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IDENTIFICACION Y ANALISIS DE LAS BACTERIAS
SIMBIONTES DEL GENERO Dactylopius (HEMIPTERA:
DACTYLOPIIDAE)

RESUMEN

Los insectos del género Dactylopius (Dactylopiidae), conocidos como cochinilla del nopal
o grana cochinilla, son parasitos que se alimentan inicamente de la savia de los nopales. El objetivo
de este estudio fue determinar cuéales son las bacterias simbiontes de los insectos del género
Dactylopius (Dactylopiidae).

Se realiz6 un andlisis de la diversidad bacteriana mediante un enfoque independiente de
cultivo utilizando secuencias del gen 16S rRNA que se obtuvieron por PCR de DNA metagenémico
aislado de distintas especies de Dactylopius colectadas en México y Brasil. Se encontraron
bacterias de distintos géneros como Massilia, Herbaspirillum, Acinetobacter, Mesorhizobium,
Sphingomonas, Candidatus Hepatincola porcellionum y una betaproteobacteria. No todas las
muestras tuvieron las mismas bacterias, solo la betaproteobacteria fue comun en la mayoria de las
muestras.

Mediante la secuenciacion del metagenoma de Dactylopius coccus se encontraron en una
gran proporcion secuencias de Wolbachia de los supergrupos A y B, siendo mayoritario el B. Se
logrdé ensamblar parcialmente sus genomas. La evidencia sugiere que existe una infeccion multiple
por dos cepas de Wolbachia en algunos individuos. Ademas, mediante analisis filogendmicos, de
identidad de nucleétidos (ANI) y de hibridacion DNA-DNA (DDH) in silico, se analizaron las
relaciones evolutivas de cepas de Wolbachia de diferentes supergrupos mostrando que pudieran

corresponder a distintas especies.



ABSTRACT

Insects from genus Dactylopius (Dactylopiidae), known as cochineals, are parasites that
feed only by cactus sap. The goal of this study was determine the symbiotic bacteria of insects from
genus Dactylopius (Dactylopiidae).

Bacteria diversity analysis was performed through a culture-independent approach using
16S rRNA gene sequences obtained from PCR from metagenomic DNA isolated from different
Dactylopius species collected in Mexico and Brazil. Bacteria from different genera like Massilia,
Herbaspirillum, Acinetobacter, Mesorhizobium, Sphingomonas, Candidatus Hepatincola
porcellionum, were found and a betaproteobacteria. No all the cochineal species shared the same
bacteria, only the betaproteobacteria was present in most of the samples.

Through metagenome sequencing of D. coccus, we found sequences of Wolbachia from
supergroups A and B in a high proportion, being the majority of supergroup B. Genomes of the
two strains were partially assembled and evidence suggests that a multiple infection by two
Wolbachia strains exists in some individuals. Further, by phylogenomic analyses, Average
nucleotide identity (ANI), and in silico DNA-DNA hybridization, we analyzed the evolutionary
relationships of Wolbachia strains from different supergroups showing that they may belong to

different species.



INTRODUCCION

Definicion de simbiosis

En 1873, el zodlogo belga Pierre-Joseph van Beneden propuso los términos “parasitismo”,
“comensalismo” y “mutualismo” para referirse a los diferentes tipos de relaciones de “animales
inferiores” que vivian dentro de “animales superiores” (Sapp, 1994), con la intencion de enfatizar
que no todas las relaciones entre animales “inferiores” y “superiores” son de naturaleza parasitaria.
En 1877, Albert Bernhard Frank acuii6 el término “simbiotismo” (symbiotismus) con la intencion
de agrupar en un mismo concepto todos los casos en los que dos especies diferentes viven “sobre
0 en otra”, basandose en su mera coexistencia. En 1878, Anton de Bary us6 por primera vez el
término “simbiosis” en el ensayo “The Phenomena of Symbiosis” expuesto durante la reunion
general de la Asociacion de Fisicos y naturalistas alemanes realizada en Cassel en ese afio. Bajo
este concepto incluyd varios tipos de asociaciones complejas que se encontraban en un rango
continuo desde parasiticas hasta mutualistas (Sapp, 1994).

Actualmente, simbiosis se define como cualquier relacion que se establece entre dos 0 mas
individuos filogenéticamente distintos, es decir, de diferentes especies, sin importar el efecto que
tienen unos en los otros. Los participantes de dichas asociaciones se conocen como simbionte y
hospedero siendo este ultimo el organismo que alberga al primero. De acuerdo al efecto del

simbionte en su hospedero se divide en tres tipos:

Simbiosis parasitaria: es aquella en la que una de las especies involucradas vive a expensas de la

otra causandole dafio.



Simbiosis comensalista: es aquella en la que una de las especies obtiene un beneficio de la otra
sin tener efectos negativos en ella.

Simbiosis mutualista: es aquella en la que las especies involucradas reciben beneficios como
resultado de su asociacion.

Uno de los aspectos mas significativos de la simbiosis es que conduce a variabilidad en los
individuos de una poblacién que a su vez resulta en novedades evolutivas en adicion a la evolucion
gradual por Seleccion natural sobre la acumulacion de variaciones individuales (Moran, 2006;
Sapp, 1994). Se ha propuesto que las simbiosis mutualistas entre organismos multicelulares y
unicelulares han contribuido significativamente a la evolucion de la vida en la Tierra y quizas el
ejemplo mas claro que tenemos es el surgmiento de la célula eucarionte y los organelos como
cloroplastos y mitocondrias a partir de cianobacterias y alfa-proteobacterias, respectivamente

(moran, 2006).



Simbiosis mutualistas entre bacterias y animales

Las interacciones simbioticas entre bacterias y animales se encuentran ampliamente
distribuidas en la naturaleza, de hecho, en condiciones naturales los eucariontes no estan libres de
bacterias u otros microorganismos por lo que el funcionamiento de su metabolismo no se puede
concebir sin la influencia de su microbiota.

Las simbiosis mas estudiadas han sido las parasitarias en un esfuerzo por contrarrestar los
efectos que causan en el ser humano, sin embargo, existe un creciente interés en el estudio de las
relaciones mutualistas ya que establecer simbiosis de este tipo le permite a los eucariontes obtener
recursos a los cuales no tienen acceso (Moran, 2006). Se ha propuesto que el éxito de los
eucariontes para colonizar diferentes ambientes se debe a su antigua y continua capacidad de
asociarse con bacterias (Douglas, 2012). Ademads, se ha demostrado que las bacterias son
fundamentales para el desarrollo adecuado y la supervivencia de los animales (Douglas, 1998). Por
ejemplo, el intestino humano est4 colonizado por 100 millones de millones de microorganismos
(10'%) (Ley et al., 2006) que son mas células de las que conforman nuestro propio cuerpo (3.72'%)
(Bianconi et al., 2013). Hasta hace poco eran consideradas comensalistas, pero ahora se sabe que
intervienen en la estimulacion y desarrollo del sistema inmune (Fraune & Bosch, 2010); también
influyen en el desarrollo y funcionamiento del sistema nervioso, el concepto de “eje microbioma-
intestino-cerebro” supone que alteraciones en la composicion microbiana del intestino estan
relacionadas con cambios marcados en el estado de &nimo, dolor, cognicidén y desdrdenes asociados
a estrés, ansiedad y depresion (Furness et al., 2014). Se ha observado que ratones colonizados con
una microbiota normal muestran una respuesta a la ansiedad y control motor normal en

comparacion con ratones libres de microorganismos (Diaz Heijtz et al., 2011). Otros estudios han



sugerido que las respuestas individuales a ciertos farmacos, enfermedades como la obesidad, el
sindrome de fatiga cronica y alergias a ciertos alimentos podrian ser explicados por las diferencias
en la actividad de la microbiota de cada individuo (Douglas-Escobar et al., 2010)

Del mismo modo, en ambientes marinos muchos animales poseen simbiontes bacterianos.
Los gusanos marinos del grupo de los pogonéforos como Riftia pachyptila, que viven a 2,400
metros de profundidad, obtienen sus nutrientes gracias a sus simbiontes quimiosintéticos (Dubilier
et al., 2008). En la asociacion de los calamares Euprymna scolopes y las bacterias Vibrio fischeri,
el hospedero utiliza la luz producida por estas bacterias luminiscentes para confundir a sus
depredadores durante la noche (Nyholm & McFall-Ngai, 2004). Las esponjas marinas son
organismos capaces de albergar una diversa comunidad de simbiontes bacterianos que llegan a
constituir hasta el 35% de su biomasa. Mediante estudios gendomicos se ha propuesto que los
simbiontes proveen vitaminas y otros metabolitos que sirven de defensa contra patdgenos
(Hentschel et al., 2012).

La simbiosis es un proceso interactivo que puede delinear la evolucion de simbiontes y
hospederos. En muchas asociaciones mutualistas existe una dependencia reciproca por lo que no
pueden vivir separados. Actualmente, muchos eucariontes son reconocidos como una coleccion de
células del hospedero y de los simbiontes, redefiniendo la nocién de “individuo” y llevandonos

mas alla en nuestro entendimiento de las especies y de la vida misma (Russell et al., 2014).



Simbiosis entre bacterias e insectos

Las bacterias son el grupo de organismos mas abundante y el desarrollo de nuevas técnicas
de analisis ha revelado que son mas diversas de lo que hubiéramos imaginado. Presentan una
inmensa diversidad metabolica y se dice que son los catalizadores primarios de nutrientes en la
naturaleza, lo que les permite estar distribuidos en toda la Tierra. La clasificacion de bacterias se
basa mayormente en informacidon fenotipica y genética y esta restringida a cepas cultivables.
Solamente ~11,000 especies de bacterias y arqueas han sido clasificadas a la fecha y anualmente
surgen ~600 descripciones nuevas (Yarza et al., 2014), pero cada afio se reportan cientos de miles
de secuencias nuevas y los estimados del niumero total de especies de procariontes, incluyendo
bacterias y arqueas, varia entre 3x10% a 10'? (Yarza et al., 2014).

