 (0.05)
PG_1010 ABC transporter, ATP-binding protein -2.57 (0.23)
PGN_0685 putative iron compound ABC transporter ATP-binding protein -2.67 (0.05)
PGN_0686 putative iron compound ABC transporter permease protein -4.35 (1.44)
PGN_1343 probable ABC transporter ATP-binding protein -2.81 (0.71)
PGN_1641 arginine/ornithine transport system ATPase -3.77 (0.06)
PGN_1734 NupG nucleoside permease NupG -3.09 (0.43)
PGN_1876 putative ABC transporter membrane protein -2.41 (0.18)
PGN_1898 probable transport protein -2.93 (0.49)
GENES RELATED TO IRON METABOLISM

HmuY hmuY protein +3.29 (0.49)
PG_0668 TonB-dependent receptor -2.27 (0.17)
PG_1813 ferredoxin, 4Fe-4S +2.25 (0.24)
PGN_0604 Ferritin +7.28 (1.54)
PGN_0741 TonB-dependent receptor +2.41 (0.38)
PGN_1058 Ftn Ferritin +6.11 (1.48)
GENES RELATED TO TRANSPOSON FUNCTIONS
PG_1061 ISPg6, transposase -2.71 (0.91)
PGN_0056 probable conserved protein found in conjugate transposon +3.76 (0.54)
PGN_0057 TraP probable conserved protein found in conjugate transposon TraP. +3.99 (0.70)
PGN_0058 probable conserved protein found in conjugate transposon +5.26 (0.67)
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PGN_0059 TraN conserved protein found in conjugate transposon TraN +2.54 (0.36)
PGN_0060 TraM putative conserved protein found in conjugate transposon TraM +2.82 (0.52)
PGN_0062 Trak putative conserved protein found in conjugate transposon TraK +2.94 (0.58)
PGN_0063 Tral conserved transmembrane protein found in conjugate transposon Tral +2.68 (0.63)
PGN_0064 Tral putative conserved protein found in conjugate transposon Tral +3.11 (1.07)
PGN_0065 TraG conserved protein found in conjugate transposon TraG +3.49 (0.39)
PGN_0066 Traf frt;o:s:;\)lzlseonc.?rr;sEerved transmembrane protein found in conjugate +231 (0.10)
PGN_0069 TraA probable conserved protein found in conjugate transposon TraA +3.01 (1.04)
PGN_0592 TraQ putative conserved protein found in conjugate transposon TraQ +3.02 (0.84)
PGN_0954 partial transposase in ISPg6 -3.33 (0.40)
PGN_1283 TraO conserved protein found in conjugate transposon TraO +5.20 (0.20)
PGN_1912 partial transposase in ISPg6 -3.42 (0.40)
GENES RELATED TO CRISPR
Cas2-1 CRISPR-associated protein Cas2 -2.93 (0.81)
PGN_1959 Cas2-2 CRISPR-associated protein Cas2 +4.80 (0.50)
GENES RELATED TO RIBOSOME/ RNA
Rpml probable 50S ribosomal protein L35 +2.87 (0.68)
RnpA ribonuclease P protein component -2.66 (0.27)
RbfA ribosome-binding factor A -7.81 (1.48)
PyrC Dihydroorotase -2.81 (0.53)
KsgA dimethyladenosine transferase -2.53 (0.24)
PG_0075 phosphoribosylformylglycinamidine cyclo-ligase, putative -2.33 (0.28)
PG_0627 RNA-binding protein +2.47 (0.05)
PGN_0167 RpsP 30S ribosomal protein S16 +2.38 (0.25)
PGN_0188 RpmF 50S ribosomal protein L32 +2.66 (0.36)
PGN_0394 RpsT probable 30S ribosomal protein 520 +2.72 (0.41)
PGN_0668 RNA-binding protein +2.42 (0.17)
PGN_0694 RpmH 50S ribosomal protein L34 +4.37 (0.59)
PGN_0761 ribosomal large subunit pseudouridine synthase -3.11 (0.26)
PGN_0965 RpIT putative 50S ribosomal protein L20 +2.94 (0.56)
PGN_1024 putative ribosome-binding factor A -6.88 (1.16)
PGN_1088 RpsA 30S ribosomal protein S1 +2.80 (0.18)
PGN_1840 RplQ 50S ribosomal protein L17 +2.62 (0.38)
PGN_1871 RpsG 30S ribosomal protein S7 -2.57 (0.41)
GENES RELATED TO FIMBRIA
PGN_0180 FimA FimA type | fimbrilin -11.03 (1.71)
PGN_0181 Fimbrillin-A associated anchor proteins Mfal and Mfa2 -8.41 (2.84)
PGN_0183 FimC minor component FimC -17.73 (2.28)
PGN_0184 FimD minor component FimD -9.65 (1.85)
GENES RELATED TO TRANSCRIPTION AND TRANSLATION
NrdG anaerobic ribonucleoside-triphosphate reductase activating protein -8.42 (1.42)
PG_0020 transcriptional regulator, MarR family +2.43 (0.52)
PG_0997 transcriptional regulator, putative +2.50 (0.31)
PG_1260 anaerobic ribonucleoside-triphosphate reductase, putative -12.50 (4.82)
PG_2000 signal peptidase-related protein -2.45 (0.35)
PGN_0082 probable transcriptional regulator AraC family -2.99 (0.59)
PGN_0319 probable RNA polymerase sigma-70 factor ECF subfamily +2.66 (0.23)
PGN_0355 translation initiation factor IF-2 -3.00 (0.41)
PGN_0782 putative tRNA pseudouridine synthase A +2.70 (0.52)
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PGN_0945 putative TetR family transcriptional regulator -2.36 (0.08)
PGN_0970 putative RNA polymerase sigma-70 factor ECF subfamily +4.06 (0.70)
PGN_1226 ribonucleotide reductase -2.91 (0.52)
PGN_1312 probable transcriptional regulator as Arg-repressor +2.32 (0.05)
PGN_1395 putat!ve anaerobic ribonucleoside-triphosphate reductase activating 547 (0.52)
protein
PGN_1396 anaerobic ribonucleoside-triphosphate reductase -14.51 (2.00)
GENES RELATED TO FATTY ACID AND PHOSPOLIPID METABOLISM
PG_1155 ADP-heptose--LPS heptosyltransferase, putative -6.31 (1.56)
PGN_1255 Rfa putative heptosyltransferase -4.81 (2.33)
GENES RELATED TO DNA METABOLISM
XseA exodeoxyribonuclease VI, large subunit -2.60 (0.37)
Tmk thymidine kinase -2.67 (0.56)
Rec!t single-stranded-DNA-specific exonuclease Rec) -2.92 (0.23)
PurB adenylosuccinate lyase +2.53 (0.37)
GuaB inosine-5'-monophosphate dehydrogenase +2.80 (0.68)
PG_0030 cytidine deaminase +3.77 (0.32)
PG_0174 pyridine nucleotide-disulphide oxidoreductase family protein -2.72 (0.43)
PG_1038 ATP-dependent DNA helicase UvrD/PcrA/Rep Family -9.02 (4.61)
PGN_0001 DnaA chromosomal replication initiator protein DnaA +2.12 (0.08)
PGN_0026 putative cytidine deaminase +4.05 (0.41)
PGN_0084 DNA topoisomerase | +6.92 (0.11)
PGN_0923 putative DNA primase -2.62 (0.25)
PGN_1022 putative thymidine kinase -3.94 (0.40)
PGN_1027 Dihydroorotase -3.26 (0.72)
PGN_1225 probable exodeoxyribonuclease VIl large subunit -2.91 (0.25)
PGN_1314 ATP-dependent DNA helicase -8.90 (4.14)
PGN_1449 inosine-5'-monophosphate dehydrogenase +3.36 (0.34)
PGN_1567 RecF recF protein -2.69 (0.33)
PGN_1992 putative helicase -2.34 (0.08)
GENES RELATED TO ENERGY METABOLISM
PckA phosphoenolpyruvate carboxykinase (ATP) +2.27 (0.22)
HprA glycerate dehydrogenase +2.54 (0.32)
PG_1834 glycogen synthase-related protein -3.24 (1.07)
PG_2171 D-isomer specific 2-hydroxyacid dehydrogenase family protein -2.36 (0.23)
PG_2213 nitrite reductase-related protein -2.76 (0.18)
PGN_1120 putative NADPH-NAD transhydrogenase +3.08 (1.09)
PGN_1736 putative glycogen synthase -3.51 (0.31)
PGN_1746 NrfA cytochrome c nitrite reductase, catalytic subunit NrfA -2.92 (0.64)
GENES RELATED TO DNA BINDING PROTEINS
Hup-2 DNA-binding protein HU +2.85 (0.46)
PG_0254 N utilization substance protein A, putative -4.15 (0.89)
PG_0555 DNA-hinding protein, histone-like family +3.76 (0.50)
PG_2040 DNA-binding protein, histone-like family +4.06 (0.85)
PGN_1393 putative DNA-binding protein HU +2.97 (0.80)
PGN_1415 DNA-binding protein histone-like family +3.90 (0.42)
PGN_1986 DNA-binding protein, histone-like family +4.28 (0.61)
GENES RELATED TO OTHER FUNCTIONS
LysC aspartate kinase -2.59 (0.25)
LysA diaminopimelate decarboxylase -2.46 (0.32)
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KdsA 2-dehydro-3-deoxyphosphooctonate aldolase +2.44 (0.32)

FolP dihydropteroate synthase +2.35 (0.21)

Dxr 1-deoxy-D-xylulose 5-phosphate reductoisomerase -4.08 (0.32)
PG_0079 abortive infection protein, putative +4.64 (1.48)
PG_0199 TatD family protein -3.78 (0.11)
PG_0226 transglutaminase-related protein +2.41 (0.29)
PG_0917 GtrA family protein -3.25 (0.60)
PG_0920 glycosyl transferase, group 2 family protein -3.63 (1.90)
PG_1014 TPR domain protein -2.58 (0.37)
PG_1840 conserved domain protein -3.63 (0.47)
PG_1963 Sua5/YciO/YrdC/YwIC family protein +2.20 (0.11)
PG_2028 ebsC protein -2.62 (0.47)
PG_2131 60 kDa protein/OmpA_C-like -19.57 (6.37)
PGN_0082 AroC chorismate synthase -3.39 (0.73)
PGN_0094 putative bacteriophage integrase +2.78 (0.57)
PGN_0101 putative 1,4-dihydroxy-2-naphthoate octaprenyltransferase -3.50 (0.69)
PGN_0179 60 kDa protein -17.32 (2.32)
PGN_0232 probable glycosyl transferase family 2 -2.52 (0.43)
PGN_0243 phosphoglycerate mutase +2.50 (0.19)
PGN_0248 putative dimethyladenosine transferase -2.71 (0.24)
PGN_0285 pyridine nucleotide-disulphide oxidoreductase -2.71 (0.60)
PGN_0354 putative nitrogen utilization substance protein A -4.30 (0.98)
PGN_0406 conserved hypothetical protein with glycosyl hydrolase family 92 domain | -6.40 (2.32)
PGN_0466 putative cardiolipin synthetase +2.30 (0.13)
PGN_0518 putative ribulose-phosphate 3-epimerase +2.94 (0.52)
PGN_0522 putative dihydropteroate synthase +2.51 (0.16)
PGN_0524 lipid A 4'-phosphatase -8.40 (1.72)
PGN_0531 putative von Willebrand factor type A -3.09 (0.77)
PGN_0571 putative undecaprenol kinase -3.25 (0.11)
PGN_0743 probable FKBP-type peptidyl-prolyl cis-trans isomerase FkpA +2.50 (0.29)
PGN_0753 probable two component system response regulator +2.87 (0.33)
PGN_0917 tyrosine type site-specific recombinase -4.39 (1.10)
PGN_0975 MenA 1,4-dihydroxy-2-naphthoate octaprenyltransferase -3.11 (0.31)
PGN_1023 acid phosphatase OlpA -5.16 (1.03)
PGN_1089 probable methyltransferase -4.30 (0.85)
PGN_1104 chorismate synthase -3.68 (0.50)
PGN_1151 1-deoxy-D-xylulose-5-phosphate reductoisomerase -3.93 (0.87)
PGN_1206 putative methylenetetrahydrofolate dehydrogenase +3.08 (0.68)
PGN_1209 probable flavodoxin +2.82 (0.20)
PGN_1220 adenylosuccinate lyase +2.53 (0.42)
PGN_1221 probable ATP:corrinoid adenosyltransferase +3.98 (1.69)
PGN_1272 putative diaminopimelate decarboxylase -2.53 (0.24)
PGN_1273 probable 1,4-dihydroxy-2-naphthoate octaprenyltransferase -3.23 (0.67)
PGN_1706 probable phosphoribosylglycinamide formyltransferase +3.37 (0.53)
PGN_1748 putative cytochrome ¢ biogenesis protein CcsA -2.82 (0.44)
PGN_1975 putative regulatory protein -2.59 (0.60)
PGN_1985 probable N-acetylmuramoyl-L-alanine amidase +3.52 (0.11)
PGN_2026 putative abortive infection protein +4.40 (0.71)
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GENES RELATED TO HYPOTHETICAL PROTEIN

PG_0031 hypothetical protein +3.28 (0.22)
PG_0039 hypothetical protein -2.24 (0.10)
PG_0161 hypothetical protein +2.74 (0.39)
PG_0164 conserved hypothetical protein -3.24 (0.68)
PG_0179 hypothetical protein -3.48 (1.00)
PG_0204 hypothetical protein +2.47 (0.30)
PG_0229 hypothetical protein -2.69 (0.42)
PG_0286 hypothetical protein +3.57 (0.53)
PG_0323 conserved hypothetical protein +3.10 (0.02)
PG_0404 hypothetical protein +4.53 (0.48)
PG_0409 hypothetical protein +2.24 (0.09)
PG_0421 hypothetical protein +5.43 (1.62)
PG_0447 conserved hypothetical protein +2.99 (0.27)
PG_0448 hypothetical protein +3.08 (0.34)
PG_0547 conserved hypothetical protein -2.71 (0.41)
PG_0612 hypothetical protein -2.60 (0.21)
PG_0613 hypothetical protein -2.83 (0.52)
PG_0883 hypothetical protein -2.52 (0.75)
PG_0898 conserved hypothetical protein +2.56 (0.27)
PG_0918 hypothetical protein -2.89 (0.64)
PG_0926 hypothetical protein -4.78 (0.59)
PG_0927 conserved hypothetical protein TIGR00150 -5.33 (0.60)
PG_0929 hypothetical protein +2.48 (0.32)
PG_0994 hypothetical protein -3.70 (1.33)
PG_1085 hypothetical protein +2.96 (0.40)
PG_1257 hypothetical protein +3.03 (0.24)
PG_1300 conserved hypothetical protein -2.99 (0.93)
PG_1388 hypothetical protein -2.65 (0.27)
PG_1398 hypothetical protein -2.05 (0.05)
PG_1546 hypothetical protein +3.91 (0.56)
PG_1661 hypothetical protein -2.50 (0.32)
PG_1715 hypothetical protein -3.66 (0.31)
PG_1817 conserved hypothetical protein -3.20 (1.17)
PG_1818 hypothetical protein -2.63 (0.37)
PG_1819 hypothetical protein -4.50 (0.89)
PG_1908 hypothetical protein -3.20 (0.83)
PG_1966 conserved hypothetical protein -3.24 (0.59)
PG_1997 hypothetical protein +2.41 (0.32)
PG_2031 hypothetical protein -2.79 (0.24)
PG_2037 hypothetical protein +2.53 (0.71)
PG_2101 hypothetical protein -8.79 (2.11)
PG_2106 hypothetical protein +3.07 (0.66)
PG_2130 hypothetical protein -17.17 (3.46)
PG_2139 hypothetical protein +2.86 (0.18)
PG_2204 hypothetical protein +3.88 (0.36)
PG_2212 hypothetical protein -7.57 (0.89)
PG_2225 conserved hypothetical protein -3.22 (0.49)
PG_2226 hypothetical protein -3.50 (0.68)
PGN_0029 conserved hypothetical protein +2.74 (0.35)
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PGN_0053 conserved hypothetical protein +2.31 (0.19)
PGN_0061 hypothetical protein +3.42 (0.79)
PGN_0068 hypothetical protein +2.99 (0.16)
PGN_0070 hypothetical protein +2.37 (0.05)
PGN_0072 hypothetical protein +3.77 (1.28)
PGN_0083 conserved hypothetical protein +4.85 (0.80)
PGN_0090 hypothetical protein +2.71 (0.52)
PGN_0091 hypothetical protein +3.78 (1.17)
PGN_0092 conserved hypothetical protein +3.40 (0.10)
PGN_0093 conserved hypothetical protein +5.14 (0.24)
PGN_0110 hypothetical protein +2.73 (0.21)
PGN_0124 hypothetical protein -3.68 (0.57)
PGN_0154 conserved hypothetical protein +3.66 (0.07)
PGN_0156 conserved hypothetical protein +2.97 (0.36)
PGN_0164 conserved hypothetical protein -3.69 (0.26)
PGN_0178 conserved hypothetical protein -16.48 (1.52)
PGN_0182 conserved hypothetical protein -16.16 (2.92)
PGN_0187 conserved hypothetical protein +2.85 (0.68)
PGN_0273 conserved hypothetical protein +3.09 (0.32)
PGN_0288 conserved hypothetical protein -3.09 (1.08)
PGN_0289 conserved hypothetical protein -4.02 (0.76)
PGN_0307 conserved hypothetical protein -3.45 (0.70)
PGN_0312 hypothetical protein +2.39 (0.29)
PGN_0332 conserved hypothetical protein -2.42 (0.40)
PGN_0356 conserved hypothetical protein -3.79 (0.60)
PGN_0400 conserved hypothetical protein -5.05 (1.30)
PGN_0404 conserved hypothetical protein -3.56 (0.33)
PGN_0481 hypothetical protein -4.01 (1.08)
PGN_0511 conserved hypothetical protein +2.42 (0.11)
PGN_0530 conserved hypothetical protein -4.40 (0.41)
PGN_0538 conserved hypothetical protein -2.72 (0.11)
PGN_0562 conserved hypothetical protein +2.53 (0.35)
PGN_0578 conserved hypothetical protein found in conjugate transposon +2.39 (0.23)
PGN_0583 conserved hypothetical protein -2.52 (0.39)
PGN_0586 conserved hypothetical protein -2.63 (0.48)
PGN_0589 conserved hypothetical protein -2.67 (0.08)
PGN_0654 conserved hypothetical protein -2.50 (0.36)
PGN_0655 conserved hypothetical protein -2.56 (0.27)
PGN_0656 conserved hypothetical protein -2.67 (0.40)
PGN_0752 hypothetical protein +3.92 (0.35)
PGN_0794 conserved hypothetical protein -2.42 (0.26)
PGN_0797 conserved hypothetical protein +2.53 (0.09)
PGN_0835 conserved hypothetical protein -3.19 (0.57)
PGN_0874 conserved hypothetical protein -2.98 (0.33)
PGN_0978 hypothetical protein -2.59 (0.34)
PGN_1017 conserved hypothetical protein -3.99 (0.36)
PGN_1021 hypothetical protein -5.92 (0.75)
PGN_1025 conserved hypothetical protein -8.12 (2.36)
PGN_1028 conserved hypothetical protein -2.96 (0.20)
PGN_1029 conserved hypothetical protein -3.28 (0.36)
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PGN_1081 conserved hypothetical protein +2.50 (0.33)
PGN_1159 conserved hypothetical protein -2.35 (0.21)
PGN_1182 conserved hypothetical protein +2.84 (0.27)
PGN_1254 hypothetical protein -2.46 (0.37)
PGN_1256 conserved hypothetical protein -3.86 (0.26)
PGN_1306 hypothetical protein -5.89 (2.38)
PGN_1307 hypothetical protein -8.18 (1.61)
PGN_1313 conserved hypothetical protein +3.23 (0.49)
PGN_1337 conserved hypothetical protein -2.37 (0.21)
PGN_1340 conserved hypothetical protein -2.62 (0.15)
PGN_1380 hypothetical protein +3.53 (0.63)
PGN_1385 hypothetical protein +3.63 (0.48)
PGN_1392 conserved hypothetical protein +2.89 (0.50)
PGN_1419 conserved hypothetical protein -2.65 (0.68)
PGN_1435 hypothetical protein +2.30 (0.18)
PGN_1436 conserved hypothetical protein +2.66 (0.43)
PGN_1438 hypothetical protein -2.17 (0.13)
PGN_1476 conserved hypothetical protein +3.53 (0.09)
PGN_1496 hypothetical protein +3.77 (0.56)
PGN_1509 conserved hypothetical protein +2.26 (0.25)
PGN_1515 conserved hypothetical protein +2.65 (0.33)
PGN_1547 conserved hypothetical protein +6.85 (1.74)
PGN_1561 conserved hypothetical protein +5.07 (1.10)
PGN_1591 conserved hypothetical protein +2.38 (0.49)
PGN_1609 hypothetical protein +2.46 (0.28)
PGN_1639 conserved hypothetical protein +3.43 (0.49)
PGN_1661 conserved hypothetical protein +2.44 (0.23)
PGN_1678 conserved hypothetical protein +3.55 (0.35)
PGN_1731 conserved hypothetical protein -3.23 (0.87)
PGN_1739 conserved hypothetical protein +3.97 (0.61)
PGN_1747 conserved hypothetical protein -3.05 (0.58)
PGN_1837 conserved hypothetical protein -2.90 (0.20)
PGN_1878 conserved hypothetical protein +2.62 (0.37)
PGN_1889 conserved hypothetical protein +2.36 (0.19)
PGN_1920 conserved hypothetical protein -2.40 (0.06)
PGN_1923 hypothetical protein -3.06 (0.68)
PGN_1924 conserved hypothetical protein -2.85 (0.57)
PGN_1942 hypothetical protein +2.24 (0.07)
PGN_1965 hypothetical protein -2.64 (0.30)
PGN_1966 conserved hypothetical protein -2.70 (0.54)
PGN_1984 hypothetical protein +2.28 (0.22)
PGN_2000 hypothetical protein -2.32 (0.21)
PGN_2004 conserved hypothetical protein -2.46 (0.17)
PGN_2038 conserved hypothetical protein +3.54 (0.37)
PGN_2070 conserved hypothetical protein +3.29 (0.32)
PGN_2076 conserved hypothetical protein -8.19 (0.74)
PGN_2088 conserved hypothetical protein -5.95 (0.59)
PGN_2089 conserved hypothetical protein -3.46 (0.65)
PGN_2090 conserved hypothetical protein -3.35 (0.63)
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Discusiéon

Los estudios transcriptdmicos de P. gingivalis ATCC 33277, realizados en esta
investigacion revelan que esta bacteria modifica su expresion génica global, en relacion
con su estado planctonico, segun sea su fenotipo de crecimiento: plancténico en presencia
de biofilm y biofilm tanto monoespecie (P. gingivalis) como multiespecie (S. oralis, A.
naeslundii, V. parvula, F. nucleatum, A. actinomycetemcomitans, P. gingivalis). Siendo
esta Ultima condicion, la mas propicia para mayores interacciones de comunicacion
molecular y de intercambio metabdlico y genético entre las distintas bacterias. Ademas,
se observa un incremento en el patrén de expresion génica, y un aumento de su capacidad
patogénica cuando forma parte de un biofilm multiespecie con respecto a las células
planctonicas (Liu et al., 2016, Whiteley et al., 2001, Waite et al., 2005, Prigent-Combaret

et al., 1999, Schembri et al., 2003).

1. DIFERENCIAS CUANTITATIVAS EN EL NUMERO DE GENES

CON EXPRESION DIFERENCIAL

En esta tesis se ha utilizado un modelo estatico de biofilm subgingival in vitro en
placa multipocillo reproducible puesto a punto en el Laboratorio de Investigacion de la
Facultad de Odontologia de la Universidad Complutense de Madrid, desarrollado sobre
discos de hidroxiapatita (Sanchez et al., 2011). Se ha llevado a cabo una evaluacion de la
expresion génica global, mediante técnicas basadas en la biologia celular
(transcriptomica), de la bacteria P. gingivalis ATCC 33277 en estado planctonico puro
(la situacion mas sencilla) comparadndose con otras tres situaciones fenotipicas, de

creciente complejidad:
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o Estudio 1: Condicion planctdnica de P. gingivalis en presencia de
un biofilm monoespecie.

o Estudio 2: Condicidn sésil de P. gingivalis en biofilm monoespecie.

o Estudio 3: Condicidn sésil de P. gingivalis junto con otras cinco

especies (biofilm multiespecie).

Primero, se detectd una diferencia en el transcriptoma de P. gingivalis
ATCC 33277 entre dos estados planctonicos diferentes, uno en un medio plancténico
puro y el otro en presencia de un biofilm monoespecie en crecimiento, del que puede estar
recibiendo sefiales de quorum sensing para favorecer la agregacion. Se trata de una
condicidn de transicion entre ambos estados, donde se obtuvo una expresion diferencial
en el 1,5% de los genes (28/1909). De ellos, 21 genes fueron sobreexpresados
relacionados con el metabolismo del hierro y la recepcion de hemina, transposasas y
proteasas, el sistema de deteccion de quorum y 7 resultaron reprimidos relacionados
principalmente con la adhesion bacteriana, la invasion o la virulencia (Sanchez et al.,

2019).

Segundo, se compararon los cambios en la expresion génica de P. gingivalis
ATCC 33277 de la condicion plancténica pura con la condicion de biofilm monoespecie,
obteniéndose una expresion diferencial en el 4,8% de los genes (92/1909). De los cuales,
54 de ellos fueron sobreexpresados y principalmente relacionados con la envoltura
celular, el transporte, las proteinas de la membrana externa y 38 reprimidos
relacionandose con funciones de transposasas, sistema CRISPR y los genes de estrés

oxidativo (Romero-Lastra et al., 2017).
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Tercero, P. gingivalis ATCC 33277 en presencia de otras cinco especies
bacterianas, S. oralis, A. naeslundii, V. parvula, F. nucleatum vy
A. actinomycetemcomitans, formando un biofilm multiespecie, expresa de manera
diferencial el 19,1% de los genes (365/1909) en comparacion con el fenotipo plancténico.
Estos genes, 165 sobreexpresados y 200 reprimidos, estaban involucrados principalmente
en funciones relacionadas con el estrés oxidativo, la envoltura celular, los transposones,

CRISPR o0 metabolismo (Romero-Lastra et al., 2019).