Los insectos son el grupo de animales mas diverso y exitoso sobre la Tierra dado que son
capaces de establecerse en casi cualquier habitat ya sea terrestre, de agua dulce o marino. No se
sabe con exactitud cuantas especies existen, pero se calcula que hay entre 890 mil y un millon
descritas y que falta por describir mas de 3 millones (Brusca & Brusca, 2003). Debido a que muchos
de ellos tienen dietas pobres o con compuestos dificiles de degradar es comin que establezcan
simbiosis con bacterias que compensan sus carencias nutricionales proveyéndoles vitaminas,
aminoacidos o compuestos bioactivos (Moran, 2006). Estos simbiontes influyen en su nutricion
(McCutcheon et al., 2009a), desarrollo (Tsuchida et al., 2010), reproduccion (Simon et al., 2011),
respuesta inmune (Weiss et al., 2012), resistencia a estrés ambiental (Burke et al., 2010), e incluso
su preferencia por habitat y alimento (Tsuchida et al., 2004). Por ejemplo, Buchnera aphidicola, el
simbionte del afido Acyrthosiphon pisum, sintetiza riboflavina y aminoacidos que después el

insecto aprovecha ya que estos nutrientes son escasos en la savia de la que se alimenta (Nakabachi



& Ishikawa, 1999). Los simbiontes también sintetizan compuestos bioactivos que sus hospederos
utilizan para obtener su alimento o defenderse de depredadores (Moran, 2007), como en el caso de
las termitas en las que las bacterias de sus intestinos producen las enzimas que degradan la celulosa
de la que se alimentan (Warnecke et al., 2007); las bacterias de las glandulas salivales de la hormiga
leon (Myrmeleon bore), producen una toxina que el insecto inyecta a sus presas para paralizarlas y
capturarlas (Yoshida et al., 2001); los escarabajos del género Paederus poseen simbiontes que
producen pederina, una toxina que utilizan como defensa contra depredadores (Piel, 2002).
Cuando los simbiontes son eliminados de los insectos, éstos presentan un fenotipo
anormal. La expresion de genes involucrados en el sistema inmune como DUOX, domeless y
caudal, es significativamente menor en Moscas tsetse (Glossina morsitans morsitans) que no
tenian sus simbiontes nativos (Wigglesworthia, Sodalis y Wolbachia). Ademas, muestran mayor
susceptibilidad a microorganismos extrafios que las moscas con microbiota normal. (Weiss et al.,
2012). En chinches apestosas de la especie Elasmostethus humeralis, la tasa de emergencia es
significativamente menor, el tiempo de desarrollo para llegar a la adultez es mas largo y el patrén
de coloracion es anormal en individuos provenientes de huevecillos esterilizados en los que se
eliminaron los simbiontes (Kikuchi et al., 2009) (Fig. 1). Igualmente, en insectos de la especie
Riptortus pedestris, plaga de cultivos como soya o frijol, la eliminacion de la Burkholderia
simbionte tiene un efecto perjudicial en sus hospederos, ya que hay una diferencia significativa en
la longitud del cuerpo de los insectos, el ancho del torax y el tiempo que les toma llegar a la edad

adulta (Kikuchi & Fukatsu, 2013).
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Figura 1. Efectos de la eliminacion de los simbiontes en el fenotipo de Elasmostethus
humeralis. A) Tasa de emergencia de los insectos (%). Insectos que emergieron/ total de insectos.
B) Tiempo de desarrollo a la edad adulta (dias). C) Hembra adulta del tratamiento control
mostrando un patron de coloracion normal. D) Hembra adulta libre de simbiontes del tratamiento
de huevecillos esterilizados mostrando patron de coloracion anormal. Barra, 2.5 mm. (Modificado
de Kikuchi et al.,, 2009). Barras negras: insectos control; Barras blancas: insectos libres de

simbiontes.



Bacterias endosimbiontes

Las relaciones simbidticas entre insectos y bacterias llegan a ser tan estrechas que la
simbiosis es necesaria para la sobrevivencia de ambas especies (Douglas, 1998). Cuando las
bacterias viven dentro de células del insecto se conocen como endosimbiontes (Gil et al., 2004).
Los endosimbiontes se albergan en células llamadas bacteriocitos que se agregan en estructuras en
el abdomen conocidas como bacteriomas o pueden encontrarse en otros tejidos como cuerpo graso
o hemolinfa (Fig. 2).

Durante el proceso de endosimbiosis las bacterias se ven sometidas a una nueva dinamica
poblacional. Generalmente, la transmision de los endosimbiontes ocurre de manera vertical por
linea materna (Moran, 2007), lo que ocasiona que solo una parte de la poblacion sea transmitida a
la siguiente generacion propiciando cuellos de botella que reducen la posibilidad de intercambio
genético y resultan en la acumulacion de mutaciones deletéreas (Moya et al., 2008). En los
endosimbiontes ocurren cambios genéticos resultado de su nuevo estilo de vida, por ejemplo,
pierden genes que ya no son esenciales para su supervivencia como los de sintesis de pared celular,
ya que comunmente se encuentran protegidos dentro de células del insecto; también pierden genes
para la sintesis de nutrientes que ahora les provee el hospedero. Debido a esto sufren una reduccion
en el tamafio de su genoma quedando entre 138 a 1500 kb. El genoma del endosimbionte de las
cochinillas harinosas es el mas pequefio que se conoce, la B-proteobacteria Candidatus Tremblaya
princeps que tiene un tamafio de 138, 927 pb (McCutcheon & von Dohlen, 2011). El uso de codones
es distinto, incluyendo el codon de terminacion, y tienden a tener un contenido de AT mayor al
50%, excepto en el caso de Candidatus Hodgkinia cicadicola, simbionte de la chicharra
Diceroprocta semicincta, que posee un genoma de 144 kb con un contenido de GC de 58%

(McCutcheon et al., 2009b). El establecimiento de una asociacion permanente depende de la
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evolucion de mecanismos adecuados para las interacciones metabolicas y regulatorias entre
simbiontes y hospedero. Por ejemplo, las bacterias necesitan adaptar su replicacion para que su
tasa de crecimiento esté coordinada con el desarrollo de sus hospederos como en el caso de
Buchnera aphidicola en la cual el tiempo de replicacion de es de aproximadamente 2 dias, un
periodo mucho mas largo que el de las bacterias de vida libre que llega a ser tan corto como 30
minutos. Otras bacterias endosimbiontes como Blochmania floridanus en las hormigas, y
Wigglesworthia glossinidia en las moscas Tsetse, carecen del gen dnaA, el cual es esencial en
bacterias ya que codifica para la proteina de iniciacion de la replicacion. Es posible que exista un
control mas directo de la replicacion de los simbiontes por el hospedero, involucrando la pérdida
de las proteinas esenciales para la iniciacion de la replicacion (Gil et al., 2004).

El repertorio genético que presentan los genomas de endosimbiontes estd en funcion de las
caracteristicas particulares de cada asociacion como el aporte que hace la bacteria al insecto para

compensar sus deficiencias nutricionales (Baumann, 2005).
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Figura 2. Estructuras que albergan los endosimbiontes. A) Esquema del bacterioma del 4fido
Psylla buxi L. que muestra los endosimbiontes dentro de bacteriocitos. (Modificado de Buchner,
1965); B) Par de bacteriomas en el abdomen de Clastoptera arizonana (circulos azules) (Moran,
2006); C) Hibridacion fluorescente in situ de los simbiontes Buchnera y Serratia en el bacterioma
de un embrion del estadio 18 del afido Acyrtosyphon pisum. Verde: Buchnera; Rojo: Serratia,
Azul: ntcleos del insecto (Modificado de Koga et al., 2012); D) Micrografias del endosimbionte
Blattabacterium cuenotti dentro de bacteriocitos del cuerpo graso de la cucaracha Periplaneta
americana (barra= 3.0 pum) (Modificado de Bauman et al. 2013); E) Ultraestructura del
endosimbionte de la cucaracha Cryptocercus punctulatus que muestra una pared celular tipica
Gram-negativa (flecha grande) y la membrana vesicular que contiene a la bacteria (flecha pequena)

(barra= 0.3 um) (Modificado de Bauman et al. 2013).
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Endosimbiontes del género Wolbachia

Las bacterias del género Wolbachia son endosimbiontes que colonizan nematodos de la
familia Onchocercidae (Comandatore et al., 2013; Koutsovoulos et al., 2014) y diferentes grupos
de artropodos (Hilgenboecker et al., 2008). No tienen una fase de vida libre y estan
filogenéticamente relacionados con bacterias intracelulares del Orden Rickettsiales que incluyen
patdgenos con genomas reducidos (Blanc et al., 2007). Se estima que Wolbachia infecta entre el
40 (Zug & Hammerstein, 2012) al 60% de las especies de artropodos (Hilgenboecker et al., 2008).

Sus efectos en sus hospederos varian desde mutualismo hasta parasitismo (Hilgenboecker
et al., 2008; Sommer & Streit, 2011). En nematodos, Wolbachia causa beneficios mediante la
provision de vitaminas y energia y ayudando a la evasion del sistema inmune del hospedero del
nematodo (Darby et al., 2012) y se consideran esenciales para su supervivencia (Landmann et al.,
2014). En écaros como Cimex lectularius, Wolbachia provee biotina (Nikoh et al., 2014); en
Drosophila puede conferir proteccion contra virus (Chrostek et al., 2013; Teixeira et al., 2008) e
incrementar la fecundidad de las hembras (Brownlie et al., 2009); en avispas de la especie Asobara
tabida la remocion de Wolbachia inhibe la maduracion de los oocitos (Dedeine et al., 2001). En
contraste, en otros insectos manipula la reproduccion mediante partenogénesis (Huigens et al.,
2000), incompatibilidad citoplasmatica (Rousset et al., 1992), “male-killing” (Duplouy et al., 2013;
Zeh & Zeh, 2006) o feminizacion (Rousset et al., 1992).

La transmision de Wolbachia en los artropodos ocurre verticalmente, sin embargo, las
infecciones de Wolbachia también pueden ocurrir de manera horizontal entre individuos de la
misma o de diferentes especies. Se cree que este tipo de transmision es poco comun, pero relaciones

como las de avispas parasitarias con sus hospederos pueden propiciarla (Vavre et al., 1999).
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ANTECEDENTES

Biologia del género Dactylopius

Dactylopius es un género de insectos originario de América perteneciente a la familia
Dactylopiidae dentro de la superfamilia Coccoidea del orden Hemiptera. Comunmente se les
conoce como cochinilla del nopal o grana cochinilla (Fig. 3). Son parasitos que se alimentan
unicamente de la savia de plantas del género Opuntia (Cactaceae), también conocidas como
nopales.

Los insectos del género Dactylopius, principalmente Dactylopius coccus (Costa), son la
fuente del 4acido carminico (Dapson, 2005), colorante que ha sido aprovechado desde la época
prehispanica (Flores-Coronado, 2011), y que sigue siendo utilizado en la industria alimentaria,
textil y cosmética (Ramirez-Cruz et al., 2008), donde representa una alternativa a los colorantes
sintéticos asociados con carcinogénesis. Ademas, por sus hdbitos parasitarios, las especies
silvestres de Dactylopius como D. opuntiae y D. tomentosus son usadas como control bioldgico
contra opuntias invasoras en Australia y algunos paises de Africa donde desplazan plantas nativas
(Mathenge et al., 2009b)

Hasta la fecha se han descrito once especies de Dactylopius: Dactylopius austrinus, D.
bassi, D. ceylonicus, D. coccus, , D. confertus, D. confusus, D. gracilipilus, D. opuntiae, D.
salmianus, D. tomentosus, y D. zimmermani, que actualmente se encuentran distribuidas a nivel
mundial ya que han sido introducidos en diferentes regiones geograficas (Chavez-Moreno et al.,
2009; Van Dam & May, 2012). Cinco de estas especies (D. ceylonicus, D. coccus, D. confusus, D.

opuntiae y D. tomentosus) estan presentes en México (Portillo & Vigueras, 2006; Ramirez-Cruz et
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al., 2008). Todavia existe controversia respecto a la taxonomia de las especies ya que por su
parecido morfologico no se puede discernir con seguridad entre algunas de ellas, por ejemplo, D.
ceylonicus 'y D. opuntiae llegan a confundirse como una sola especie. No existen estudios

moleculares sobre la filogenia de estos insectos que confirmen o refuten la clasificacion actual.