En la Figura 10 se puede observar una comparativa de los perfiles
transcriptomicos de P. gingivalis, entre los dos estados planctonicos, y cuando se cultivd
como biofilm monoespecie o multiespecie, mostrando diferencias significativas entre
cada condicion estudiada. Se aprecia un claro aumento en el nimero de genes con
expresion diferencial a medida que avanzamos en la complejidad de los fenotipos

comparados en la condicion experimental.

Transcriptomas de P.gingivalis ATCC 33277 en los tres estudios

P gingivalis planctonico puro (Eje X) vs

P gingivalis plancténico en presencia de P. gingivalis plancténico (Eje X) vs P. gingivalis plancténico (Eje X) vs
b‘igﬁlri monzespecw’e (Eje Y)p P. gingivalis en biofilm monoespecie (Eje Y) P. gingivalis en un biofilm multiespecie (Eje Y)
5 5 3 .
i
: ¢ g 2
&
* & th 8
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E = i £ g°
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¥o j‘y et w g
° 8 10 12 14 16 18 ° 7 9 1 13 15 17 ° 7 9 1 13 15 7
logControl logControl logControl
Expresién diferencial en 28 de 1909 genes (1.5%) Expresién diferencial en 92 de 1909 genes (4.8%) Expresién diferencial en 365 de 1909 genes (19.1%)
21 Sobreexpresados 54 Sobreexpresados 165 Sobreexpresados
7 Reprimidos 38 Reprimidos 200 Reprimidos

Figura 10. Comparacion de los transcriptomas de Porphyromonas gingivalis ATCC 33277 en
cada uno de los tres estudios: 1°) plancténico (control) con planctonico en presencia de biofilm
monoespecie (test), 2°) planctonico (control) con biofilm monoespecie (test) y 3°) planctonico
(control) con biofilm multiespecie (test).
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El rango de genes diferencialmente expresados en los resultados de los dos
primeros trabajos en condiciones monoespecie, coinciden con los hallados por otros
autores en investigaciones de otros patdgenos, como P. aeruginosa o Escherichia coli
cultivados en condiciones de crecimiento similares, y en las que se demostrd menos del
5% de la expresion diferencial (Whiteley et al., 2001, Waite et al., 2005, Schembri et al.,

2003, Beloin et al., 2004).

Se sigue una tendencia similar en cuanto a la expresion de los genes en estas
condiciones monoespecie, de los grupos funcionales tales como aerotolerancia, quorum
sensing, transporte, fimbrias y metabolismo, entre otros. Es en el tercer estudio, donde
ademas de tener la variable cambio de estado fenotipico (plancténico o biofilm), contamos
con la presencia de otras especies bacterianas (desarrollo de un biofilm multiespecie),
cuando se observan los mayores cambios en la expresion génica, obteniéndose un notable
reajuste transcriptomico en la adaptacion de P. gingivalis a un estilo de vida comunitario
multiespecie, aumentando el nimero de genes en cada una de las categorias funcionales

(Tabla 1).
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Tabla 1. Comparacion del nimero de genes sobreexpresados o reprimidos en cada
uno de los tres estudios por grupo funcional.

P. gingivalis P. gingivalis P. gingivalis
planctoénico planctoénico planctoénico
versus versus versus
GRUPOS . e o .
FUNCIONALES EXPRESION planctonlc_o biofilm . blc_Jfllm .
en presencia | monoespecie | multiespecie
de biofilm
monoespecie
Estrés oxidativo y Sobreexpresados 1 4 20
virulencia Reprimidos 0 7 11
Sobreexpresados 0 9 5
Envoltura celular .
Reprimidos 2 1 13
. Sobreexpresados 0 0 0
Aerotolerancia o
Reprimidos 1 0 5
. Sobreexpresados 0 0 1
Quorum sensing L
Reprimidos 0 0 0
Sobreexpresados 1 0 1
Transporte -
Reprimidos 0 0 14
Sobreexpresados 2 2 13
Transposones i
Reprimidos 0 5 3
. Sobreexpresados 0 0 1
Sistema CRISPR o
Reprimidos 0 2 1
. . Sobreexpresados 0 0 0
Fimbria -
Reprimidos 2 1 4
. Sobreexpresados 0 8 10
Ribosomas/RNA .
Reprimidos 0 2 8
Transcripcion y Sobreexpresados 1 0 6
Traduccion Reprimidos 0 2 9
Metabolismo del Sobreexpresados 4 0 5
hierro Reprimidos 0 0 1
Metabolismo de
L. Sobreexpresados 0 0 0
acidos grasos y .
. Reprimidos 0 1 2
fosfolipidos
Metabolismo Sobreexpresados 0 0 3
energético Reprimidos 0 0 5
. Sobreexpresados 1 0
Metabolismo de ADN .
Reprimidos 0 0 12
Proteinas de union de | Sobreexpresados 0 0 6
ADN Reprimidos 0 0 1
. Sobreexpresados 4 4 19
Otras funciones .
Reprimidos 0 2 31
3 . Sobreexpresados 7 26 68
Proteinas hipotéticas .
Reprimidos 2 16 80
TOTAL GENES 28 92 365
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2. DIFERENCIAS CUALITATIVAS POR GRUPOS FUNCIONALES

En la Figura 11 se pueden ver los grupos funcionales méas representativos, asi

como su tendencia de expresion en cada uno de los estudios que componen esta tesis.

ARTICULO 1 (Sénchez et al., 2019):
P. gingivalis plancténico en presencia de biofilm

ARTICULO 3 (Romero-Lastra et al., 2019):
P. gingivalis en biofilm multiespecie

Envoltura Celular
Fimbrias

*  Quorum sensing

.
* Metabolismo y Transporte

.
* Transposasas

[

ARTICULO 2 (Romero-Lastra et al., 2017):

Metaholismo y Transporte
Envoltura celular
Fimbrias

Quorum Sensing .
Transposasas y CRISPR .
Estrés oxidativo .

*Genes de funcién desconocida

P. gingivalis en biofilm monoespecie

Envoltura celular .
proteinas de *
membrana .

*Genes de funcién desconocida

C amn

[ Superficie Oral

Transposasasy CRISPR
Estrés oxidativo
Fimbrias

*Genes de funcién desconocida

Figura 11. Grupos funcionales mas representativos en cada uno de los tres estudios.

En un andlisis detallado de cada uno de los grupos funcionales que aparecen,
observamos que existe un gran namero de ellos que son comunes a los tres estudios,
encontrandose 23 genes presentes en al menos dos de las tres condiciones estudiadas

(Tabla 2).
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Tabla 2. Genes diferencialmente expresados [sobreexpresados (+) o reprimidos (-)]
comunes a cada uno de los articulos clasificados por grupo funcional.

P. gingivalis | P. gingivalis | P. gingivalis
plancténico | planctoénico | planctonico
versus versus versus
GRUPOS GENES | EUNCION CELULAR | Plancténico biofilm biofilm
FUNCIONALES en presencia | monoespecie | multiespecie
de biofilm
monoespecie
Cambio (SD) | Cambio (SD) | Cambio (SD)
PGN_0661 A'dky'thydrFOpegox'.‘t’e -11,59 (1,16) | -3,89 (0,55)
Estrés oxidativo y Ee léc aselz : SU 'unll
virulencia PGN_1914 | -arooxyl-termina +2,74(0,23) | +5,99 (0,39)
processing protease
PGN_1286 | Probable lysozyme +2,63 (0,28) +3,02 (0,37)
PG_2131 | OmpA_C-like -1,61 (0,04) -19,57 (6,37)
Envoltura celular :
pG_1712 | AlPha-1.2-mannosidase | 55 oy 5,53 (1,34)
family protein
Aerotolerancia PGN_0529 | Acrotolerance-elated 11,62 (0,02) 5,86 (1,09)
membrane protein BatA
Fimbrillin-A associated
PGN_0181 | anchor proteins -1,60 (0,09) -8,41 (2,84)
N Mfal and Mfa2
Fimbria - -
PGN_0183 | Minor component FimC -1,76 (0,16) -17,73 (2,28)
PGN_0184 | Minor component FimD -2,30 (0,26) -9,65 (1,85)
50S ribosomal protein
Ribosomas/ARN rpmH | 34 ATCC 2,41 (0,26) | +4,37(0,59)
Dimethyladenosine
KsgA transferase -2,24 (0,06) -2,53 (0,24)
Putative RNA polymerase
PGN_0970 | sigma-70 factor ECF +3,19 (0,23) +4,06 (0,70)
subfamily
Probable RNA
PGN_0319 | polymerase sigma-70 +5,50 (0,87) +2,66 (0,23)
Transcripcion y factor ECF subfamily
Traduccion PG_1260 A_naeroblc ribonucleoside 22,54 (0,14) 112,50 (4,82)
triphosphate reductase
PGN_1312 Probable transcriptional +1,85 (0.47) 2,32 (0,05)
regulator as Arg-repressor
Anaerobic ribonucleoside
PGN_1396 triphosphate reductase -2,28 (0,28) -14,51 (2,00)
PGN_0604 | Ferritin +1,78 (0,08) +7,28 (1,54)
gﬂftabolismo Ftn Ferritin +1,74 (0,12) +6,11 (1,48)
el Hierro : — .
PG_2213 ]I?acterlo_ferrltln-gssomated -3,50 (0,39) 22,76 (0,18)
erredoxin proteins
Metabp_hsmo PGN_1120 Putative NADPH-NAD +2.26 (0,05) +3,08 (1,09)
energetico transhydrogenase
Putative
Otras funciones PGN_1206 methylenetetrahydrofolate +1,84(0,04) +3,08 (0,68)
Probable transcriptional
PGN_0082 requlator AraC family -2,37 (0,33) -2,99 (0,59)
Proteinas PG_2130 | Hypothetical protein 158 (009) | -250(021) | -17.17 (3.46)
hipotéticas - ' ' ' ' ' ’
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2.1. Estrés oxidativo y virulencia

En cuanto al grupo de genes de estrés oxidativo y virulencia se puede observar
una clara progresion en el nimero de genes tanto sobreexpresados como reprimidos.
Algunos de los genes son coincidentes, entre la condicion de biofilm monoespecie y
multiespecie, como PGN_0661 (Alkyl hydroperoxide reductase F subunit), PGN_1914
(Carboxyl-terminal processing protease) y PGN 1286 (Probable Ilysozyme),
manteniendo la misma tendencia de expresion. Como tendencia general, aumenta la
expresion de genes de virulencia segun aumenta la complejidad del fenotipo/la
comunidad y disminuye la expresion de los genes de resistencia al estrés oxidativo. Estos
resultados reflejan la ventaja con la que cuentan las bacterias en biofilm multiespecie a la

hora de suponer una amenaza patogenica para el hospedador.

Aunque en general los genes de resistencia al estrés oxidativo estan reprimidos,
se sigue conservando la expresion de algunos de estos genes como Sod, tiorredoxina
(PGN_0033, PG_0275) o tiol peroxidasa (PG_1729, PGN_0388), que ayudarian en la
eliminacién de las especies reactivas de oxigeno (ROS), como ya se ha descrito en

trabajos de otros autores (Lewis et al., 2009, Moon et al., 2014).

Ademas, en condiciones de biofilm se detecta una expresion al alza de los genes
involucrados en los sistemas reguladores de proteinas, como las proteasas o las
chaperonas, que generalmente se expresan durante procesos de colonizacion y adaptacion
al estrés (Capestany et al., 2008). Esta sobreexpresion es mas evidente en el biofilm
multiespecie, donde se ve favorecida por la presencia de otros microorganismos. Las
proteasas sintetizadas, favorecerian la virulencia de la bacteria, participando en la
degradacion de los anticuerpos del sistema inmunitario del hospedador y en la destruccion

del tejido periodontal (Kadowaki et al., 2000). Esto contrasta con el primero de los
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estudios, en el que se comparan las dos condiciones plancténicas, donde las diferencias
sufridas por la bacteria P. gingivalis serian menores, al ser estados similares (Sanchez et

al., 2019).

Todos estos resultados apuntarian a que P. gingivalis, al encontrarse en los estratos
mas profundos del biofilm multiespecie, recibiria parte de los nutrientes presentes en el
medio a traves de los canales del biofilm, pero ademas para obtener mas cantidad, tendria
que atacar activamente los tejidos del hospedador, mediante la sobreexpresion de los
genes de virulencia. Por otro lado, el acceso a éstos conllevaria la necesidad de aumentar
la expresion de los genes relacionados con estrés oxidativo, como SodB o la familia de

las tiorredoxinas, por provenir de ambientes aerobios.

2.2. Envoltura celular

Los genes de envoltura celular, que codifican las proteinas de membrana externa
(OMPs) o lipoproteinas, se considera que cumplen funciones de mantenimiento de la
integridad de la membrana y transporte de moléculas como por ejemplo la secrecion de
sustancias antimicrobianas (Kamaguchi et al., 2003). En la presente tesis se ha observado
un gran cambio en la expresion de estos genes, estando reprimidos sélo dos de ellos en el
paso de la condicion planctonica hacia su transicién a biofilm monoespecie, y

sobreexpresandose nueve de ellos, en el biofilm monoespecie maduro.

Sin embargo, el biofilm multiespecie (Romero-Lastra et al., 2019) contrasta con
el caso anterior ya que aparece un menor nimero de genes sobreexpresados y muchos
mas subexpresados, que en el biofim monoespecie (Romero-Lastra et al., 2017), como ya
describieron también otros autores (Lo et al., 2009, Yamamoto et al., 2011, Hovik et al.,

2012).
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Solo dos genes son coincidentes en dos de las diferentes condiciones PG_2131
(OmpA_C-like) y PG_1712 (Alpha-1,2-mannosidase family protein), estando reprimidos
en el fenotipo planctonico en presencia de un biofilm monoespecie y cuando P. gingivalis
se encuentra incluido en un biofilm multiespecie, aumentando mas incluso su represién

en este caso.

Ademas, en esta ultima condicion, se pueden encontrar, también, genes
sobreexpresados, como PG_0679 (outer membrane efflux protein), que esta asociado con
la resistencia antimicrobiana por ser capaz de bombear estas moléculas fuera de la

bacteria (Rahman et al., 2017).

2.3. Aerotolerancia

En cuanto a los genes relacionados con la aerotolerancia inicamente se encontro
PGN_0529 (aerotolerance-related membrane protein BatA) como gen comun presente
en los estudios donde comparamos las dos condiciones plancténicas y en el biofilm
multiespecie, encontrandose en ambos casos subexpresado. Ademés de Bat A, cuando
P. gingivalis se encuentra rodeada de otras cinco especies e inmersa en el glicocalix,
reprime de manera diferencial otros cuatro genes (Bat B-C-D-E). En esta estructura,
P. gingivalis podria encontrarse protegido contra los oxidantes del ambiente, lo que
podria explicar la represion de la transcripcion de estos genes de aerotolerancia en
comparacion con el estado planctonico. Dado que en todos los estudios se trabajé en
condiciones de anaerobiosis, los resultados que indican un aumento en el nimero de genes
de aerotolerancia reprimidos, no serian unicamente debidos a la adaptacion al nuevo

ambiente, sino también como consecuencia de cambios en otras vias de regulacion génica.
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2.4. Quorum sensing

Aunque se podria esperar un aumento de los genes de quorum sensing en la
condicion planctonica en presencia de biofilm por las sefiales quimicas que ahora estarian
afectandola, no se puede apreciar una variacion en estos genes. A pesar de esto, el gen
sobreexpresado PG_2094, aunque catalogado como proteina hipotética, presenta cierta
identidad compartida con la proteina SDJ2, gen codificante de un factor de transcripcion

de la familia luxR, principal factor responsable del quorum sensing (Fuqua et al., 1994).

Sin embargo, en el biofilm multiespecie, se puede observar un aumento de la
expresion del gen PGN_1827 (MetK) que codifica para S-adenosil-metionina sintetasa,
responsable de la sintesis de un importante precursor de la principal molécula
sefializadora del quorum sensing, autoinductor-2 (Al-2) (Miller et al., 2001, Parveen et
al., 2011). Esto reflejaria que la regulacion para adaptarse a otras formas de crecimiento
no seria Gnicamente por un aumento en la capacidad de recepcion por parte de las células
planctonicas, sino también por el incremento de la sintesis de sefializadores por parte del

biofilm.

2.5. Transporte

Porphyromonas gingivalis mostré niveles de expresion reducidos en catorce
genes de proteinas transportadoras dentro de una comunidad multiespecie, cinco de estos
(PG_0646, PG_0647, PG_0648, PGN_0685, PGN_0686) son transportadores ABC de
hierro. Este nivel reducido de expresion puede indicar que los microorganismos como
P. gingivalis en condiciones de biofilm, tienen una actividad metabdlica limitada pero
mas especifica, o que, al extraer nutrientes de los tejidos como se describid en apartados

anteriores, el acceso a medios abundantes en hierro, como puede ser la sangre, no haga
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tan necesarios los transportadores relacionados con este elemento y de hecho requieran la
subexpresion de algunos, para evitar una cantidad exacerbada de estos compuestos que

pueden ser oxidantes.

2.6. Transposones y Sistema CRISPR

En las condiciones monoespecie, ya sea en la comparacion de las dos situaciones
planctonicas o en la comparacion con el biofilm, se puede observar una sobreexpresion
de dos de los genes codificantes para transposones. Cuando P. gingivalis forma parte de
un biofilm multiespecie, la relacion competitiva/colaborativa que se establece y la
presencia de material genético de otras especies, que favorece la transferencia horizontal
y su adaptacion, produce un notable aumento en el nimero de genes con expresion
diferencial y especialmente en los que incrementan su expresion génica. Ademas, se ha
descrito que la transposicion esta causada por estrés celular (Zhang et al., 2011, Wheeler,
2013, Arnault et al., 1994), por lo que este aumento en los genes sobreexpresados nos
indica que la adaptacion a condiciones de biofilm multiespecie estaria generando mas

estrés que en monoespecie (Tribble et al., 2013, Hendrickson et al., 2009).

Este hecho también puede ser observado en el sistema CRISPR, ya que en
condiciones monoespecie, 0 bien no encontramos diferencias de expresion (planctonico
en presencia de biofilm) o aparecen reprimidos (biofilm monoespecie), mientras que su
expresion se iria incrementando en entornos multiespecie. Esto parece indicar que estos
genes de adaptacion y proteccion contra elementos genéticos mdviles (plasmidos y
transposones) de microorganismos circundantes (Barrangou et al., 2007, Marraffini et al.,
2008, Garneau et al., 2010), van a sobreexpresarse cuando P. gingivalis se tenga que

adaptar a un entorno con especies competidoras (biofilm multiespecie).
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2.7. Fimbrias

A medida que aumenta la complejidad del fenotipo, aumenta también ligeramente
el numero de genes reprimidos que codifican para fimbrias. Esto podria parecer poco
intuitivo, ya que han sido reconocidas como un importante factor de virulencia, en la
adhesion celular y capacidad para invadir los tejidos periodontales (Yoshimura et al.,
2009, Weinberg et al., 1997, Malek et al., 1994). Sin embargo, se ha descrito como estos
genes sélo serian necesarios para las primeras fases de formacion y adhesion de las
fimbrias y no para el mantenimiento de éstas (Whiteley et al., 2001, Yamamoto et al.,
2011). Ademés, otros autores demostraron que estos genes que codifican para
componentes menores [PGN_0181, PGN_0183 (FimC), PGN_0184 (FimD)] no eran
necesarios para la integridad estructural y funcional de las fimbrias (Minion et al., 1986,
Krogfelt et al., 1988, Klemm et al., 1987, Nagano et al., 2012, Nishiyama et al., 2007).
Este aumento en el nimero de genes reprimidos en P. gingivalis dentro de un biofilm
multiespecie podria estar causado precisamente porgue la bacteria ya estaria incluida de
manera estable dentro de los biofilms y podria reducir los recursos dedicados a la

produccidn de estos genes.

2.8. Ribosomas/RNA, Transcripcion y Traduccion

En general, a medida que avanza la complejidad del fenotipo de la bacteria, el
namero de genes ribosomicos sobreexpresados o reprimidos aumenta. Este aumento
indica una regulacion de la transcripcion y la traduccidn cuando P. gingivalis se encuentra
dentro del biofilm tanto monoespecie como multiespecie, llevada a cabo por PGN_0970
(Putative RNA polymerase sigma-70 factor ECF subfamily), PGN_0319 (Probable RNA
polymerase sigma-70 factor ECF subfamily) y PG_1260 (Anaerobic ribonucleoside

triphosphate reductase) comunes en ambas condicones experimentales. La sintesis y
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mantenimiento de ribosomas supone un gasto energético elevado, por lo que su
regulacién debe estar muy controlada y podria explicar que en ninguna de las condiciones

veamos una clara deriva hacia la sobreexpresion o subexpresion (Moon et al., 2014).

2.9. Metabolismo

Al encontrarse dentro de un biofilm multiespecie, P. gingivalis subexpresa mayor
numero de genes de los que sobreexpresa en su metabolismo, comparado con su
condicion planctonica. Estos cambios no se aprecian en la condicion de biofilm
monoespecie, por lo que estas variaciones en la transcripcion pueden atribuirse a la
presencia de diferentes especies bacterianas. Por el mecanismo del cometabolismo la
existencia de las otras especies supondria quiza que P. gingivalis pueda disponer de
sustratos y nutrientes de mas facil asimilacion que le puedan permitir no tener todas las

funciones activas y entrar en “modo de ahorro de energia”.

Esto tiene implicaciones en la duplicacion bacteriana, como podemos observar en
la expresion disminuida de los genes de replicacion del ADN (xseA, tmk, recJ, PG_1038,
PG_0174,PGN_1992, PGN_1314, PGN_1225) y el aumento de la expresién de los genes
de proteinas de union al ADN (PGN_1415, hup-2, PG_2040, PG_0555, PGN_1986,
PGN_1393). Estos resultados parecerian indicar que, en esta situacién de biofilm
multiespecie, por una parte habria menor replicacion y metabolismo y por otra, que los
genes que si se expresen se emplearian en la secrecion de fragmentos de ADN, como

parte de los mecanismos de intercambio genético.

Nuestros resultados en cuanto a los niveles de expresion génica, coinciden con los
mostrados por otros autores a nivel protedmico (Mohammed, 2018), en donde P.

gingivalis ve reducida la expresion de muchas de sus proteinas implicadas en
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metabolismo de lipidos o acidos nucleicos al comparar su crecimiento planctonico,

biofilm monoespecie o en biofilm dual, acompafado por F. nucleatum.

2.10. Genes de funcion desconocida

En todos los casos en los que se ha comparado un estado plancténico con uno de
biofilm el grupo méas numeroso con cambios transcriptomicos ha sido el de las proteinas
hipotéticas, de las que se desconoce su funcion. Esto pone de manifiesto que todavia hay
un gran numero de genes sin identificar y que parecerian tener un papel relevante en el
desarrollo del biofilm y en los factores de virulencia de P. gingivalis. La identificacion y
cuantificacion de estos genes pueden proporcionar candidatos potenciales que podrian ser

objetivo para el control de la inclusion o el crecimiento de P. gingivalis en un biofilm.
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3. VENTAJAS Y LIMITACIONES DEL MODELO

Hay, sin embargo, algunas limitaciones asociadas a este estudio, ya que al utilizar
un modelo estatico no puede simular las condiciones de flujo a las que estan sometidas
las bacterias en la cavidad oral (flujo salival y crevicular), que pueden condicionar las
propiedades estructurales y fisiologicas de los biofilms y modificar su expresion génica

(Vaughan et al., 2010, Drescher et al., 2011).

Ademas, trabajar con muestras orales de pacientes, o de entrada con un gran
nimero de especies bacterianas in vitro es complicado, por lo que este estudio se ha
llevado a cabo sobre la base de un analisis comparativo de la expresion génica de
P. gingivalis en condiciones planctonicas o de biofilm monoespecie (Sanchez et al., 2019,
Romero-Lastra et al., 2017). Para posteriormente emplearse un modelo in vitro de
consorcio multiespecie (Romero-Lastra et al., 2019), incorporando a las bacterias de
P. gingivalis, otras cinco especies diferentes implicadas en el desarrollo del biofilm

subgingival en las enfermedades periodontales, para estudiar su expresion génica global.

El biofilm multiespecie utilizado incluye representantes de los diferentes
complejos de la placa subgingival y es un modelo de uso en el laboratorio donde se
estandarizan tratamientos, implantes, materiales, etc., por lo que constituye una excelente
plataforma para analizar la posible influencia en la expresion génica de P. gingivalis de
las especies acomparfiantes en el biofilm. En este modelo de biofilm de seis especies hemos
encontrado ya un numero importante de diferencias en la expresion génica, por lo que
cabria esperar que hubiera diferencias ain mayores si se aumentara el nimero de especies

cohabitantes.
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En la literatura cientifica hay muy pocos estudios que aborden los perfiles de
expresion de patogenos periodontales en biofilms multiespecie (Park et al., 2014, Redanz
etal., 2011), por lo que nuestra comprension de los procesos regulatorios e interacciones,
que permiten a P. gingivalis crecer dentro de estas estructuras y desarrollar su virulencia

todavia es limitada.

4. LINEAS FUTURAS

Actualmente nos encontramos en los primeros pasos para comprender el
funcionamiento de estas comunidades, por tanto, el conocimiento de la expresion de los
genes identificados y la investigacion con genes de los que ain se desconoce su funcion
(que codifican para proteinas hipotéticas), nos permitird comprender mejor el proceso

regulatorio que acontece en la compleja y diversa comunidad microbiana oral.

La aplicacion de nuevas tecnologias para el estudio genético, junto con métodos
para la integracion de grandes conjuntos de datos de expresién génica a nivel de la
comunidad microbiana, tanto en condiciones simbidticas como disbi6ticas y su
importancia funcional, permitira una vision global y holistica de la etiologia multifactorial
de las enfermedades periodontales. Combinando la contribucién no so6lo de las

poblaciones microbianas, sino también del hospedador y el ambiente.