Figura 3. Insectos de la especie Dactylopius coccus. A) Hembras adultas alimentandose sobre un
cladodio de Opuntia ficus-indica. B) Fotografia de insectos adultos en la que se observan los

machos alados y las hembras sésiles.
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Ciclo de vida de la grana cochinilla

Su ciclo de vida es de aproximadamente 110 dias y se divide en tres etapas de desarrollo:
huevecillo, ninfa y adulto. Estos insectos son hemimetédbolos, es decir, las hembras no llevan a
cabo metamorfosis completa (Flores-Coronado, 2011), por lo que ninfas y adultas tienen un aspecto
muy parecido distinguiéndose solamente por el tamafio. En los primeros dias después de la
eclosion, las ninfas caminan sobre la superficie del cladodio hasta encontrar un lugar donde insertar
el estilete y una vez que esto ocurre nunca mas vuelven a sacarlo, transcurriendo toda su vida en el
mismo lugar sobre la planta. Las hembras adultas son sésiles y pueden medir hasta 6 mm mientras
que los machos desarrollan alas y llegan a medir 3 mm. Pasan por dos estadios ninfales: ninfa I los
primeros 36 dias; ninfa II hasta el dia 56 y 46 hembras y machos, respectivamente; los machos
atraviesan un estadio de pupa del dia 47 al 57. A los 57 dias las hembras alcanzan la edad adulta y
los machos a los 58 dias (Fig. 4). En esta etapa ocurre la copula, las hembras son fecundadas y los
machos mueren entre tres y cinco dias después, viviendo solo el tiempo suficiente para fecundarlas.
A los 90 dias las hembras ovipositan de 150-200 huevecillos que tienen un periodo de incubacion
de 24h, excepto D. tomentosus que se prolonga hasta 17 dias (Mathenge et al., 2009a). Pocas

semanas después de la ovoposicion las hembras adultas mueren.
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Figura 4. Ciclo de vida de la grana cochinilla. Después de eclosionar, las ninfas pasan por una
etapa movil que dura aproximadamente 5 dias. El estadio de ninfa I dura hasta los 36 dias; el estadio
de ninfa II dura hasta los 57 dias en hembras y 46 dias los machos. A los 47 dias los machos entran
al estadio de pupa y alcanzan el estado adulto a los 58 dias cuando ocurre la copula. El ciclo termina

alos 63 dias y 111 dias en machos y hembras, respectivamente.
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PLANTEAMIENTO DE PROBLEMA

Las opuntias son plantas que crecen en climas aridos de zonas tropicales y subtropicales y
comprenden entre 200-300 especies. Se caracterizan porque los tallos han sustituido a las hojas en
su funcion fotosintética. Los constituyentes principales de los tallos por cada 100g de peso fresco
son: agua (88-95%), carbohidratos (3-7%), fibra (1-2%), lipidos (0.2 %) y proteinas (0.5-
1%)(Stintzing & Carle, 2005). El contenido nutritivo depende del sitio de cultivo, estacion del afio
y edad de la planta por lo tanto pueden variar entre cultivares, sin embargo, por su alto porcentaje
de agua (88- 95%) se consideran un alimento bajo en calorias (Ginestra et al., 2009).

En 2007, Pankewitz y colaboradores reportaron la presencia de Wolbachia sp. en
huevecillos de Dactylopius sp., pero no se realizaron analisis mas exhaustivos sobre los simbiontes
de estos insectos.

Dado que las cochinillas del nopal se alimentan Uinicamente de la savia de estas cactaceas
y que los insectos que se alimentan de este tipo de dietas frecuentemente mantienen relaciones
simbioticas con bacterias que les proveen nutrientes para compensar las deficiencias de su dieta,

podemos esperar que los insectos del género Dactylopius establezcan simbiosis con bacterias.
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HIPOTESIS

Los insectos del género Dactylopius tienen una dieta basada en savia la cual es pobre en
aminoacidos y vitaminas, por lo que sus simbiontes bacterianos pueden estar complementando sus

requerimientos nutricionales.

OBJETIVO GENERAL

Identificar los simbiontes bacterianos de Dactylopius y analizar los genomas de algunos

para inferir cual es el aporte de éstos al hospedero.

Objetivos particulares

Identificar morfoldgica y molecularmente las especies de las muestras de Dactylopius colectadas.
Identificar las bacterias que se encuentran asociadas al género Dactylopius.
Describir el papel juegan las bacterias simbiontes en la asociacion con el insecto mediante el

analisis de su genoma.
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RESULTADOS

A continuacion se presentan 3 articulos en los que se relatan los resultados mas importantes
producto de este trabajo de investigacion. Dos de ellos, “Molecular phylogeny of the genus
Dactylopius, and identification of the symbiotic bacteria” y “Species in Wolbachia? Proposal
for the designation of ‘Candidatus Wolbachia bourtzisii’, ‘Candidatus Wolbachia
onchocercicola’, ‘Candidatus Wolbachia blaxteri’, ‘Candidatus Wolbachia brugii’,
‘Candidatus Wolbachia taylori’, ‘Candidatus Wolbachia collembolicola’ and ‘Candidatus
Wolbachia multihospitium’ for the different species within Wolbachia supergroups ya han
sido publicados y el tercero, “Two Wolbachia strains, wDacB and wDacA, from the
metagenome of the cochineal insect Dactylopius coccus (Hemiptera: Dactylopiidae)”, se

encuentra en preparacion para ser enviado para revision proximamente.
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INSECT-SYMBIONT INTERACTIONS
Molecular Phylogeny of the Genus Dactylopius (Hemiptera:
Dactylopiidae) and Identification of the Symbiotic Bacteria

S. T. RAMIREZ-PUEBLA,*> M. ROSENBLUETH.** C. K. CHAVEZ-MORENO.*
M. C. CATANIIO PEREIRA DE LYRA.” A. TECANTE. axp E. MARTINEZ - ROMERO'

Environ. Entomol. 39(4): 1178-1183 (2010); DOL 10.1603/EN10037

ABSTRACT Phylogenetic analyses, from polymerase chain reaction (PCR)-amplified 12S rfRNA and
185 rRNA gene sequences from cochineal insects of the genus Dactylopius present in Mexico, showed
that D. ceylonicus. D. confusus, and D. opuntiae are closely related. D. coecus constitutes a separate clade.
and D. tomentosus is the most distantly related. Bacterial 168 rRNA sequences from all the Dactylopius
species sampled showed a common B-proteobacteria, related to Azoarcus, also found in eggs and in
bacteriocytes in D, coceus. We propose the name “Candidatus Dactylopiibacterium carminicum” for
this endosymbiont. Other bacterial sequences recovered from the samples were close to those from
soil or plant associated bacteria, like Massilia, Herbaspirillum, Acinetobacter, Mesorhizobium, and
Sphingomonas, suggesting a possible horizontal transmission from Cactaceae plant sap to Dactylopius
spp. during feeding, This is the first molecular analysis of Dactylopius species and of their associated
bacteria.

RESUMEN  Analisis filogenéticos de secuencias amplificadas mediante PCR de los genes 125 rARN
y 18S rARN de insectos cochinillas del género Dactylopius presentes en México, mostraron que D.
ceylonicus, D. confusus y ID. opuntiae estin cercanamente relacionados. Dactylopius coccus constituye
un clado separado y D. tomentosus es el mds alejado. Las secuencias del 16S rARN de bacterias de las
especies de Dactylopius revelaron una B-Proteobacteria comiin, relacionada a Azoarcus, también
encontrada en huevecillos y en bacteriocitos de D. coccus. Proponemos el nombre de “Candidatus
Dactylopiibacterium carminicum” para este endosimbionte, Otras secuencias bacterianas recuperadas
de las muestras fueron cercanas a bacterias del suelo o asociadas a plantas, como Massilia, Herbaspi-
rillum, Acinetobacter, Mesorhizobium v Sphingomonas, sugiriendo que estas bacterias fueron trans-
feridas de manera horizontal de la savia de las cacticeas a Dactylopius spp. durante la alimentacién.

Este es el primer andlisis molecular de especies Dactylopius y de sus bacterias asociadas,

KEY WORDS Coccoidea, scale insects, systematics, endosymbiont, bacteriocytes

Dactylopius (Costa) is a genus of insects commonly
known as cochineals that belongs to the family Dac-
tylopiidae (Signoret) from the super family Coc-
coidea (scale insects) within the order Hemiptera.
Dactylopius insects feed on Cactaceae plants from the
genera Opuntia and Nopalea (Pérez-Guerra and Ko-
sztarab 1992). Both the insects and their host plants
are native to the Americas (Pérez-Guerra and Koszt-
arab 1992, Chdvez-Moreno et al. 2009), Dactylopiidae
has only one genus that includes nine deseribed spe-
cies (De Lotto 1974, Pérez-Guerra and Kosztarab
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1992). Five of these species have been reported to be
present in Mexico: D, ceylonicus, D. confusus, D. opun-
tine, D. coccus, and D. tomentosus (Portillo and
Vigueras 2006, Chivez-Moreno et al. 2009), Dac-
tylopius spp. produce carminic acid, which is used by
the insects for protection against predators (Eisner et
al. 1994), It is used as a red dye for the production of
cosmetics, drugs, lood, and textiles. D. coceus has been
preferentially used for carminic acid extraction be-
cause of its pigment quality and higher acid content
(Herndndez-Ierndndez et al. 2005). There are re-
ports of its use in America since the 10th century
(Portillo 2005, Chiavez-Moreno et al. 2009), Currently,
D. coccus is considered the only commercially impor-
tant species in this genus, and it has undergone a
domestication process. This species depends on hu-
man care for dispersion and reproduction (Pérez-
Guerra and Kosztarab 1992). Dactylopius spp. have
also been used as a biological control agent against
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invasive cactus in Africa and Australia (Moran and
Zimmermann 1984).

Many insects harbor symbiotic bacteria in their guts
or as endosymbionts inside specialized insect cells
called bacteriocytes (Baumann 2005). Bacterial en-
dosymbionts in the Hemiptera provide nutrients to
insects with a limited diet such as phloem sap and
blood that are deficient in essential amino acids and
vitamins (Baumann 2005, Moran 2006). Some endo-
symbionts also synthesize bioactive compounds that
can be used by insect hosts as defense against pred-
ators, parasites, and pathogenic microorganisms (Mo-
ran 2006). As endosymbionts are vertically transmit-
ted, their DNA sequences can be used to trace insect
phylogenies (Baumann 2005), Within the Coccoidea,
endosymbionts have been found in the families
Pseudococcidae (Thao et al. 2002), Diaspididae, and
Margarodidae (Gruwell et al. 2007). The diversity of
endosymbionts in Dactylopius spp. has not been re-
ported, except for bacteria from the genus Wolbachia
present in Dactylopius sp. eggs (Pankewitz et al. 2007),

The current identification and taxonomy of Dac-
tylopius spp. has been based on morphological char-
acters (De Lotto 1974, Pérez-Guerra and Kosztarab
1992), and Rodriguez et al. (2001) published a phy-
logeny of Dactylopius spp. on this basis. Until now,
there have been no molecular phylogenies of the ge-
nus, There is only one phylogeny based on 185 rRNA
sequences of the Coccoidea, which places Dactylopi-
idae close to clade E1 from the Eriococcidae (Cook et
al. 2002). The aims of this work were to sequence and
analyze mitochondrial and nuclear ribosomal genes
from Dactylopius spp. to assess the phylogenetic re-
lationships between the five species present in Mexico
and to determine the symbiont bacteria species
present in these insects.