La comprension de los factores y el proceso que se requiere para mantener los
estados simbidticos y disbidticos, asi como los factores estresantes que conducen de un
estado a otro, podria constituir una potente herramienta para entender mejor la formacién
del biofilm, desarrollar estrategias para poder desorganizarlo y que sea mas susceptible
de ser atacado, pudiendo prevenir, en cierto modo, el desarrollo de enfermedades

periodontales.
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Conclusiones

CONCLUSION GENERAL

El perfil de expresion génica global de P. gingivalis ATCC 33277 se ve afectado
por el estado fenotipico en el que se encuentre, planctonico puro, planctonico en presencia
de biofilm o biofilm monoespecie 0 multiespecie. La complejidad del fenotipo adoptado
por la bacteria P. gingivalis ATCC 33277 incrementa el nimero de genes con expresion

diferencial en su transcriptoma.

CONCLUSIONES ESPECIFICAS

1. En la comparacion de dos condiciones planctonicas similares (planctonica pura o
planctonica en presencia de un biofilm monoespecie), Porphyromonas gingivalis

ATCC 33277 expresa de manera diferencial el 1,5% de sus genes (28/1909).

2. Porphyromonas gingivalis ATCC 33277 en sus dos fenotipos de crecimiento
monoespecie (plancténico y biofilm) expresa de manera diferencial el 4,8% de sus genes

(92/1909).

3. Porphyromonas gingivalis ATCC 33277 en presencia de otras cinco especies
bacterianas  (S. oralis, A. naeslundii, V. parvula, F. nucleatum vy
A. actinomycetemcomitans) formando un biofilm multiespecie, expresa de manera

diferencial el 19,1% de sus genes (365/1909) en comparacion con el fenotipo plancténico.

Por tanto, los estudios in vitro de los cambios de estado bacterianos entre planctonico y
biofilm, asi como las interacciones que pueden ocurrir entre las distintas especies, son

necesarios para obtener resultados mas completos de los diferentes grupos funcionales.

149






CAPITULO IX
BIBLIOGRAFIA







Bibliogratia

AAS, J. A, PASTER, B. J., STOKES, L. N., OLSEN, I. & DEWHIRST, F. E. 2005.
Defining the normal bacterial flora of the oral cavity. Journal of clinical
microbiology, 43, 5721-32.

ALLAKER, R. P. 2010. The use of nanoparticles to control oral biofilm formation.
Journal of dental research, 89, 1175-86.

AMANDO, A., NAKAGAWA, |., KATAOKA, K., MORISAKI, I. & HAMADA, S. 1999.
Distribution of Porphyromonas gingivalis strains with fimA genotypes in
periodontitis patients. Journal of clinical microbiology, 37, 1426-1430.

AMANDO, A., NAKAGAWA, |., OKAHASHI, N. & HAMADA, N. 2004. Variations of
Porphyromonas gingivalis fimbriae in relation to microbial pathogenesis. Journal
of periodontal research, 39, 136-42.

ANDRUKHOQV, O., STEINER, I., LIU, S.,, BANTLEON, H. P., MORITZ, A. &
RAUSCH-FAN, X. 2015. Different effects of Porphyromonas gingivalis
lipopolysaccharide and TLR2 agonist Pam3CSK4 on the adhesion molecules
expression in endothelial cells. Odontology, 103, 19-26.

ARNAULT, C. & DUFOURNEL, I. 1994. Genome and stresses: reactions against
aggressions, behavior of transposable elements. Genetica, 93, 149-60.

BAO, K., BELIBASAKIS, G. N., THURNHEER, T., ADUSE-OPOKU, J., CURTIS, M.
A. & BOSTANCI, N. 2014. Role of Porphyromonas gingivalis gingipains in
multi-species biofilm formation. BMC microbiology, 14, 258.

BARRANGOU, R., FREMAUX, C., DEVEAU, H., RICHARDS, M., BOYAVAL, P.,
MOINEAU, S., ROMERO, D. A. & HORVATH, P. 2007. CRISPR provides
acquired resistance against viruses in prokaryotes. Science, 315, 1709-12.

BECK, J. D., SLADE, G. & OFFENBACHER, S. 2000. Oral disease, cardiovascular
disease and systemic inflammation. Periodontology 2000, 23, 110-20.

BELOIN, C., VALLE, J., LATOUR-LAMBERT, P., FAURE, P., KZREMINSKI, M.,
BALESTRINO, D., HAAGENSEN, J. A., MOLIN, S., PRENSIER, G.,
ARBEILLE, B. & GHIGO, J. M. 2004. Global impact of mature biofilm lifestyle
on Escherichia coli K-12 gene expression. Molecular microbiology, 51, 659-74.

BOONE, D. R., CASTENHOLZ, R. W. & GARRITY, G. M. 2001. Bergey's manual of
systematic bacteriology, New York, Springer.

BOSTANCI, N. & BELIBASAKIS, G. N. 2012. Porphyromonas gingivalis: an invasive

and evasive opportunistic oral pathogen. FEMS microbiology letters, 333, 1-9.

153



Bibliografia

BRANDA, S. S., VIK, S., FRIEDMAN, L. & KOLTER, R. 2005. Biofilms: the matrix
revisited. Trends in microbiology, 13, 20-6.

BURGESS, N. A, KIRKE, D. F., WILLIAMS, P., WINZER, K., HARDIE, K. R,
MEYERS, N. L., ADUSE-OPOKU, J., CURTIS, M. A. & CAMARA, M. 2002.
LuxS-dependent quorum sensing in Porphyromonas gingivalis modulates
protease and haemagglutinin activities but is not essential for virulence.
Microbiology, 148, 763-72.

CAMELO-CASTILLO, A. J., MIRA, A., PICO, A, NIBALI, L., HENDERSON, B.,
DONOS, N. & TOMAS, I. 2015. Subgingival microbiota in health compared to
periodontitis and the influence of smoking. Frontiers in microbiology, 6, 119-119.

CAMPBELL, J., LIN, Q., GESKE, G. D. & BLACKWELL, H. E. 2009. New and
unexpected insights into the modulation of LuxR-type quorum sensing by cyclic
dipeptides. ACS chemical biology, 4, 1051-9.

CAPESTANY, C. A,, TRIBBLE, G. D., MAEDA, K., DEMUTH, D. R. & LAMONT,
R. J. 2008. Role of the Clp system in stress tolerance, biofilm formation, and
intracellular invasion in Porphyromonas gingivalis. Journal of bacteriology, 190,
1436-46.

CARASOL, M., LLODRA, J. C., FERNANDEZ-MESEGUER, A., BRAVO, M.,
GARCIA-MARGALLO, M. T., CALVO-BONACHO, E., SANZ, M. &
HERRERA, D. 2016. Periodontal conditions among employed adults in Spain.
Journal of clinical periodontology, 43, 548-56.

CATON, J. G., ARMITAGE, G., BERGLUNDH, T., CHAPPLE, I. L. C., JEPSEN, S.,
KORNMAN, K. S., MEALEY, B. L., PAPAPANOU, P. N., SANZ, M. &
TONETTI, M. S. 2018. A new classification scheme for periodontal and peri-
implant diseases and conditions — Introduction and key changes from the 1999
classification. Journal of Periodontology, 89, S1-S8.

COMOLLI, L. R. 2014. Intra- and inter-species interactions in microbial communities.
Frontiers in Microbiology, 5, 629.

COSTERTON, J. W. 2001. Cystic fibrosis pathogenesis and the role of biofilms in
persistent infection. Trends in microbiology, 9, 50-2.

COSTERTON, J. W., LEWANDOWSKI, Z., CALDWELL, D. E., KORBER, D. R. &
LAPPIN-SCOTT, H. M. 1995. Microbial biofilms. Annual review of
microbiology, 49, 711-45.

154



Bibliogratia

COSTERTON, J. W., LEWANDOWSKI, Z., DEBEER, D., CALDWELL, D.,
KORBER, D. & JAMES, G. 1994. Biofilms, the customized microniche. Journal
of bacteriology, 176, 2137-42.

COSTERTON, J. W., STEWART, P. S. & GREENBERG, E. P. 1999. Bacterial biofilms:
a common cause of persistent infections. Science, 284, 1318-22.

CURTIS, M. A., KURAMITSU, H. K., LANTZ, M., MACRINA, F. L., NAKAYAMA,
K., POTEMPA, J., REYNOLDS, E. C. & ADUSE-OPOKU, J. 1999. Molecular
genetics and nomenclature of proteases of Porphyromonas gingivalis. Journal of
periodontal research, 34, 464-72.

CURTIS, M. A., SLANEY, J. M. & ADUSE-OPOKU, J. 2005. Critical pathways in
microbial virulence. Journal of clinical periodontology, 32 Suppl 6, 28-38.
CHAPPLE, I. L. C.,, MEALEY, B. L., VAN DYKE, T. E.,, BARTOLD, P. M,
DOMMISCH, H., EICKHOLZ, P., GEISINGER, M. L., GENCO, R. J,
GLOGAUER, M., GOLDSTEIN, M., GRIFFIN, T. J., HOLMSTRUP, P.,
JOHNSON, G. K., KAPILA, Y., LANG, N. P., MEYLE, J.,, MURAKAMI, S.,
PLEMONS, J., ROMITO, G. A., SHAPIRA, L., TATAKIS, D. N., TEUGHELS,
W., TROMBELLI, L., WALTER, C., WIMMER, G., XENOUDI, P. & YOSHIE,
H. 2018. Periodontal health and gingival diseases and conditions on an intact and
a reduced periodontium: Consensus report of workgroup 1 of the 2017 World
Workshop on the Classification of Periodontal and Peri-Implant Diseases and

Conditions. Journal of Clinical Periodontology, 45, S68-S77.

CHASTAIN-GROSS, R. P., XIE, G., BELANGER, M., KUMAR, D., WHITLOCK, J.
A., LIU, L., FARMERIE, W. G, DALIGAULT, H. E., HAN, C. S., BRETTIN,
T. S. & PROGULSKE-FOX, A. 2015. Genome Sequence of Porphyromonas
gingivalis Strain A7436. Genome announcements, 3, €00927-15.

CHASTAIN-GROSS, R. P., XIE, G., BELANGER, M., KUMAR, D., WHITLOCK, J.
A., LIU, L., RAINES, S. M., FARMERIE, W. G., DALIGAULT, H. E., HAN, C.
S., BRETTIN, T. S. & PROGULSKE-FOX, A. 2017. Genome Sequence of
Porphyromonas gingivalis Strain 381. Genome announcements, 5, e01467-16.

CHEN, T., SIDDIQUI, H. & OLSEN, I. 2017. In silico Comparison of 19
Porphyromonas gingivalis Strains in Genomics, Phylogenetics, Phylogenomics
and Functional Genomics. Frontiers in cellular and infection microbiology, 7, 28-
28.

155



Bibliografia

CHURCHILL, G. A. 2002. Fundamentals of experimental design for cDNA microarrays.
Nature genetics, 32 Suppl, 490-5.

DARVEAU, R. P., HAJISHENGALLIS, G. & CURTIS, M. A. 2012. Porphyromonas
gingivalis as a potential community activist for disease. Journal of dental
research, 91, 816-820.

DE BEER, D., STOODLEY, P., ROE, F. & LEWANDOWSKI, Z. 1994. Effects of
biofilm structures on oxygen distribution and mass transport. Biotechnology and
bioengineering, 43, 1131-8.

DEWHIRST, F. E., CHEN, T., IZARD, J., PASTER, B. J., TANNER, A. C., YU, W. H.,
LAKSHMANAN, A. & WADE, W. G. 2010. The human oral microbiome.
Journal of bacteriology, 192, 5002-17.

DIAZ, P. I, CHALMERS, N. I, RICKARD, A. H., KONG, C., MILBURN, C. L.,
PALMER, R. J, JR. & KOLENBRANDER, P. E. 2006. Molecular
characterization of subject-specific oral microflora during initial colonization of
enamel. Applied and environmental microbiology, 72, 2837-48.

DONLAN, R. M. 2002. Biofilms: microbial life on surfaces. Emerging infectious
diseases, 8, 881-90.

DONLAN, R. M. & COSTERTON, J. W. 2002. Biofilms: survival mechanisms of
clinically relevant microorganisms. Clinical microbiology reviews, 15, 167-93.

DRESCHER, K., DUNKEL, J., CISNEROS, L. H., GANGULY, S. & GOLDSTEIN, R.
E. 2011. Fluid dynamics and noise in bacterial cell-cell and cell-surface scattering.
Proceedings of the National Academy of Sciences of the United States of America,
108, 10940-10945.

DUSEK, D. M., PROGULSKE-FOX, A. & BROWN, T. A. 1994. Systemic and mucosal
immune responses in mice orally immunized with avirulent Salmonella
typhimurium expressing a cloned Porphyromonas gingivalis hemagglutinin.
Infection and immunity, 62, 1652-1657.

EZZO, P.J. & CUTLER, C. W. 2003. Microorganisms as risk indicators for periodontal
disease. Periodontology 2000, 32, 24-35.

FENG, G., CHENG, Y., WANG, S.-Y., BORCA-TASCIUC, D. A., WOROBO, R. W.
& MORARU, C. I. 2015. Bacterial attachment and biofilm formation on surfaces
are reduced by small-diameter nanoscale pores: how small is small enough? Npj
Biofilms And Microbiomes, 1, 15022.

156



Bibliogratia

FENG, Z. & WEINBERG, A. 2006. Role of bacteria in health and disease of periodontal
tissues. Periodontology 2000, 40, 50-76.

FIGUERO, E., SANCHEZ-BELTRAN, M., CUESTA-FRECHOSO, S., TEJERINA, J.
M., DEL CASTRO, J. A., GUTIERREZ, J. M., HERRERA, D. & SANZ, M.
2011. Detection of periodontal bacteria in atheromatous plaque by nested
polymerase chain reaction. Journal of periodontology, 82, 1469-77.

FILOCHE, S., WONG, L. & SISSONS, C. H. 2010. Oral biofilms: emerging concepts in
microbial ecology. Journal of dental research, 89, 8-18.

FINE, D. H., FURGANG, D. & BARNETT, M. L. 2001. Comparative antimicrobial
activities of antiseptic mouthrinses against isogenic planktonic and biofilm forms
of Actinobacillus actinomycetemcomitans. Journal of clinical periodontology, 28,
697-700.

FLEMMING, H. C. & WINGENDER, J. 2010. The biofilm matrix. Nature reviews.
Microbiology, 8, 623-33.

FRAZER, L. T., O'BRIEN-SIMPSON, N. M., SLAKESKI, N., WALSH, K. A., VEITH,
P.D., CHEN, C. G., BARR, I. G. & REYNOLDS, E. C. 2006. Vaccination with
recombinant adhesins from the RgpA-Kgp proteinase-adhesin complex protects
against Porphyromonas gingivalis infection. Vaccine, 24, 6542-54.

FRIAS-LOPEZ, J. & DURAN-PINEDO, A. 2012. Effect of periodontal pathogens on the
metatranscriptome of a healthy multispecies biofilm model. Journal of
bacteriology, 194, 2082-95.

FUIJISE, O., MIURA, M., HAMACHI, T. & MAEDA, K. 2005. Involvement of
Porphyromonas gingivalis fimA genotype in treatment outcome following non-
surgical periodontal therapy. Journal of periodontology, 76, 1661-6.

FUQUA, W. C., WINANS, S. C. & GREENBERG, E. P. 1994. Quorum sensing in
bacteria: the LuxR-Luxl family of cell density-responsive transcriptional
regulators. Journal of bacteriology, 176, 269-75.

GARNEAU, J. E., DUPUIS, M. E., VILLION, M., ROMERO, D. A., BARRANGOU,
R., BOYAVAL, P., FREMAUX, C., HORVATH, P., MAGADAN, A. H. &
MOINEAU, S. 2010. The CRISPR/Cas bacterial immune system cleaves
bacteriophage and plasmid DNA. Nature, 468, 67-71.

GARRETT, T. R., BHAKOO, M. & ZHANG, Z. 2008. Bacterial adhesion and biofilms

on surfaces. Progress in Natural Science, 18, 1049-1056.

157



Bibliografia

GOHLER, A., HETZER, A., HOLTFRETER, B., GEISEL, M. H., SCHMIDT, C. O,
STEINMETZ, I. & KOCHER, T. 2014. Quantitative molecular detection of
putative periodontal pathogens in clinically healthy and periodontally diseased
subjects. PLoS One, 9, €99244.

GRENIER, D., IMBEAULT, S., PLAMONDON, P., GRENIER, G., NAKAYAMA, K.
& MAYRAND, D. 2001. Role of gingipains in growth of Porphyromonas
gingivalis in the presence of human serum albumin. Infection and immunity, 69,
5166-72.

GRISTINA, A. G. 1987. Biomaterial-centered infection: microbial adhesion versus tissue
integration. Science, 237, 1588-95.

HAFFAJEE, A. D. & SOCRANSKY, S. S. 1994. Microbial etiological agents of
destructive periodontal diseases. Periodontology 2000, 5, 78-111.

HAJISHENGALLIS, G. 2014. Immunomicrobial pathogenesis of periodontitis:
keystones, pathobionts, and host response. Trends in immunology, 35, 3-11.

HAJISHENGALLIS, G., DARVEAU, R. P. & CURTIS, M. A. 2012a. The keystone-
pathogen hypothesis. Nature reviews. Microbiology, 10, 717-25.

HAJISHENGALLIS, G. & LAMONT, R. J. 2012b. Beyond the red complex and into
more complexity: the polymicrobial synergy and dysbiosis (PSD) model of
periodontal disease etiology. Molecular oral microbiology, 27, 409-419.

HALL-STOODLEY, L., COSTERTON, J. W. & STOODLEY, P. 2004. Bacterial
biofilms: from the natural environment to infectious diseases. Nature reviews.
Microbiology, 2, 95-108.

HAMILTON, W. 1987. Ecology of microbial communities. Biofilms: microbial
interactions and metabolic activities, 41, 361-387.

HENDRICKSON, E. L., XIA, Q., WANG, T., LAMONT, R. J. & HACKETT, M. 2009.
Pathway analysis for intracellular Porphyromonas gingivalis using a strain ATCC
33277 specific database. BMC microbiology, 9, 185.

HOLT, S. C. & EBERSOLE, J. L. 2005. Porphyromonas gingivalis, Treponema
denticola, and Tannerella forsythia: the "red complex", a prototype polybacterial
pathogenic consortium in periodontitis. Periodontology 2000, 38, 72-122.

HOLT, S. C., KESAVALU, L., WALKER, S. & GENCO, C. A. 1999. Virulence factors
of Porphyromonas gingivalis. Periodontology 2000, 20, 168-238.

HOSOGI, Y. & DUNCAN, M. J. 2005. Gene expression in Porphyromonas gingivalis

after contact with human epithelial cells. Infection and immunity, 73, 2327-35.

158



Bibliogratia

HOVIK, H., YU, W. H., OLSEN, I. & CHEN, T. 2012. Comprehensive transcriptome
analysis of the periodontopathogenic bacterium Porphyromonas gingivalis W83.
Journal of bacteriology, 194, 100-14.

HOW, K. Y., SONG, K. P. & CHAN, K. G. 2016. Porphyromonas gingivalis: An
Overview of Periodontopathic Pathogen below the Gum Line. Frontiers in
microbiology, 7, 53-53.

HUANG, R., LI, M. & GREGORY, R. L. 2011. Bacterial interactions in dental biofilm.
Virulence, 2, 435-44.

INAGAKI, S., ONISHI, S., KURAMITSU, H. K. & SHARMA, A. 2006.
Porphyromonas gingivalis vesicles enhance attachment, and the leucine-rich
repeat BspA protein is required for invasion of epithelial cells by "Tannerella
forsythia”. Infection and immunity, 74, 5023-8.

ISMAIL, S., HAMPTON, M. B. & KEENAN, J. I. 2003. Helicobacter pylori outer
membrane vesicles modulate proliferation and interleukin-8 production by gastric
epithelial cells. Infection and immunity, 71, 5670-5.

JAMES, C. E., HASEGAWA, Y., PARK, Y., YEUNG, V., TRIBBLE, G. D,
KUBONIWA, M., DEMUTH, D. R. & LAMONT, R. J. 2006. LuxS involvement
in the regulation of genes coding for hemin and iron acquisition systems in
Porphyromonas gingivalis. Infection and immunity, 74, 3834-44.

JENKINSON, H. F. & LAMONT, R. J. 2005. Oral microbial communities in sickness
and in health. Trends in microbiology, 13, 589-95.

KADOWAKI, T., NAKAYAMA, K., OKAMOTO, K., ABE, N., BABA, A, SHI, Y.,
RATNAYAKE, D. B. & YAMAMOTO, K. 2000. Porphyromonas gingivalis
proteinases as virulence determinants in progression of periodontal diseases.
Journal of biochemistry, 128, 153-9.

KAMAGUCHI, A., NAKAYAMA, K. ICHIYAMA, S., NAKAMURA, R,
WATANABE, T., OHTA, M., BABA, H. & OHYAMA, T. 2003. Effect of
Porphyromonas gingivalis vesicles on coaggregation of Staphylococcus aureus to
oral microorganisms. Current microbiology, 47, 485-91.

KASSEBAUM, N. J.,, BERNABE, E., DAHIYA, M., BHANDARI, B., MURRAY, C. J.
& MARCENES, W. 2014. Global Burden of Severe Tooth Loss: A Systematic
Review and Meta-analysis. Journal of dental research, 93, 20s-28s.

KHARAZMI, A., GIWERCMAN, B. & H@IBY, N. 1999. Robbins device in biofilm

research. Methods in Enzymology. Academic Press.

159



Bibliografia

KIYAMA-KISHIKAWA, M., HIRATSUKA, K. & ABIKO, Y. 2005. Gene expression
profiling and characterization under hemin limitation in Porphyromonas
gingivalis. J Oral Sci, 47, 191-7.

KLEMM, P. & CHRISTIANSEN, G. 1987. Three fim genes required for the regulation
of length and mediation of adhesion of Escherichia coli type 1 fimbriae.
Molecular general genetics 208, 439-45.

KLIEVE, A. V., YOKOYAMA, M. T., FORSTER, R. J., OUWERKERK, D., BAIN, P.
A. & MAWHINNEY, E. L. 2005. Naturally occurring DNA transfer system
associated with membrane vesicles in cellulolytic Ruminococcus spp. of ruminal
origin. Applied and environmental microbiology, 71, 4248-4253.

KOLENBRANDER, P. E., ANDERSEN, R. N., BLEHERT, D. S., EGLAND, P. G,
FOSTER, J. S. & PALMER, R. J., JR. 2002. Communication among oral bacteria.
Microbiology and molecular biology reviews, 66, 486-505, table of contents.

KOLENBRANDER, P. E., ANDERSEN, R. N. & MOORE, L. V. 1990. Intrageneric
coaggregation among strains of human oral bacteria: potential role in primary
colonization of the tooth surface. Applied and environmental microbiology, 56,
3890-4.

KOLENBRANDER, P. E. & LONDON, J. 1993. Adhere today, here tomorrow: oral
bacterial adherence. Journal of Bacteriology, 175, 3247-3252.

KOLENBRANDER, P. E., PALMER, R. J., JR., RICKARD, A. H., JAKUBOVICS, N.
S., CHALMERS, N. I. & DIAZ, P. I. 2006. Bacterial interactions and successions
during plaque development. Periodontology 2000, 42, 47-79.

KROGFELT, K. A. & KLEMM, P. 1988. Investigation of minor components of
Escherichia coli type 1 fimbriae: protein chemical and immunological aspects.
Microbial pathogenesis, 4, 231-8.

KUBONIWA, M., HOUSER, J. R., HENDRICKSON, E. L., WANG, Q., ALGHAMDI,
S. A. & SAKANAKA, A. 2017. Metabolic crosstalk regulates Porphyromonas
gingivalis colonization and virulence during oral polymicrobial infection. Nature
microbiology, 2, 1493-1499.

KUBONIWA, M. & LAMONT, R. J. 2010. Subgingival biofilm formation. Periodontol
2000, 52, 38-52.

KUEHN, M. J. & KESTY, N. C. 2005. Bacterial outer membrane vesicles and the host-
pathogen interaction. Genes & development, 19, 2645-55.

160



Bibliogratia

LAINE, M. L. & VAN WINKELHOFF, A. J. 1998. Virulence of six capsular serotypes
of Porphyromonas gingivalis in a mouse model. Oral microbiology and
immunology, 13, 322-5.

LAMONT, R. J. & JENKINSON, H. F. 1998. Life below the gum line: pathogenic
mechanisms of Porphyromonas gingivalis. Microbiology and molecular biology
reviews, 62, 1244-63.

LAMONT, R. J. & JENKINSON, H. F. 2000. Subgingival colonization by
Porphyromonas gingivalis. Oral microbiology and immunology, 15, 341-9.

LAWRENCE, J. G. & HENDRICKSON, H. 2003. Lateral gene transfer: when will
adolescence end? Molecular Microbiology, 50, 739-749.

LEON, R., SILVA, N., OVALLE, A., CHAPARRO, A., AHUMADA, A., GAJARDO,
M., MARTINEZ, M. & GAMONAL, J. 2007. Detection of Porphyromonas
gingivalis in the amniotic fluid in pregnant women with a diagnosis of threatened
premature labor. Journal of periodontology, 78, 1249-55.

LEWIS, J. P.,, IYER, D. & ANAYA-BERGMAN, C. 2009. Adaptation of
Porphyromonas gingivalis to microaerophilic conditions involves increased
consumption of formate and reduced utilization of lactate. Microbiology, 155,
3758-74.

LEWIS, K. 2001. Riddle of biofilm resistance. Antimicrobial agents and chemotherapy,
45, 999-1007.

LIU, D., XU, J.,, WANG, Y., CHEN, Y., SHEN, X., NIU, H., GUO, T. & YING, H. 2016.
Comparative transcriptomic analysis of Clostridium acetobutylicum biofilm and
planktonic cells. Journal of biotechnology, 218, 1-12.