Materials and Methods

Insect Sampling. Specimens from five different Dac-
tylopius species were collected from different regions
in Mexico. Adult females were slide-mounted to allow
identification according to descriptions given by De
Lotto (1974) and Pérez-Guerra and Kosztarab (1992),
Vouchers were deposited in the Colecciéon Nacional
de Insectos of the Instituto de Biologia or in Centro de
Ciencias Genémicas of the Universidad Nacional Au-
ténoma de México. Specimens were collected from
the following states (voucher numbers are indicated
in parentheses): D. coccus [rom Qaxaca (DTY-ChM-
101) and Morelos (Campo Carmin) (CCG-Sham-1),
D. confusus from Tlaxcala (DTY-ChM-132). D. cey-
lonicus from Mexico state (DTY-ChM-110), D. opun-
tiae from Michoacin (DTY-ChM-106) and Querétaro
(CCG-Cacau-2), and additionally we obtained D.
opuntiae from Brazil, Pernambuco state (CCG-Cacau-
8): all of these were parasitizing Opuntia ficus-indica
L. Miller plants. Dactylopius tomentosus (DTY-ChM-
190) was collected from Hidalgo on Cylindropuntia
tunicaia  (Lehmann) Knuth, Parasaissetia  sp.
(Hemiptera: Coccidae) nsects (CCG-AL-8) were
collected in Morelos state on Jucaranda mimosifolia
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(D. Don). Gene sequences derived from this Cocci-
dae were considered an outgroup in the phylogenetic
analyses.

DNA Extraction, Amplification, and Sequencing.
Female specimens [rom each insect species, [reshly
collected or frozen (—20°C), were superficially
cleaned, removing the white wax, washed, and vor-
texed several times with ethanol and rinsed with ster-
ile distilled water. DNA was extracted from whole
insects with DNeasy Blood and Tissue Kit (Qiagen
Hilden, Germany). A sample represented one speci-
men in the case of D. coccus and two to four specimens
from the other species. Two DNA samples were an-
alyzed from each species. DNA was used as a template
in PCR reactions using primers F-128-2: 5'-AAGAGT-
GACGGGCRATTTGTACATA-3 and R-128-2: 3'-
GTGCCAGCAGTWGCGGTTA-3 for insect mito-
chondrial 125 rRNA gene (Thao et al. 2004), primers
2880: 5'-CTGGTTGATCCTGCCAGTAG-3 (Tautz
et al. 1988) and B-: 5'-CCCGCGGCTGCTGGCAC-
CAGA-3' (von Dohlen and Moran 1995) for insect
nuclear 18§ rRNA gene, and primers fDI1: 5'-
AGAGTTTGATCCTGGCTCAG-3' and rD1: 5'-AAG-
GAGGTCGATCCAGCC-3' for bacterial 165 rRNA
gene (Weisburg et al. 1991). Eggs and bacteriocytes
were dissected from individual D. coceus females and
washed several times with phosphate-buffered saline
(PBS: 120 mM NaCl, 7mM Na,HPO . 3mM NaH,PO ,,
[pH 7.4]), and DNA was extracted and used in PCR
reactions as described above. Primers that specifically
amplify a fragment from the 16S rRNA gene of ENDI1
and closely related B-proteobacteria were designed
(Beta428 F: 5'-GTGAATATCCGAAGCCCATCAC-3',
Betal205R: 5'-GGCTTGGCAACCCTCTGTACCG-3").,
Primers to identily clone O1 and related a-Protecbac-
teria were also designed (Alphal4l F: 5-ACGGAA-
GAAAGTAGATATACGC-3 and Alpha944R: 5’ -ACCT-
CTTATCCTCCAACTAAAT-3"). These were used in
addition to fD1 and rDI1 primers with DNA of Dac-
tylopius spp.

PCR protocols were performed as described by
Weisburg et al. (1991) and Thao et al. (2004), except
for the 18S rRNA gene that was amplified using the
procedures described by Cook et al. (2002), The fol-
lowing protocol was used with Beta428 F-Betal205R
and Alphal4l F-Alpha944R primers: an initial dena-
turation at 94°C for 3 min, followed by 33 cycles of
amplification (1 min at 94°C, 1 min at 37 or 52°C,
respectively, and 1 min at 72°C), and a final extension
step of 5 min at 72°C. The amplified products were
1,500 (fDI and rD1), 460 (F-125-2 and R-128-2), 620
(2880 and B-). 800 (Beta428 I and Betal205R), and
825 bp (Alphal4l F and Alpha944R). PCR products
were cloned and individual plasmid clones were se-
quenced in Macrogen (Seoul, Korea).

Bacterial Culture Conditions. Dactylopius coccus
were superficially cleaned, and macerate extracts
were plated in (LB) (Sambrook and Russell 2001) and
(PY) medium (Noel et al, 1984) and grown for 21 d at
25°C,

Phylogenetic Analyses. Nucleotide sequences were
compared using the GenBank database Blastn, and
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D. ceylonicus GQ853349

D. confusus GQ853350

1.00

0.91

D. opuntiae (Querétaro & Brazil) GQ853351 & GQ853352
D. opuntiae (Michoacan) GQ853353
D. coccus GQB53354

D. tomentosus GQ853355

sp. GQB53356

F

0.96

D. ceylonicus GQB853357

089 | b confusus GQB53358

0.93 D. opuntiae GQ853363

190 D. confusus U20402

|_ D. austrinus AY 795538

D. coccus GQB53359

D. tomentosus GQ853360

Parasaissetia sp. GQ853361

—
0.005

Fig, 1.
from different Dactylopius specics. Sequences from this work

Phylogenetic trees of 12S TRNA gene sequences (426 bp) (A) and 185 rRNA gene sequences (384bp) (B) obtained

arc in bold. Accession numbers are shown after scientific names.

The tree was inferred with the Bayesian method using MrBaves under model GTR+I+G. Numerical values at each node
indicate posterior probabilities. Parasaissetia sp. gene sequences were used as outgroups.

sequences from closely related organisms were re-
trieved. Sequence alignments were performed with
CLUSTAL W (Thompson et al. 1994) and manually
edited. Phylogenies were constructed with the Bayes-
ian method using MrBayes (Huelsenbeck and Ron-
quist 2001). The best model of sequence evolution for
each gene was selected using the MrAIC Perl script
written by J.A.A. Nylander (http://www.abc.SE/
~nylander/). In all cases, the selected model was
GTR+I+G. Candidatus Sulcia muelleri 165 rRNA
gene sequence was used as an outgroup; this is an
endosymbiotic Havobacterium of many species of the
suborder Auchenorrhyncha of Hemiptera (Moran et
al. 2005).

Results

Phylogenetic Analyses. Six clones from each Dac-
tylopius species were analyzed (three clones per sam-
ple for each gene analyzed). Sequences obtained from
a single insect species were >99% identical, and only
one clone from each species was used for phylogenetic
analyses. Phylogenetic trees obtained from the mito-
chondrial 128 rRNA and nuclear 185 rRNA genes are
shown in Fig. 1A and B. A tree generated with con-
atenated sequences from both genes was similar
(data not shown). Trees were congruent and showed
that D. ceylonicus, D. confusus, and D. opuntiae clus-
tered together with an identity of 99%. 125 rRNA gene
sequences [rom D. opuntiae from three different geo-

graphic regions were very similar (>98.9% of iden-
tity), and 18S TRNA gene sequences from D. confusus
and from the three 1. opuntiae were 100% identical.
Two 185 rRNA gene sequences were retrieved
from NCBI GenBank corresponding to 1. confusus
|U20402, collected from Arizona (von Dohlen and
Moran 1995) | and D. austrinus |AY795538, collected
from Australia (Cook and Gullan 2004) |. The D. con-
Jusus sequence is similar to those reported here for D.
ceylonicus, D. confusus, and D, opuntiae (99% of iden-
tity), and D. austrinus sequence was close to this clus-
ter. D. coccus was sepamttr('l, and D. tomentosus was the
most distantly related.

Identification of Symbiotic Bacteria. The analyses
of 165 rRNA gene sequences indicated that different
bacteria were found inside Dactylopius. The abun-
dance of clones found in each species and the per-
centage of identity to the closest NCBI match are
shown in Table 1.

Dactylopius species had different associated bacte-
ria; however, the only universally associated one was
a B-proteobacteria (named here as END1) and was
highly conserved with almost identical 165 rRNA gene
sequences, ENDI was first identified with 168 rRNA
universal primers (fD1 and rD1) in all the individuals
collected from D. opuntiae, including the ones col-
lected from Brazil, and in D. coccus and D. tomentosus
(Table 1). Subsequently, with primers specific to
END1 (Beta428 F and Betal203R), it was also found
in D. eeylonicus and D. confusus, as well as in eggs and
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Table 1.

with mniversal primers D1 and fD1
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Assignment and abundance (percentage of elones) of bacteria in Dactylopius species using 108 rRNA gene sequences oblained

B-Proteobacteria

a-Proteobacteria y-Prolecbacleria

Dactilopius Soil Herbas- Poreellio

Number of

Sphingo- Meso- Acineto-

species bacleria 3”“’“’"." pirillum scaber monas insulae  rhizebium bacter (";ig)n’:d
(ENDI1) NG sp. (E7)  symbiont (O1) (E1) sp. (E4) sp. (N§) '
D. ceylonicus 0 29 43 0 14 14 0 ki
D. confusts 0° 88 0 0 0 0 12 §
D. opuntiae 100 0 0 0 0 0 0 2
{Michoacin)
D. opuntiae 63 4] 0 37 0 0 0 27
{Querétaro)
D. opuntiae 43 0 0 57 0 0 0 T
(Brazil )
D. coccus 100 0 0 0 0 0 0 10
D. tomentosus 100 0 0 0 0 0 0 6

The closest NCBI match is shown. Name of each clone is shown in parentheses.

“ENDI symbiont was not found when universal 165 rRNA gene primer

primers for B-proteobacteria were used (Betad28F and Betal 205R).

bacteriocytes of D. coccus. The sequence identity of
ENDI from the different Dactylopius species was
>99.5%. The sequence had 95% identity to asoil isolate
(AB024934) that was erroneously assigned to Sphin-
gomonas sp. Al (a-proteobacteria) and corresponds to

s (1D1 and [D1) were used, but it was amplified by PCR when specific

asequence of B-proteobacteria closely related to Azo-
arcus sp. (Fig, 2). ENDI sequence also presents 95%
identity to Uliginosibacterium gangwonense, an aerobic
bacleriaisolated from wetland peat samples (Weon et
al. 2008). No cultured isolates were obtained from D.

N6 GQ853362 [D. ceylonicus, D. confusus]
Massilia sp. AF408326
1.00
of E7 GQ853364 [D. ceylonicus]
Soil bacteria DQ248258
0.99
Herbaspinilium sp. FJ192828
Candidatus Tremblaya princeps AB374416

END1 GQ853370 & GQ853369 { IE opantiee, . coocis,

D. tomentosus,
Soil bacteria AB024934 D. ceylonicus, D. confusus]
Uliginosibacterium gangwonense DQ665916

0.7
R-Protecbacteria

0.84

Azoarcus anaerobius Y14701
[ N8 GQ853365 [D. confusus]
1.00 | Aginetobacter sp. AM 184280
E4 GQ853366 [D.ceylonicus]
Mesorhizobium sp. AF041444
E1GQ853367 [D. ceylonicus]
1.00 |—~S,D.fwin_c,\'cvmcmas insulae EF363714
01GQ853368 [D. opuntiae]
Candidatus Hepatincola porcellionum AY 188585
— Erniocheir sinensis intestinal bacteria DQ856548
Acanthoamoeba sp.endosymbiont AF069963
Candidatus Sulcia muelleri NC_010118

v-Proteobacteria

1.00

1.00

a-Proteobacteria
1.00

1.00 1.00

—
0.05
Fig. 2. Phylogenetic tree of 165 rRNA gene sequences of bacteria (1284 bp) obtained from different Dactylopius species.
Sequences from this work are in bold. Other sequences from closely related organisms were included. Accession numbers
are shown after scientific names. Host Dactylopius species are shown in brackets. The tree was inferred with the Bayesian
method using MrBayes under model GTR+I+G. Numerical values at each node indicate posterior probabilities. Candidatus
Sulcia muelleri 165 rRNA gene sequence was used as outgroup.
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coccus female macerates plated in LB and PY medium
(data not shown).

Additionally, 39% of the 168 ribosomal RNA clones
obtained {rom the DNA samples of all D. opuntiae
specimens presented 88% identity to Candidatus
Hepatincola porcellionum, the extracellular symbiont
of the hepatopancreas of Porcellio scaber (common
woodlouse, Crustacea: Isopoda) (Wang et al. 2004)
{clone OI in Table 1 and Fig. 2), which belongs to the
order Rickettsiales [rom the a-proteobacteria. Spe-
cific primers for O1 did not amplify DNA from other
Dactylopius species.

Other 165 rRNA gene clones were close to free-
living bacteria, such as Massilia sp., Herbaspirillum sp.,
Acinelobacter sp., Mesorhizobium sp., and Sphingomo-
nas sp. (Table 1; Fig. 2), with 98, 96, 99, 97, and 98%
identity, respectively, These were obtained from D,
ceylonicus and D, confusus.

Discussion

Our phylogenetic results on the relationships of
species in the cochineal genus Dactylopius differ from
those reported by Rodriguez et al. (2001) based on
morphological characters. They found that 1. austri-
nus, D. ceylonicus, and D. coccus are more closely
related between them and less related to ). confusus
and D. opuntiae. The need to establish molecular phy-
logenies for Dactylopius has been recognized in sev-
eral papers because conflicting results have been de-
rived from morphological data (Portillo and Vigueras
2006).

Dactylopius coceus was domesticated and selected
for producing high amounts of carminic acid. It has a
large body size (females are 3-6 mm long) and pre-
sents a cover of white powdery wax instead of a white
cottony wax with long filaments (Pérez-Guerra and
Kosztarab 1992). The cottony wax cover protects the
imsects against desiccation and rain (Chdavez-Moreno
et al. 2009). Pérez-Guerra and Kosztarab (1992) con-
sidered the characteristic cover important for propos-
ing D. coccus as the most primitive of the Dactylopius
species; otherwise, this character could be a conse-
quence of domestication,

In accordance with our results, D. tomentosus has
been reported as the most distant species of the genus,
because it has unique biological and morphological
characteristics that differ considerably from other
Dactylopius species (Mathenge et al. 2009). Dac-
tylopius tomentosus host range is restricted to the sub-
genus Cylindropuntia, its egg incubation period is
longer (17 d instead of minutes or hours), eggs are
held on a mesh of waxy threads and remain attached
to the female during the incubation period (in other
Dactylopius species, eggs are not enclosed in a mesh
and continue to hatch as more are laid), the size of
female adults is smaller than in most of the other
species (Mathenge et al. 2009), and its anal ring is
obsolete (Pérez-Guerra and Kosztarab 1992, Rodri-
guez et al. 2001).

We found a characteristic set of bacteria from each
Dactylopius species. Of special interest is ENDI, a
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B-proteobacteria found in all the Dactylopius species
and in eggs and bacteriocyvtes of D. coccus. These
findings suggest that ENDI is a primary endosymbiont
that could have been acquired before the radiation of
this genus. Its location should be subsequently con-
firmed by in situ hybridization, Within the Coccoidea
in the Pseudococcidae family, another B-protecbac-
teria primary endosymbiont, Candidatus Tremblaya
princeps, has been reported (Thao et al. 2002), with
168 rRNA gene sequence 79% identical to that from
ENDI (Fig, 2).

We propose the designation Candidatus Dactylopii-
bacterium carminicum for the B-proteobacteria named
here as ENDI, identified from the insects of all the
species in the genus Dactylopius. This bacterium is thus
far uncultured. It has unique sequences in the 165 rRNA
gene at the following sites (homologs to Escherichia coli
positions): (1) 69-96, GATTCAAGGGGCTTGCTCCT-
TGGGT, and (2) 461-476, GGTGAATATCCGAAGCC.
The 16S rRNA gene has an average of G + C content
of 5476 mol%. Dactylopiibacterium: Dac.ty.lo.pi.i.
bac.te'rium, N.L. n. Dactylopius, cochineal scien-
tific genus name; L. neut, n, bacterium, N.L. neut. n.
Dactylopiibacterium, a bacterium isolated from Dac-
tylopius spp.; caminicum: caramini'cum. M.L. n.
carminium, carmine; carminictim, belonging to car-
mine (red pigment) that is produced by all Dac-
tylopius spp.

Clone Ol collected from D. opuntiae belongs to the
order Rickettsiales. In this order, many intracellular
symbionts and pathogens of eukaryotes have been
found (Weinert et al. 2009). The sequence from Ol
and other related sequences, however, did not group
with any of the major clades of Rickettsia, meaning
that they could represent new taxa within this group.
In contrast to published data (Pankewitz et al. 2007),
we did not find Wolbachia in Dactylopius spp.

The sequences from the clones close to free-living
bacteria belong to soil or to plant associated bacteria.
The location of some of these bacteria could be the
gut, in which case its origin could plausibly be the sap
that serves as food for the insects. It would be of
ecological interest to explore this fact by analyzing the
endophytic bacteria from the plants parasited by the
insects. Their location inside the insect must be also
determined.

Our description of Dactylopius spp. endosymbionts
will be the basis for studying its role in the develop-
ment and physiology of the insect. These bacteria
could be implicated in providing amino acids, vita-
mins, or antimicrobial compounds to the host or in
degrading plant toxic compounds, as occurs in other
sap [eeding insects.
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Introduction hosts range [rom parasitism to mutualism. In arthropods are mostly

considered as parasites since they may manipulate host repro-

Wolbachia is a genus of endosymbiotic bacteria that are wide
spread in nature. Wolbachia endosymbionts do not have a free-
living phase and are under confinement to particular hosts, It
is estimated that Wolbachia may be found in 40% of arthropod
species [106], while a previous report calculated 60% [44]. Wol-
bachia endosymbionts have been found associated with nematodes
from the Onchocercidae family [22,54], Interactions with their
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duction by mechanisms like parthenogenesis, feminization, male
killing, and cytoplasmic incompatibility [12.80,100]. However,
Wolbachia symbiosis has been implicated in host fitness |15,94],
or as being necessary for oogenesis [25]; in nematodes they are
regarded as mutualistic and essential for survival |58]. Wolbachia
symbiosis is outstanding as it may cause host speciation events
[11].

Some insects and their endosymbionts have a parallel evo-
lutionary history, and cospeciation events have been described
for both host and bacteria, especially primary endosymbionts
[1,10,21,79,87]. For endosymbionts that have cospeciated with
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their hosts, endosymbionts in different hosts would be distinct
species, It seems that cospeciation is rare in Wolbachia and insects
as their phylogenies are usually not congruent |1,49,86,88]. Thus,
adaptations to different hosts would not necessarily mean bacte-
rial speciation. Wolbachia infections in insects may be recent in
some cases [41,48], implying a short host-symbiont interaction
that would not lead to speciation. Recent Wolbachia acquisitions
may come from horizontal transfers from close or even distant
insects [41], In filarial nematode-Wolbachia associations, congru-
ence between Wolbachia phylogenies and those of their host has
been documented [9,17,32]. In this case, cospeciation between
bacteria and their worm hosts seems to have occurred and a sin-
gle origin of this symbiosis for supergroups C and D has even
been proposed [32]. Wolbachia have become essential for nematode
development and play an important role in host embryogenesis
[58]. Nematodes treated with antibiotics cannot reach adulthood
[13,93].

Wolbachia pipientis Hertig 1936 [43], was first observed in cells
of the Culex pipiens mosquito [42]. Heterogeneity within Wolbachia
has been revealed by sequence analysis of 165 rRNA genes and
protein-coding genes, resulting in its distribution into sixteen phy-
logenetic supergroups, ten of which are found in arthropods (A,
B, E, H, 1, K, M, N, P, Q), five in nematodes (C, D, |, L, O) and one
comprising both arthropod and nematode endosymbionts (F) [4].
The strains of Wolbachia detected in Australian spiders [31], were
designed as Supergroup G but it was later revealed that it has a wsp
gene that is a recombinant between those of A and B supergroups
rather than being a distinct new supergroup [8]. A phylogenetic
tree based on a multilocus analysis has been recently published giv-
ing insight about the relationships between Wolbachia supergroups
[37]. A consensus of whether supergroups represent lineages of
W. pipientis or distinct species has not been reached. Sequence
divergence between supergroups seemed to indicate that each
represented a species [78], however, other studies have indi-
cated that they do not represent isolated genetic entities [7,99],
as would be expected from hona fide species |61]. Wolbachia have
been described as highly recombinogenic bacteria [6,7,99]. Multi-
ple infections with different Wolbachia are frequent in the same
insect individual |98,104], affording the opportunity for recombi-
nation between different strains, including not closely related ones
[6,104]. Nevertheless, a recent study found that recombination is
far higher within supergroups than between them [30]. Recom-
bination events between supergroups are limited to small DNA
fragments.

Endosymbiont confinement in a host leads to an inevitable
dependence on the host. This is evident upon inspection of
endosymbiont genomes, which generally lack many functions
required for independent living. Classic taxonomy relying on phe-
notypic characterization of pure cultures as well as establishing
genomic relatedness by DNA-DNA hybridization (DDH) exper-
iments could not be applied to non-cultivable endosymbionts
like Wolbachia. In the genomic era, however, metrics based on
genome sequences like ANI (average nucleotide identity) and
in silico DDH can be used as replacements for wet lab DDH
[3,38], thus allowing the use of similar taxonomic criteria for
both cultivable and non-cultivable prokaryotes. Furthermore, it is
increasingly acknowledged that phenotypes should not be given
as much importance for species delineation as they currently are
[20,70,96].

Here, we evaluated the diversity of Wolbachia by performing
phylogenomic analyses and by analyzing genome-derived metrics
like ANI, in silico DDH, G+C content and synteny in order to
shed light on the taxonomy of these endosymbionts. Addition-
ally, we increased the genomic database of Wolbachia by reporting
sequences from two strains recently obtained from the carmine
cochineal insect Dactylopius coccus.

Materials and methods
Genome sequences

Sequences of all reported Wolbachia genomes were retrieved
from GenBank database, except those of strains wDi and wls,
which were available at http://nematodes.org/genomes/index_
filaria.html [22]. Genomes of Wolbachia strains wDacA (Biopro-
ject PRJNA274701) and wDacB (Bioproject PRINA274698) were
sequenced by a metagenomic approach from dissected cochineal
insects of Dactylopius coccus. Detailed functional analyses of those
genomic sequences will be reported elsewhere (Ramirez-Puebla
et al,, in preparation). For G+C content determination, contigs
of each genome were concatenated, the number of G plus C
nucleotides counted and the sum divided by the genome length.
Genome of strain wMen was obtained from the Strepsiptera
Genome Project [68], and genomes of strains wFol, wOc and wCte
were only deposited like Sequence Read Archive (SRA) so they
were not included in G+ C determination because they were not
completely sequenced [36].