LO, A. W., SEERS, C. A, BOYCE, J. D., DASHPER, S. G., SLAKESKI, N., LISSEL,
J. P. & REYNOLDS, E. C. 2009. Comparative transcriptomic analysis of
Porphyromonas gingivalis biofilm and planktonic cells. BMC microbiology, 9,
18.

LOE, H., ANERUD, A., BOYSEN, H. & SMITH, M. 1978. The natural history of
periodontal disease in man. The rate of periodontal destruction before 40 years of
age. Journal of periodontology, 49, 607-20.

LOE, H., THEILADE, E. & JENSEN, S. B. 1965. Experimental gingivitis in man.
Journal of periodontology, 36, 177-87.

LOESCHE, W. J. 1976. Chemotherapy of dental plaque infections. Oral sciences
reviews, 9, 65-107.

161



Bibliografia

LLODRA CALVO, J. C., BRAVO PEREZ, M. & CORTES MARTINICORENA, F. J.
2002. Encuesta de Salud Oral en Espaiia (2000). RCOE, 7, 19-63.

MADIANOS, P. N., BOBETSIS, Y. A. & OFFENBACHER, S. 2013. Adverse
pregnancy outcomes (APOs) and periodontal disease: pathogenic mechanisms.
Journal of periodontology, 84, S170-80.

MALEK, R., FISHER, J. G., CALECA, A., STINSON, M., VAN OSS, C.J,, LEE, J. Y.,
CHO, M. I.,, GENCO, R. J.,, EVANS, R. T. & DYER, D. W. 1994. Inactivation of
the Porphyromonas gingivalis fimA gene blocks periodontal damage in
gnotobiotic rats. Journal of bacteriology, 176, 1052-9.

MAOQ, S., PARK, Y., HASEGAWA, Y., TRIBBLE, G.D., JAMES, C. E., HANDFIELD,
M., STAVROPOULOS, M. F., YILMAZ, O. & LAMONT, R. J. 2007. Intrinsic
apoptotic pathways of gingival epithelial cells modulated by Porphyromonas
gingivalis. Cellular microbiology, 9, 1997-2007.

MARRAFFINI, L. A. & SONTHEIMER, E. J. 2008. CRISPR interference limits
horizontal gene transfer in staphylococci by targeting DNA. Science, 322, 1843-
5.

MARSH, P. D. 1994. Microbial ecology of dental plaque and its significance in health
and disease. Advances in dental research, 8, 263-71.

MARSH, P. D. 2004. Dental plaque as a microbial biofilm. Caries research, 38, 204-11.

MARSH, P. D. 2005. Dental plaque: biological significance of a biofilm and community
life-style. Journal of clinical periodontology, 32 Suppl 6, 7-15.

MARSH, P. D. & DEVINE, D. A. 2011. How is the development of dental biofilms
influenced by the host? Journal of clinical periodontology, 38 Suppl 11, 28-35.

MARSH, P. D. & ZAURA, E. 2017. Dental biofilm: ecological interactions in health and
disease. Journal of clinical periodontology, 44 Suppl 18, S12-s22.

MATTILA, K. J., NIEMINEN, M. S., VALTONEN, V. V., RASI, V. P., KESANIEMI,
Y. A, SYRJALA, S. L., JUNGELL, P. S., ISOLUOMA, M., HIETANIEMI, K.
& JOKINEN, M. J. 1989. Association between dental health and acute myocardial
infarction. British Medical Journal (Clinical Research Edition), 298, 779-81.

MCBROOM, A. J. & KUEHN, M. J. 2007. Release of outer membrane vesicles by Gram-
negative bacteria is a novel envelope stress response. Molecular microbiology, 63,
545-58.

MERRITT, J. H., KADOURI, D. E. & OTOOLE, G. A. 2005. Growing and analyzing
static biofilms. Current protocols in microbiology, Chapter 1, Unit 1B.1.

162



Bibliogratia

MILLER, M. B. & BASSLER, B. L. 2001. Quorum sensing in bacteria. Annual review
of microbiology, 55, 165-99.

MINION, F. C., ABRAHAM, S. N., BEACHEY, E. H. & GOGUEN, J. D. 1986. The
genetic determinant of adhesive function in type 1 fimbriae of Escherichia coli is
distinct from the gene encoding the fimbrial subunit. Journal of bacteriology, 165,
1033-6.

MIRA, A., SIMON-SORO, A. & CURTIS, M. A. 2017. Role of microbial communities
in the pathogenesis of periodontal diseases and caries. Journal of clinical
periodontology, 44 Suppl 18, S23-s38.

MOHAMMED, M. 2018. Biofilm and planktonic lifestyles of Porphyromonas gingivalis
and Fusobacterium nucleatum. Proteomic analysis of bacteria grown as
planktonic cells, mono- and dual species biofilm, and characterization of the
biofilm extracellular polymeric matrix’.

MOON, J. H., LEE, J. H. & LEE, J. Y. 2014. Microarray analysis of the transcriptional
responses of Porphyromonas gingivalis to polyphosphate. BMC microbiology, 14,
218.

MUG-OPSTELTEN, D. & WITHOLT, B. 1978. Preferential release of new outer
membrane fragments by exponentially growing Escherichia coli. Biochimica et
Biophysica Acta - Biomembranes, 508, 287-295.

MYSAK, J., PODZIMEK, S., SOMMEROVA, P., LYUYA-MI, Y., BARTOVA, J.,
JANATOVA, T., PROCHAZKOVA, J. & DUSKOVA, J. 2014. Porphyromonas
gingivalis: major periodontopathic pathogen overview. Journal of immunology
research, 2014, 476068.

NAGANO, K., HASEGAWA, Y., ABIKO, Y., YOSHIDA, Y., MURAKAMI, Y. &
YOSHIMURA, F. 2012. Porphyromonas gingivalis FimA fimbriae: fimbrial
assembly by fimA alone in the fim gene cluster and differential antigenicity
among fimA genotypes. PLoS One, 7, e43722.

NAITO, M., HIRAKAWA, H., YAMASHITA, A., OHARA, N., SHOJI, M,
YUKITAKE, H., NAKAYAMA, K., TOH, H., YOSHIMURA, F., KUHARA, S.,
HATTORI, M., HAYASHI, T. & NAKAYAMA, K. 2008. Determination of the
genome sequence of Porphyromonas gingivalis strain ATCC 33277 and genomic
comparison with strain W83 revealed extensive genome rearrangements in P.
gingivalis. DNA research, 15, 215-25.

163



Bibliografia

NAKANO, K., NEMOTO, H., NOMURA, R., INABA, H., YOSHIOKA, H.,
TANIGUCHI, K., AMANO, A. & OOSHIMA, T. 2009. Detection of oral bacteria
in cardiovascular specimens. Oral microbiology and immunology, 24, 64-8.

NELSON, K. E., FLEISCHMANN, R. D., DEBOY, R. T., PAULSEN, I. T., FOUTS, D.
E., EISEN, J. A, DAUGHERTY, S. C., DODSON, R. J., DURKIN, A. S.,
GWINN, M., HAFT, D. H., KOLONAY, J. F., NELSON, W. C., MASON, T.,
TALLON, L., GRAY, J.,, GRANGER, D., TETTELIN, H., DONG, H., GALVIN,
J. L., DUNCAN, M. J.,, DEWHIRST, F. E. & FRASER, C. M. 2003. Complete
genome sequence of the oral pathogenic bacterium Porphyromonas gingivalis
strain W83. Journal of bacteriology, 185, 5591-601.

NISHIYAMA, S., MURAKAMI, Y., NAGATA, H., SHIZUKUISHI, S., KAWAGISHI,
I. & YOSHIMURA, F. 2007. Involvement of minor components associated with
the FimA fimbriae of Porphyromonas gingivalis in adhesive functions.
Microbiology, 153, 1916-25.

OFFENBACHER, S., KATZ, V., FERTIK, G., COLLINS, J., BOYD, D., MAYNOR,
G., MCKAIG, R. & BECK, J. 1996. Periodontal Infection as a Possible Risk
Factor for Preterm Low Birth Weight. J Periodontol, 67 Suppl 10S, 1103-1113.

OFFENBACHER, S., LIN, D., STRAUSS, R., MCKAIG, R., IRVING, J., BARRQOS, S.
P., MOSS, K., BARROW, D. A, HEFTI, A. & BECK, J. D. 2006. Effects of
periodontal therapy during pregnancy on periodontal status, biologic parameters,
and pregnancy outcomes: a pilot study. Journal of periodontology, 77, 2011-24.

OLSEN, 1., LAMBRIS, J. D. & HAJISHENGALLIS, G. 2017. Porphyromonas
gingivalis disturbs host-commensal homeostasis by changing complement
function. Journal of oral microbiology, 9, 1340085-1340085.

OLSEN, I., TRIBBLE, G. D., FIEHN, N.-E. & WANG, B.-Y. 2013. Bacterial sex in
dental plaque. Journal of Oral Microbiology, 5, 10.3402/jom.v5i0.20736.
PAPAPANOU, P. N., SANZ, M., BUDUNELLI, N., DIETRICH, T., FERES, M., FINE,
D. H., FLEMMIG, T. F., GARCIA, R., GIANNOBILE, W. V., GRAZIANI, F.,
GREENWELL, H., HERRERA, D., KAO, R. T., KEBSCHULL, M., KINANE,
D. F., KIRKWOOD, K. L., KOCHER, T., KORNMAN, K. S., KUMAR, P. S,
LOQS, B. G., MACHTEI, E., MENG, H., MOMBELLI, A., NEEDLEMAN, I.,
OFFENBACHER, S., SEYMOUR, G. J., TELES, R. & TONETTI, M. S. 2018.
Periodontitis: Consensus report of workgroup 2 of the 2017 World Workshop on

164



Bibliogratia

the Classification of Periodontal and Peri-Implant Diseases and Conditions.
Journal of clinical periodontology, 45 Suppl 20, S162-s170.

PARK, J. H. & LEE, J. K. 2014. A periodontitis-associated multispecies model of an oral
biofilm. Journal of periodontal & implant science, 44, 79-84.

PARSEK, M. R. & GREENBERG, E. P. 2005. Sociomicrobiology: the connections
between quorum sensing and biofilms. Trends in microbiology, 13, 27-33.
PARVEEN, N. & CORNELL, K. A. 2011. Methylthioadenosine/S-
adenosylhomocysteine nucleosidase, a critical enzyme for bacterial metabolism.

Molecular microbiology, 79, 7-20.

PASSALACQUA, K. D., VARADARAJAN, A., ONDOV, B. D.,, OKOU, D. T,,
ZWICK, M. E. & BERGMAN, N. H. 2009. Structure and complexity of a
bacterial transcriptome. Journal of bacteriology, 191, 3203-11.

PASTER, B. J.,, BOCHES, S. K., GALVIN, J. L., ERICSON, R. E., LAU, C. N,
LEVANOS, V. A., SAHASRABUDHE, A. & DEWHIRST, F. E. 2001. Bacterial
diversity in human subgingival plague. J Bacteriol, 183, 3770-83.

PORTER, J. R. 1976. Antony van Leeuwenhoek: tercentenary of his discovery of
bacteria. Bacteriological reviews, 40, 260-9.

PRIGENT-COMBARET, C., VIDAL, O., DOREL, C. & LEJEUNE, P. 1999. Abiotic
Surface Sensing and Biofilm-Dependent Regulation of Gene Expression in
Escherichia coli. Journal of Bacteriology, 181, 5993-6002.

RAHMAN, T., YARNALL, B. & DOYLE, D. A. 2017. Efflux drug transporters at the
forefront of antimicrobial resistance. European biophysics journal : EBJ, 46, 647-
653.

READING, N. C. & SPERANDIO, V. 2006. Quorum sensing: the many languages of
bacteria. FEMS microbiology letters, 254, 1-11.

REDANZ, S., STANDAR, K., PODBIELSKI, A. & KREIKEMEYER, B. 2011. A five-
species transcriptome array for oral mixed-biofilm studies. PLoS One, 6, e27827.

REYES, L., HERRERA, D., KOZAROQV, E., ROLDAN, S. & PROGULSKE-FOX, A.
2013. Periodontal bacterial invasion and infection: contribution to atherosclerotic
pathology. Journal of clinical periodontology, 40 Suppl 14, S30-50.

RICKARD, A. H., GILBERT, P., HIGH, N. J., KOLENBRANDER, P. E. & HANDLEY,
P. S. 2003. Bacterial coaggregation: an integral process in the development of

multi-species biofilms. Trends in microbiology, 11, 94-100.

165



Bibliografia

ROBERTS, A. P. & MULLANY, P. 2006. Genetic basis of horizontal gene transfer
among oral bacteria. Periodontology 2000, 42, 36-46.

ROMERO-LASTRA, P., SANCHEZ, M. C., LLAMA-PALACIOS, A., FIGUERO, E.,
HERRERA, D. & SANZ, M. 2019. Gene expression of Porphyromonas gingivalis
ATCC 33277 when growing in an in vitro multispecies biofilm. PLoS One, 14,
e0221234.