Phylogenomic analyses

Predicted proteomes were obtained from annotated genomes
deposited at GenBank if available. The RAST server was also
used for annotating and comparing whole genome sequences [5].
The AMPHORA2 pipeline [103], was used to identify a set of 31
conserved bacterial proteins from complete or draft genomes.
Sequencing reads were obtained from the Sequence Read Archive
(SRA) database to obtain phylogenetic markers for strains wMen,
wFol, wOc,and wCte. Reads were mapped against individual marker
genes obtained from fully sequenced Wolbachia genomes using the
runMapping option from Newbler (Roche). The obtained mapped
reads were processed to obtain the markers for these strains by
performing tblastn searches against reference protein sequences
corresponding to the markers from other sequenced strains. Protein
sequences were concatenated using the EMBOSS union web tool
(http://emboss.bioinformatics.nl/cgi-bin/emboss/union). The con-
catenated sequences were then aligned using MUSCLE v.3.8.31 [29],
and the resulting alignment was processed with Gblocks [18], to
obtain conserved protein blocks and eliminate poorly aligned pos-
itions and divergent regions, The edited alignment contained 9151
amino acid positions. A maximume-likelihood analysis was then
performed using the JTT substitution model under PhyML 3.0 [40].
Branch support values are based on 100 bootstrap replicates. The
genomes from Ehrlichia canis (GenBank CP000107) and Anaplasma
marginale (GenBank CP001079) were used as outgroups.

In silico DDH and ANI calculations

DDH estimates were computed using the Genome-to-Genome
Distance Calculator version 2.0 [65], asrecommended by Auch et al.
[2,3], and Meier-Kolthoff et al. [65]. BLAST+ was used for alignment
and formula 2 for genome distance estimation, ANI values were cal-
culated as previously proposed [38], using the ANI calculator from
the Kostas lab (http://enve-omics.ce.gatech.edu/ani/) with default
parameters.

Synteny

Syntenic blocks between ten finished Wolbachia genomes were
identified by BLASTN. Only blocks at least 3000bp in length and
with 80% identity or higher were used to construct the graphs using
the Artemis comparison tool [16].
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Results and discussion
Genome-based relationships

Predicted evolutionary relationships between all 34 complete
or almost complete Wolbachia genomes currently available and our
two Wolbachia strains from D. coccus, wDacA and wDacB (Table 1)
based on a set of conserved proteins is shown in Fig. 1. The distinc-
tiveness of Wolbachia supergroups was evidenced by each forming
a different and well-supported clade. The A and B supergroups
clustered together in a branch separated from the C, D and F super-
groups as previously observed by Nikoh et al. [69], for a set of six
genomes using 52 ribosomal proteins. The phylogenetic recons-
tructions were also in agreement with a previous analysis obtained
with a setof 90 orthologous genes from only eleven sequenced Wol-
bachia strains [22]. All the Wolbachia strains associated with Culex
mosquitoes (W. pipientis representatives) tightly clustered in a sin-
gle clade within supergroup B. The Wolbachia strain wBol1-b from
Hypolimnas bolina was also phylogenetically close to the W. pipien-
tis strains. Wolbachia strains from D. coccus clustered into distinct
supergroups. wDacA was resolved as the most phylogenetically dis-
tant strain within supergroup A, whereas wDacB was a member of
supergroup B having wVitB from Nasonia vitripennis as its closest
sequenced relative. The strain wFol associated with the springtail

Folsomia candida was found placed as the most distant of all the
analyzed Wolbachia supergroups as reported previously [36].

G+ C content

The G+C content of Wolbachia genomes ranged from 32.1%
to 38.4% (Table 1) evidencing an enrichment of AT nucleotides
as is common in endosymbionts [67]. Mean G+C contents of
supergroups A, B, C and D were 35.5%, 34.0%, 32.4% and 33.4%,
respectively. The sequenced representative of supergroup F had a
G +C content of 36.3%, Although the analyzed genomes may not
completely comprise the natural variation present in Wolbachia
supergroups, it is worth noting that each supergroup seems to have
a characteristic G+ C content (Table 1).

In silico DDH and ANI estimates

DDH is the “gold standard” for species delineation in prokary-
otes but it is not applicable for non-cultivable bacteria like
Wolbachia. ANI represents a suitable surrogate for wet lab DDH as
correlation analyses indicate that strains showing ANI higher or
equal than 95-96% shared DDH values higher or equal than 70%
and are thus considered to be of the same species [38]. Genome
sequences also allow the estimation of in silico DDH values, and

Table 1
Characteristics of the sequenced Wolbachia genomes used in this work.
Wolbachia Host species GenBank accession  Genome status  Number of contigs  Genome size (bp) G+C% Super Reference
strain number group
wMel Drosophila AE017196 Complete 1 1,267,782 35.2 A [102]
melanogaster
wMelPop Drosophila AQQEO00000000 WGS 80 1,239,155 35.1 A [101]
melanogaster
wRi Drosophila simulans CP001391 Complete 1 1,445,873 35,2 A [52]
Riverside
wHa Drosophila simulans CP003884 Complete 1 1,295,804 35.1 A [30]
wSim Drosophila simulans AAGC00000000 WGS 629 1,063,100 354 A [84]
wAu Drosophila simulans LK055284 Complete 1 1,268,461 35.2 A [91]
wRec Drosophila recens JQAMO0000000 WGS 43 1,126,656 352 A [66]
wSuzi Drosophila suzukii CAOUO02000000 WGS 110 1,415,350 35.2 A [89]
wDwi Drosophila willistoni AAQP0OO000000 WGS 260 1,145,915 384 A Remington
etal
(unpublished)
wAna Drosophila ananassae AAGB00000000 WGS 464 1,440,750 35.7 A [84]
wGmm Glossina imorsitans AWUHO0000000 WGS 241 1,019,510 35.2 A [14]
morsitans
wlni Muscidifurax uniraptor ACFPO0000000 WGS 256 867,873 35.2 A [52]
wDacA Dactylopius coccus PRINA274701 WGS 456 933,576 35.0 A This study
wNo Drosephila simulans CP0O03883 Complete 1 1,301,823 34.0 B [30]
wPip_Pel Culex quinquefasciatus AM999887 Complete 2 1,482,455 34.2 B [51]
wPipJHB Culex quinquefasciatus ABZAO0000000 WGS 21 1,543,661 34.2 B [85]
wPip_Mol Culex molestus HGA428761 Complete 1 1,340,443 33.9 B [74]
wPip Culex pipiens molestus CACK00000000 WGS 888 1,479,531 343 B Sinkins et al.
(unpublished)
wDi Diaphorina citri AMZ]00000000 WGS 124 1,240,904 34.0 B [83]
wBol1-b Hypolimnas bolina CAQH00000000 WGS 144 1,377,933 339 B [28]
wAIbB Aedes albopictus CAGB00000000 WGS 156 1,162,431 33.7 B [63]
wDacB Dactylopius coccus PRINA274698 WGS 321 1,282,277 34.2 B This study
wVitB Nasonia vitripeniis AERW00000000 WGS 523 1,107,643 33.9 B [50]
wCte Ctenocephalides felis SRR1222150 Raw data - B - B [36]
wOo Onchocerca ochengi HEG60029 Complete 1 957,990 321 C [24]
wOv Onchocerca volvulus HG810405 Complete 1 960,618 321 C Cotton et al.
strain Cameroon (unpublished)
wDi Dirofilaria imrmitis PRJEB4154% WGS 2 921,012 32.7 C [22]
wBm strain TRS  Brugia malayi AE017321 Complete 1 1,080,084 34.2 D [35]
wBn Wuchereria bancrofti ADHD00000000 WGS 763 1,052,327 34.0 D [26]
wls Litomosoides PRJEB4155¢ WGS 10 1,048,936 32.1 D [22]
sigmodontis
wkol Folsomia candida SRR1222159 Raw data - - = E [36]
wCle Cimex lectularius AP013028 Complete 1 1,250,060 36.3 F [69]
wQc Osmia caerulescens SRR1221705 Raw data = - = F [36]
wMen Mengenilla moldrzyki SRX095325 WGS - - - F [68]

< Accessions numbers correspond to the European Nucleotide Archive database as submitted by the original authors.
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Fig. 1. Phylogenomic tree showing evolutionary relationships between Wolbachia strains inferred with PhyML based on a concatenated alignment of 31 marker proteins
detected with AMPHORA?2 and analyzed with the JTT substitution model. Hosts for each strain are indicated in forceps. Strains included in the new designations for each
species name are boxed. Proposed species names are shown next to the boxes. Supergroups are shown to the right. Numbers at the branch points represent bootstrap support

values based on 100 replicates, The scale bar represents the estimated number of amino acid changes per site for a unit of branch length,

these correlate very well with wet lab DDH [3]. Based in these crite-
ria other bacteria as Ensifer and Rhizobiuim have been reclassified
[71].

Insilico DDH and ANI values were calculated for all pairs of ana-
lyzed Wolbachia genomes (Tables 2 and 3, respectively). Strains
fromdifferent supergroups showed maximum ANI.and in sifico DDH
values of 86.8% and 34.6%, respectively indicating that Wolbachia
is comprised of several different species as previously suggested
based on fewer ANI comparisons [75]. Within each supergroup,
most members showed ANI values over 96% (Table 3) and in
silico DDH values over 70% (Table 2), relatedness levels that are
consistent with single species. However, in some supergroups
there were strains with enough differences to put them below
or near the borderline for species delineation. In supergroup A
Dactylopius strain wDacA, and in supergroup B Drosophila simut-
lans strain wNo and Diaphorina citri strain wDi, showed in silico
DDH values <62%, below the species circumscription level with
all members of their own supergroups and ANI values just above

of the species cut-off level (Table 2). In the phylogenomic analy-
ses, strains wDacA, wNo, wDi occupied peripheral positions within
their supergroups (Fig. 1). wAIbB from Aedes albopictus and wDacB
from D. coccus in supergroup B, also showed in silico DDH val-
ues below or very close to 70% with their supergroup neighbors,
although these differences were not reflected by low ANI values
(Table 2).

Within supergroup B, in silico DDH and ANI values were high
among representative sequenced strains of Wolbachia pipientis
(WPip strains). Values were also high between wBoll-b and W.
pipientis. In contrast, comparisons between wPip strains and other
members of supergroup B produced values that were just over or
slightly under the cutoff limits recommended for species delin-
eation. The genome from strain wVitB had ANI value of around
97.4% when compared with the wPip strain (Table 3) but most of
their DDH estimates were below 70% (Table 2).

Clear examples of the existence of different species within
supergroups were observed for nematode strains wDi of
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Table 2
In silico DNA-DNA hybridization (DDH).
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Dirofilaria immitis and wLs in supergroups C and D, respectively
(Tables 2 and 3). In these cases, both strains occupied periph-
eral positions within their supergroups (Fig. 1). Also, in silico DDH
and ANI values supported the differentiation of these strains from
other members of their respective supergroups supporting that
they belong to different species.

Cospeciation between nematodes and Wolbachia is reflected
in the fact that more distantly related nematodes [32], also have
maore distantly related Wolbachia. In supergroup D, Wolbachia from
related nematode genera Brugia and Wuchereria are more closely

B [
[

-y

Strain  wPipMol  wPipPel

related to each other than to Wolbachia from the more distant
genus Litomosoides (Fig. 1, Tables 2 and 3). It is worth noting that
Wolbachia infecting Brugia and Wuchereria are at the borderline
for species definition by in silico DDH. Similarly, in supergroup C,
Wolbachia from two species of Onchocerca are related but showed
very low in silico DDH and ANI values to the endosymbiont of D.
immitis (Fig, 1, Tables 2 and 3). Taken together, these data seem to
indicate that each nematode genus harbors a different Wolbachia
species. Nevertheless, the presence of supergroup F Wolbachia in
both nematodes and insects, and its loss in some filarial species in

s gram e

e

i

Supergroup B

Fig. 2. Synteny between complete genomes of Wolbachia strains. Sequence blocks oriented in the same or inverted directions are shown in dark or light green, respectively.
(For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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the onchocercids, contravene the idea of cospeciation in general
[33].

Genome synteny

Structural genome comparisons in other bacteria like rhizo-
bia have shown that chromosome synteny is very well conserved
within a species and less maintained between different species
[39,77]. Synteny was used as a further criterion to distinguish
Wolbachia species. It has been observed that levels of genome syn-
teny are higher within than between Wolbachia supergroups [30],
as it is evidenced in Fig. 2 for ten finished genomes. Wolbachia
genomes have high levels of repetitive DNA and mobile genetic
elements that lead to DNA rearrangements that diminish synteny
even between related strains [30,35,52,102]. Genome rearrange-
ments in other organisms represent recombination barriers and
could lead to genetic isolation [ 76]. Strain wNo showing significant
divergence by in silico DDH and ANI values is less syntenic with
its supergroup siblings. It would be worth investigating if a specia-
tion process could start within a supergroup by Wolbachia strains
developing novel genomic rearrangements, as discussed previously
[30].

Conclusions

We showed here that Wolbachia supergroups represent distinct
evolutionary lineages based on phylogenomics, G +C content, ANI,
insilico DDH and synteny. Our results support the previous proposal
that Wolbachia from different supergroups should be considered as
genetically distinct clades not only from implications related to host
confinement and their biology [72], but on the basis of molecular
evidence [30,53,78]. Furthermore, we found heterogeneity within
supergroups. The more divergent strains within each supergroup
were recovered as outliers in the phylogenomic analyses. Not all
strains, however, seem to have accumulated enough nucleotide
sequence differences to show ANI values lower than 95-96%, used
to delineate different species, with other distant strains in their
supergroups (Table 3), Nevertheless, within a supergroup signif-
icant genome content differences were evidenced by low in silico
DDH (less than 70%) and genome synteny among Supergroup mem-
bers was not always high. Thus, our novel analyses indicate that
different species may occur inside a supergroup. Consequently,
supergroups would have a supraspecific status.

Given the evidence reviewed and presented here, the name W.
pipientis (Hertig 1936) [43], should be applied only to supergroup B
strains. As Wolbachia are still uncultivable, the proper designation
for supergroup B strains should be ‘Candidatus Wolbachia pipien-
tis". In order to distinguish the different species within Wolbachia,
we propose the designation ‘Candidatus Wolbachia bourtzisii® for
strains in supergroup A, ‘Candidatus Wolbachia onchocercicola’
for endosymbionts of genus Onchocerca in supergroup C, ‘Can-
didatus Wolbachia blaxterii’ for endosymbionts of D. immitis in
supergroup C, ‘Candidatus Wolbachia brugii’ for endosymbionts of
nematodes from Brugia and Wuchereria species in supergroup D,
‘Candidatus Wolbachia taylorii’ for endosymbionts of nematodes
from Litomoseides species in supergroup D, ‘Candidatus Wolbachia
collembola’ for endosymbionts of Collembola arthropods in super-
group E and ‘Candidatus Wolbachia multihospitis' for Wolbachia
strains hosted by nematodes and arthropods in supergroup F.

Description of ‘Candidatus Wolbachia bourtzisii’

‘Candidatus Wolbachia bourtzisii' (bourt.zi’si.i. N.L. gen. n.
bourtzisii, of Bourtzis, in honor of Kostas Bourtzis, as a recognition

for his studies on Wolbachia and other bacteria associated with
arthropods).

The description of the species 'Candidatus Wolbachia bourtzisii’
is based on the studies reported by Louis and Nigro |62 ], Sacchi et al.
|82], Texeira et al. [94], and Zhukova and Kiseleva [105]. Cell size
is 0.5 pm in D. simulans, and 0.5-1.0 pm in D. melanogaster. Cells
are roundish and less frequently rod shaped and are surrounded
by three enveloping membranes. The first is the plasmatic mem-
brane and the second represents the outer part of the cell wall. The
third one, closely related to the cytoplasm of the host cell, forms a
vacuole for each single microorganism. Ribosomes and nucleic acid
fibrils are observed in the cytoplasm. In D. melanogaster individual
bacterial cells are distributed throughout the host cell cytoplasm,
occasionally occurring as small groups. Bacteria occur in the ovari-
oles in high numbers and in germline cells like cytocytes, oogonia,
oocytes and nurse cells.

The percentage of apoptotic cells in germaria are increased in
D. melanogaster infected with wMelPop. Tetracycline treatments
accelerated the time to death in D. melanogaster infected with
Drosophila C virus (DCV) as the bacteria confer resistance to DCV
by interfering with virus proliferation. The DNA G+C content is
between 35,0 and 38.4 mol% as calculated from genomic sequences.
Most strains exhibit a DNA G +C content of 35.2 mol%.

Description of ‘Candidatus Wolbachia onchocercicola’

‘Candidatus Wolbachia onchocercicola’ [on.cho.cer.ci'co.la. N.L.
fem. n. Onchocerca a filarial nematode genus; L. suffix - cola (from
L. masc. or fem. n. incola), a dweller, an inhabitant; N.L. fem. n.
onchocercicola, a dweller of Onchocercal,

The description of the species ‘Candidatus Wolbachia onchocer-
cicola’ is based on the studies reported by Determan et al. [27],
Egyed et al. [31], Horeauf et al. [46], Kozek and Marroquin [55],
and Langworthy et al. [59]. Cell size is 0.3 up to 0.8 um in diam-
eter and 1.5 up to 1.8 pm in length. Cells are generally round or
spherical shaped. Bacteria are located in the cytoplasm surrounded
by a membrane-bound vacuole. In Onchocerca lupi each vacuole
contains only one bacterium surrounded by a double membrane.
In contrast, in Onchocerca volvulus they often form clusters and
in Onchocerca ochengi some of them contain up to seven bacte-
ria, Wolbachia live in the subcutaneous and connective tissues of
their hosts, usually enclosed in fibrous cysts or nodules. In adults
and larvae bacterial cells occur in the lateral cords, and in germinal
tissues in females, Depletion of the endosymbiont by oxytetracy-
cline in 0. ochengi results in the death of adults and microfilaria.
Also, there is a decline in the quantity of embryos and an increase
in the proportion of embryos showing abnormal morphology. In
0. volvulus doxycycline treatment blocks embryogenesis, The DNA
G+ C content is 32,1 mol¥% as calculated from genomic sequences,

Description of ‘Candidatus Wolbachia blaxteri’

‘Candidatus Wolbachia blaxteri’ (blax’ter.i, N.L, gen, n. blaxteri,
of Blaxter, in honor of Mark Blaxter, in recognition of his molecular
studies on nematodes and their associated Wolbachia symbionts).

The description of the species ‘Candidatus Wolbachia baxteri' is
based on the studies reported by Kozek [55,56], McLaren et al., [64],
and Sironi et al. [90]. Cell size is 0.3-1.0 um in diameter and 4.5 pm
in length. Cells are spherical or ovoid shaped. Bacteria are contained
in an individual membrane-bounded host vacuole, Some bacterial
cells have condensations of dense material within their cytoplasm.
In D. immitis bacteria occur in the reproductive tract mainly in the
ovary and the proximal region of the uterus, and are also found in
oocytes and in all embryonic stages of microfilariae developing in
the uterus, In lateral cords of adults, they occur as clusters that can
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fill most of the hypodermal tissue. Often they appear to surround
the hypodermal nuclei, In embryos, five to ten bacteria per host
cell are found. Also, bacteria are abundant in oogonia, eggs and
early dividing embryos. Treatment with tetracycline blocks embryo
development.The DNA G + Ccontentis 32.7 mol% as calculated from
genomic sequences.

Description of ‘Candidatus Wolbachia brugii’

‘Candidatus Wolbachia brugii’ (bru'gi.i. N.L. gen. n. brugii, of Brug,
named afterS. L. Brug, a Dutch parasitologist who first described the
filarial nematode Brugia malayi, a model for the study of Wolbachia-
nematode relationships),

The description of the species ‘Candidatus Walbachia brugii’ is
based on the studies reported by Fischer et al. [34], and Land-
mann et al. [57,58], and Taylor et al. [92]. Cell size is 0.5 pm up to
1 pm. Cells are spherical or have an elongated shape and are sur-
rounded with a double membrane. Bacteria are contained within
membrane-bound vacuoles. In Brugia malayi clusters of bacteriaare
detected in microfilaria. In larvae L2, bacterial cells are detected in
the hypodermis and in L3 and L4 larvae in the cells of lateral chord,
in high numbers. In adult female worms, bacteria are commonly
found in the lateral hypodermal cords, in hypodermis, and close to
or inside the ovaries. Bacteria are also seen in the cells surrounding
the basal lamina of the oviduct, In adult male worms, microfilariae,
and third-stage larvae bacteria are detected in the lateral cord, but
in lower numbers compared with females and dispersed in focal
groups or as individual bacteria. They are also detected in testis and
the border of vas deferens. In Wuchereria bancrofti bacteria show a
similar distribution as in B. malayi, in small clusters or as a single
bacterium.

Tetracycline treatments dramatically reduce the endosymbiont
population in female adults of B. malayi. Pyknotic nuclei are
observed throughout the ovaries and uteri in the female germline.
Microfilaria resulting from a completed embryogenesis after antibi-
otic treatments, showed defects as abnormal muscle quadrants.
Apoptotic nuclei are detected in the ovaries of treated females and
become more numerous as the uteri is filled with embryos. The
DNA G + Ccontent is between 34.0 and 34.2 mol% as calculated from
genomic sequences,

Description of ‘Candidatus Wolbachia taylori’

‘Candidatus Wolbachia taylori' (tay'lo.ri. N.L. gen. n. taylori, of
Taylor, in honor of Mark J. Taylor, in recognition of his studies on
the role of Wolbachia-nematode symbiosis in human diseases and
his search for treatments).

The description of the species ‘Candidatus Wolbachia taylori’
is based on the studies reported by Chagas-Moutinho et al. [19],
and Horeauf et al. [45]. Cell size is approximately1 pm and round
shaped. Cells present a reduced cell wall and not a typical septum
during cell division. Cells are surrounded by a host-derived vacuo-
lar membrane. In Litemosoides chagasfilhoi, bacterial cells occur in
regions of the hypoderm, in the oocytes, early-stage embryos and
complete developed intrauterine microfilariae close to the cell host
nucleus, In other filarial tissues, bacteria are found in intracellular
vacuoles associated to the nuclear envelope. They are also observed
in proximity to the endoplasmic reticulum. TEM suggested a single
bacterium per vacuole.

Depletion by tetracycline results ininfertility by blocking female
worm development and early embryogenesis in Litomosoides sig-
modontis. The DNA G+C content is 32,1 mol% as calculated from
genomic sequences,

Description of ‘Candidatus Wolbachia collembolicola’

'Candidatus Wolbachia collembolicola’ [col.lem.bo.li'co.la. N.L. n.
pl. Collembola alineage of hexapods; L. suffix — cola (from L. masc. or
fem. n. incola), a dweller, an inhabitant; N.L. fem. n. collembolicola,
a dweller of Collembola].