ROMERO-LASTRA, P., SANCHEZ, M. C., RIBEIRO-VIDAL, H., LLAMA-
PALACIOS, A, FIGUERO, E., HERRERA, D. & SANZ, M. 2017. Comparative
gene expression analysis of Porphyromonas gingivalis ATCC 33277 in
planktonic and biofilms states. PLoS One, 12, e0174669.

ROSAN, B. & LAMONT, R. J. 2000. Dental plague formation. Microbes and infection,
2, 1599-607.

ROSIER, B. T., MARSH, P. D. & MIRA, A. 2018. Resilience of the oral microbiota in
health: mechanisms that prevent dysbiosis. Journal of dental research, 97, 371-
380.

SANCHEZ, M. C., LLAMA-PALACIOS, A.,BLANC, V., LEON, R.,, HERRERA, D. &
SANZ, M. 2011. Structure, viability and bacterial kinetics of an in vitro biofilm
model using six bacteria from the subgingival microbiota. Journal of periodontal
research, 46, 252-60.

SANCHEZ, M. C., ROMERO-LASTRA, P., RIBEIRO-VIDAL, H., LLAMA-
PALACIOS, A., FIGUERO, E., HERRERA, D. & SANZ, M. 2019. Comparative
gene expression analysis of planktonic Porphyromonas gingivalis ATCC 33277
in the presence of a growing biofilm versus planktonic cells. BMC microbiology,
19, 58.

SANZ, M., BEIGHTON, D., CURTIS, M. A,, CURY, J. A,, DIGE, I., DOMMISCH, H.,
ELLWOOD, R., GIACAMAN, R. A., HERRERA, D., HERZBERG, M. C,,
KONONEN, E., MARSH, P. D.,, MEYLE, J., MIRA, A., MOLINA, A,
MOMBELLI, A., QUIRYNEN, M., REYNOLDS, E. C., SHAPIRA, L. &
ZAURA, E. 2017. Role of microbial biofilms in the maintenance of oral health
and in the development of dental caries and periodontal diseases. Consensus
report of group 1 of the Joint EFP/ORCA workshop on the boundaries between
caries and periodontal disease. Journal of clinical periodontology, 44 Suppl 18,
S5-s11.

166



Bibliogratia

SANZ, M. & KORNMAN, K. 2013. Periodontitis and adverse pregnancy outcomes:
consensus report of the Joint EFP/AAP Workshop on Periodontitis and Systemic
Diseases. Journal of periodontology, 84, S164-9.

SCHEMBRI, M. A., KIAERGAARD, K. & KLEMM, P. 2003. Global gene expression
in Escherichia coli biofilms. Molecular microbiology, 48, 253-67.

SCHENA, M., SHALON, D., DAVIS, R. W. & BROWN, P. O. 1995. Quantitative
monitoring of gene expression patterns with a complementary DNA microarray.
Science, 270, 467-70.

SEDLACEK, M. J. & WALKER, C. 2007. Antibiotic resistance in an in vitro subgingival
biofilm model. Oral microbiology and immunology, 22, 333-9.

SHALON, D., SMITH, S. J. & BROWN, P. O. 1996. A DNA microarray system for
analyzing complex DNA samples using two-color fluorescent probe
hybridization. Genome research, 6, 639-45.

SHAPIRO, J. A. 1998. Thinking about bacterial populations as multicellular organisms.
Annual review of microbiology, 52, 81-104.

SHEIHAM, A. & NETUVELI, G. S. 2002. Periodontal diseases in Europe.
Periodontology 2000, 29, 104-21.

SHEMESH, M., TAM, A. & STEINBERG, D. 2007. Differential gene expression
profiling of Streptococcus mutans cultured under biofilm and planktonic
conditions. Microbiology, 153, 1307-17.

SINGH, A., WYANT, T., ANAYA-BERGMAN, C., ADUSE-OPOKU, J., BRUNNER,
J., LAINE, M. L., CURTIS, M. A. & LEWIS, J. P. 2011. The capsule of
Porphyromonas gingivalis leads to a reduction in the host inflammatory response,
evasion of phagocytosis, and increase in virulence. Infection and immunity, 79,
4533-4542.

SMALLEY, J. W,, BIRSS, A. J., SZMIGIELSKI, B. & POTEMPA, J. 2007. Sequential
action of R- and K-specific gingipains of Porphyromonas gingivalis in the
generation of the haem-containing pigment from oxyhaemoglobin. Archives of
biochemistry and biophysics, 465, 44-9.

SMALLEY, J. W., SILVER, J., MARSH, P. J. & BIRSS, A. J. 1998. The
periodontopathogen Porphyromonas gingivalis binds iron protoporphyrin IX in
the mu-oxo dimeric form: an oxidative buffer and possible pathogenic
mechanism. The Biochemical journal, 331 ( Pt 3), 681-685.

167



Bibliografia

SOCRANSKY, S. S. & HAFFAJEE, A. D. 2002. Dental biofilms: difficult therapeutic
targets. Periodontology 2000, 28, 12-55.

SOCRANSKY, S. S., HAFFAIJEE, A. D., CUGINI, M. A., SMITH, C. & KENT, R. L.,
JR. 1998. Microbial complexes in subgingival plaque. Journal of clinical
periodontology, 25, 134-44.

STERNBERG, C. & TOLKER-NIELSEN, T. 2006. Growing and analyzing biofilms in
flow cells. Current protocols in microbiology, Chapter 1, Unit 1B.2.

STOODLEY, P., SAUER, K., DAVIES, D. G. & COSTERTON, J. W. 2002. Biofilms as
complex differentiated communities. Annual review of microbiology, 56, 187-
2009.

TAN, L., ZHAO, F., HAN, Q., ZHAO, A., MALAKAR, P. K., LIU, H., PAN, Y. &
ZHAO, Y. 2018. High correlation between structure development and chemical
variation during biofilm formation by Vibrio parahaemolyticus. Frontiers in
microbiology, 9, 1881-1881.

TEIXEIRA, S. R.,, MATTARAZO, F., FERES, M., FIGUEIREDO, L. C., DE FAVER]I,
M., SIMIONATO, M. R. & MAYER, M. P. 2009. Quantification of
Porphyromonas gingivalis and fimA genotypes in smoker chronic periodontitis.
Journal of clinical periodontology, 36, 482-7.

THALLINGER, B., PRASETYO, E. N.,, NYANHONGO, G. S. & GUEBITZ, G. M.
2013. Antimicrobial enzymes: an emerging strategy to fight microbes and
microbial biofilms. Biotechnology journal, 8, 97-109.

THEILADE, E. 1986. The non-specific theory in microbial etiology of inflammatory
periodontal diseases. Journal of clinical periodontology, 13, 905-11.

TOLEDO-ARANA, A., DUSSURGET, O., NIKITAS, G., SESTO, N., GUET-
REVILLET, H., BALESTRINO, D., LOH, E., GRIPENLAND, J., TIENSUU, T.,
VAITKEVICIUS, K., BARTHELEMY, M., VERGASSOLA, M., NAHORI, M.
A., SOUBIGOU, G., REGNAULT, B., COPPEE, J. Y., LECUIT, M.,
JOHANSSON, J. & COSSART, P. 2009. The Listeria transcriptional landscape
from saprophytism to virulence. Nature, 459, 950-6.

TONETTI, M. S., JEPSEN, S., JIN, L. & OTOMO-CORGEL, J. 2017. Impact of the
global burden of periodontal diseases on health, nutrition and wellbeing of
mankind: A call for global action. Journal of Clinical Periodontology, 44, 456-
462.

168



Bibliogratia

TRIBBLE, G. D., KERR, J. E. & WANG, B. Y. 2013. Genetic diversity in the oral
pathogen Porphyromonas gingivalis: molecular mechanisms and biological
consequences. Future microbiology, 8, 607-20.

VAUGHAN, B. L., JR., SMITH, B. G. & CHOPP, D. L. 2010. The influence of fluid
flow on modeling quorum sensing in bacterial biofilms. Bulletin of mathematical
biology, 72, 1143-65.

WAITE, R. D., PAPAKONSTANTINOPOULOU, A., LITTLER, E. & CURTIS, M. A.
2005. Transcriptome analysis of Pseudomonas aeruginosa growth: comparison of
gene expression in planktonic cultures and developing and mature biofilms.
Journal of bacteriology, 187, 6571-6.

WATANABE, T., MARUYAMA, F., NOZAWA, T., AOKI, A. OKANO, S,
SHIBATA, Y., OSHIMA, K., KUROKAWA, K., HATTORI, M., NAKAGAWA,
. & ABIKO, Y. 2011. Complete genome sequence of the bacterium
Porphyromonas gingivalis TDC60, which causes periodontal disease. Journal of
bacteriology, 193, 4259-60.

WEINBERG, A., BELTON, C. M., PARK, Y. & LAMONT, R. J. 1997. Role of fimbriae
in Porphyromonas gingivalis invasion of gingival epithelial cells. Infection and
immunity, 65, 313-6.

WHEELER, B. S. 2013. Small RNAs, big impact: small RNA pathways in transposon
control and their effect on the host stress response. Chromosome research, 21,
587-600.

WHITELEY, M., BANGERA, M. G., BUMGARNER, R. E., PARSEK, M. R,
TEITZEL, G. M., LORY, S. & GREENBERG, E. P. 2001. Gene expression in
Pseudomonas aeruginosa biofilms. Nature, 413, 860-4.

WILHELM, B. T., MARGUERAT, S., WATT, S., SCHUBERT, F., WOOD, V.,
GOODHEAD, I., PENKETT, C. J., ROGERS, J. & BAHLER, J. 2008. Dynamic
repertoire of a eukaryotic transcriptome surveyed at single-nucleotide resolution.
Nature, 453, 1239-43.

XAVIER, J. B., PICIOREANU, C., RANI, S. A, VAN LOOSDRECHT, M. C. &
STEWART, P. S. 2005. Biofilm-control strategies based on enzymic disruption
of the extracellular polymeric substance matrix--a modelling study. Microbiology,
151, 3817-32.

169



Bibliografia

XIA, Q., WANG, T., TAUB, F., PARK, Y., CAPESTANY, C. A, LAMONT, R. J. &
HACKETT, M. 2007. Quantitative proteomics of intracellular Porphyromonas
gingivalis. Proteomics, 7, 4323-37.

XIE, G., CHASTAIN-GROSS, R. P., BELANGER, M., KUMAR, D., WHITLOCK, J.
A., LIU, L, FARMERIE, W. G., DALIGAULT, H. E., HAN, C. S., BRETTIN,
T. S. & PROGULSKE-FOX, A. 2015. Genome Sequence of Porphyromonas
gingivalis Strain AJW4. Genome announcements, 3, €01304-15.

YAMAMOTO, R., NOIRI, Y., YAMAGUCHI, M., ASAHI, Y., MAEZONO, H. &
EBISU, S. 2011. Time course of gene expression during Porphyromonas
gingivalis strain ATCC 33277 biofilm formation. Applied and environmental
microbiology, 77, 6733-6.

YOSHIMURA, F., MURAKAMI, Y., NISHIKAWA, K., HASEGAWA, Y. &
KAWAMINAMI, S. 2009. Surface components of Porphyromonas gingivalis.
Journal of periodontal research, 44, 1-12.

YUAN, L., HILLMAN, J. D. & PROGULSKE-FOX, A. 2005. Microarray analysis of
guorum-sensing-regulated genes in Porphyromonas gingivalis. Infect Immun, 73,
4146-54.

ZAREMBA, M., GORSKA, R., SUWALSKI, P. & KOWALSKI, J. 2007. Evaluation of
the incidence of periodontitis-associated bacteria in the atherosclerotic plaque of
coronary blood vessels. Journal of periodontology, 78, 322-7.

ZHANG, Z. & SAIER, M. H., JR. 2011. Transposon-mediated adaptive and directed
mutations and their potential evolutionary benefits. Journal of molecular
microbiology and biotechnology, 21, 59-70.

ZHAO, J, LI, Q. PAN, C. L., LIU,J.C., WANG, H. Y., TAN, L. S. & PAN, Y. P. 2015.
Gene expression changes in Porphyromonas gingivalis W83 after inoculation in
rat oral cavity. BMC Microbiol, 15, 111.

ZHAO, S., FUNG-LEUNG, W.-P., BITTNER, A., NGO, K. & LIU, X. 2014.
Comparison of RNA-Seq and microarray in transcriptome profiling of activated
T cells. PloS one, 9, e78644-e78644.

ZHOU, L., SRISATJALUK, R., JUSTUS, D. E. & DOYLE, R. J. 1998. On the origin of
membrane vesicles in gram-negative bacteria. FEMS microbiology letters, 163,
223-8.

170






	Tesis Patricia Teresa Romero Lastra
	PORTADA
	ÍNDICE
	CAPÍTULO I: ABREVIATURAS
	CAPÍTULO II: RESUMEN
	CAPÍTULO III: SUMMARY
	CAPÍTULO IV: INTRODUCCIÓN
	CAPÍTULO V: JUSTIFICACIÓN, OBJETIVOS E HIPÓTESIS
	CAPÍTULO VI: MATERIALES Y MÉTODOS. RESULTADOS
	CAPÍTULO VII: DISCUSIÓN
	CAPÍTULO VIII: CONCLUSIONES
	CAPÍTULO IX: BIBLIOGRAFÍA