The description of the species ‘Candidatus Wolbachia
collembolicola’ is based on the studies reported by Czarnet-
zki and Tebbe [23], Pike and Kingcombe [73], Timmermans and
Ellers [95], and Vandekerclkhove et al. [97]. Cells detected in
hexapod species of the order Collembola. Cell size is 0.2 um up
to 1.4 pm. Cells are pleomorphic from curved to almost hairpin-
shaped. Cell wall lacks detectable peptidoglycan layer. Periplasmic
space is of around 5-15 nm. Cells are surrounded by a host-derived
vacuolar membrane, DNA filaments are visible in a rather diffuse
network dispersed throughout the cell and interspersed with ribo-
somes. Cells occur in aggregations and are found mostly in close
association with the rough endoplasmic reticulum in the ovaries.
Fat bodies and interstitial cells as detected by TEM techniques or
restricted to the ovary and brain as detected by FISH techniques.

Infection is obligatory for host offspring survival, The endosym-
biont is sensitive to high-dose of rifampicin and heat treatments.
High-dose tetracycline treatment is inefficient for removing cell
infections. Bacteria obligate role early in the parthenogenetic devel-
opmental process includes egg hatching,.

Description of ‘Candidatus Wolbachia multihospitum’

‘Candidatus Wolbachia multihospitis’ (mul.ti.hos'pi.tum. L. adj.
multus many, numerous; L. n, hospes -itis, he who entertains a
stranger, a host; N.L. gen. pl. n. multihospitum of numerous hosts,
referring to the occurrence of the bacterium on various species of
arthropods and nematodes).

The description of ‘Candidatus Wolbachia multihospitis’ is based
on the studies reported by Ferri etal. [33], Hosokawa et al. [47], and
Lefoulon et al. [60]. In Cimex lectularius cell size is 0.5 up to 1.2 pm.
Cells are rod-shaped. In males, bacterial cells are located in the
testis-associated bacteriome, whereas in females they are located
in bacteriomes and ovaries. Cells are also detected in the nutritive
cord and developing oocytes. In the nematode Madathamugadia
fhiepei, they are detected in young and late embryos. In adult females
they are observed in the ovaries and the intestinal wall. In contrast
with other nematodes they are absent in the hypodermal lateral
chord. In Cercopithifilaria jeponica and Mansonella perforata bacte-
ria are located in the epithelial somatic gonad and in the intestinal
wall,

Elimination of the endosymbiont by rifampicin treatments in
C. lectularius resulted in deformed developing eggs, reduction in
the adult emergence rate and prolonged nymphal period. The DNA
G+ C content is 36.3 mol% as calculated from genomic sequences.
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ABSTRACT

Dactylopius species, known as cochineal insects, are the source of the carminic acid dye used
worldwide. A Dactylopius coccus metagenome analysis revealed the presence of two Wolbachia
strains, wDacA and wDacB, belonging to supergroups A and B, respectively. Draft genome
sequences were recovered for both strains. Genome analysis indicated that the strains shared similar
metabolic capabilities that are common to Wolbachia, including riboflavin, ubiquinone and haem
biosynthesis but lacked other vitamin and cofactor biosynthesis as well as sugar uptake system,
gluconeogenesis and non-oxidative pentose phosphate pathway. Genes for glycolysis were not
found and there is a complete tricarboxylic acid cycle and limited amino acid biosynthesis. Uptake
and catabolism of proline was evidenced in Dactylopius Wolbachia strains. Both strains possessed
WO-like phage regions and type I and a type IV secretion systems. Several efflux systems found
suggested the existence of metal toxicity within their host. Besides already described putative
virulence factors like ankyrin domain proteins, VIrC homologues and patatin-like proteins, putative
novel virulence factors related to those found in intracellular pathogens like Legionella and
Mycobacterium are highlighted for the first time in Wolbachia. Candidate genes identified in other
Wolbachia that are likely involved in cytoplasmic incompatibility were in wDacB but not in

wDacA. Genome read coverage revealed that wDacB is more abundant in D. coccus than wDacA.

Keywords: Endosymbiont, Wolbachia genome, scale insect, double infection.
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INTRODUCTION

Many insects have vertically transmitted symbiosis with bacteria that provide them with amino
acids and vitamins (Moran, 2006). While most insect endosymbionts belong to the y-Proteobacteria
there are others in many other phyla (Moran et al., 2008). A remarkable case is Wolbachia
endosymbiont that infect between 40 (Zug et al., 2012) and 66% (Hilgenboecker et al., 2008) of
arthropod species. There are sixteen phylogenetic supergroups of Wolbachia identified and ten of
them are associated to arthropods (Augustinos et al., 2011).

Wolbachia are phylogenetically affiliated to the a-Proteobacteria not far related to Rickettsia,
Ehrlichia and Anaplasma (Williams et al., 2007). Wolbachia are nematode as well as arthropod
symbionts (Hilgenboecker et al., 2008; Sommer & Streit, 2011) and have different effects in their
hosts ranging from parasitism to mutualism with spatial and temporal spread of infections in some
insect populations (Vavre & Charlat, 2012). In nematodes, Wolbachia provide vitamins, help to
evade the host immune response and provide energy (Darby et al., 2012). In arthropods Wolbachia
may alter the host reproduction by induction of parthenogenesis (Stouthamer et al., 1990), male
killing, feminization (Stouthamer et al., 1999), and strain incompatibility (Rousset et al., 1992). On
the other hand, Wolbachia may confer benefits to insects. While Wolbachia symbionts are capable
to alter their reproduction causing sexual bias in the populations (Rousset et al., 1992) they may
also play an important role in insect development and survival (Dedeine et al., 2001). These
bacteria have been found infecting many tissues inside the insect body as reproductive tracts and
somatic cells as bacteriocytes (Saha et al., 2012, Hosokawa et al., 2010). In Nasonia wasps,
Wolbachia cause male killing (Duplouy et al., 2013), but remotion of Wolbachia with antibiotics
in Asobara tabida wasps inhibits maturation of oocytes (Dedeine et al., 2001). In Drosophila
Wolbachia may confer protection against virus infections (Chrostek et al., 2013; Teixeira et al.,

2008), and provide a fecundity benefit to females when subjected to low or high iron diets
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(Brownlie et al., 2009). Thus, Wolbachia inside insects may be a facultative symbiont but can also
be an obligate endosymbiont necessary for surviving (Dedeine et al., 2001).

There are eleven Dactylopius species (Ben Dov, 2006; Van Dam & May, 2012). Five of them
are present in Mexico including the smallest and most distantly related D. tomentosus (Portillo &
Vigueras 2006; Chavez-Moreno et al., 2009). Dactylopius insects feed exclusively on sap of cacti
plants of genera Opuntia and Nopalea (Pérez-Guerra & Kostarab, 1992). Females of these scale
insects spend all their lives on the host plant surface, whereas males are winged and short lived.
These insects feed on a poor nutritional and low calorie diet, since cacti sap is mainly constituted
by water (88-95%) and is low in nitrogen (0-0.5%) (Stintzing & Carle, 2005). The red pigment
carmine is obtained from cochineal insects of the genus Dactylopius, especially from D. coccus,
which is a domesticated species. Carmine has been used in Mexico for several hundred years, since
prehispanic times. It is a natural dye used to color food, medicines, cosmetics, textiles and artworks
and is considered safe for human consumption (Dapson, 2005), with antimicrobial and insecticidal
properties (Eisner et al., 1980; Pankewitz et al., 2007). Currently, 300-350 tons are produced every
year, being Peru and Spain the countries with the largest production (FAO bulletin).

Previously we described a [-Proteobacterium, Candidatus Dactylopiibacterium
carminicum, and other diverse bacterial species associated with Dactylopius species present in
Mexico (Ramirez-Puebla et al., 2010). Here, we extend the knowledge of Dactylopius

endosymbionts and report the draft genome of two strains of Wolbachia, wDacA and wDacB.
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MATERIALS AND METHODS.

Sample collection

D. coccus insects were provided by Campo Carmin Greenhouse (Morelos, Mexico). They were
maintained on cacti plants (Opuntia ficus-indica var. Campo Carmin) in a growth room with
controlled photoperiod (12L: 12D), temperature (25° C) and humidity (40-60%). Other Dactylopius
species were collected from different states of Mexico: D. confusus from Tlaxcala, D. ceylonicus
from state of México, D. opuntiae from Querétaro and Mexico city, and D. tomentosus from

Hidalgo.

DNA extraction and detection of Welbachia in D. coccus individuals

Metagenomic DNA was extracted from 2 g (20 individuals) of adult females which were
superficially disinfected with ethanol (70%), rinsed with sterile distilled water and dissected with
sterile forceps to remove exoeskeleton and guts. Cells in the hemolymph and debris were separated
by centrifugation in Percoll gradient (adapted from Charles & Ishikawa, 1999). Percoll phases were
observed under microscope and those with cells was selected for DNA extraction. DNA was
extracted with DNeasy Blood & Tissue kit (QIAGEN) following the manufacturer instructions.
Additionally, guts and ovaries from 40 D. coccus females were dissected using sterile forceps under
a stereoscopic microscope. These organs were suspended in PBS and macerated using a sterile
plastic pestle (Eppendorf). DNA was extracted as previously described and stored at -20°C until
use. DNA from the whole body of adult female from other Dactytopius species in Mexico (D.
confusus, D. ceylonicus, D. opuntiae, and D. tomentosus) was also extracted.

PCR was performed using primers 27f (5’-AGA GTT TGA TCM TGG CTC AG-3’) and 1492r

(5’-TAC GGY TAC CTT GTT ACG ACT T-3’) (Lane et al., 1991) targeted to gen 16S rRNA
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and primers wsp81F (5'-TGG TCC AAT AAG TGA TGA AGA AAC-3") and wsp691R (5'-AAA

AAT TAA ACG CTA CTC CA-3") targeted to gene wsp of Wolbachia (Braig et al. 1998).

High-throughput sequencing and assembly

Metagenomic DNA was sequenced with the following platforms: Illumina HiSeq 2000 platform
(100 bp paired-end reads, 0.4 Kb insert size), Roche 454 (300 bp single-end reads) and PacBio
SMRT cell technology (10.0 Kb CLR Library prep size). Sequencing was performed at Macrogen
Inc. (Korea) for Illumina and 454 and Duke University Genome Sequencing Core (USA) for
PacBio.

In a directed strategy to assemble Wolbachia genomes, Illumina and 454 reads were mapped to
Wolbachia genomes using BLAST. The recovered reads were assembled using MetaVelvet
Software (Namiki et al., 2012) with 95 k-mer length for Illumina. Contigs obtained were cut to
200bp to generate pseudoreads. Pseudoreads and reads from 454 ROCHE were assembled with
Newbler software (Roche). For scaffolding SSPACE software (Boetzer et al., 2011) was used.
Additionally the whole metagenome was assembled with SPAdes (Bankevich et al., 2012) using
[Mlumina reads and PacBio filtered subreads, as well as 454 reads supplied to the assembler as non-

trusted contigs.

Recovery of two Wolbachia strains from the D. coccus metagenome

Assembled contigs were aligned by Nucmer (Kurtz et al., 2004) against all available Wolbachia
genomes and those producing significant matches (>50% coverage and >90% identity) were
retained. Two contig groups were identified, one showing the highest similarity to sequences from
supergroup A strains and other most similar to supergroup B strains. Those groups were

independently used as seeds to capture additional contigs with the binning program Clams (Pati et
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al., 2011) using tetranucleotide signatures for similarity matching. This process was recursively
repeated until no additional contigs were recovered. All recovered contigs were aligned with
BLASTX against the nr GenBank database to discard false positives, i.e. those contigs matching

bacteria other than Wolbachia.

Annotation

The RAST server was used for gene prediction and annotation (Aziz et al., 2008). Manual curation
of relevant genes was performed after comparisons with sequences deposited at the following
databases: nr and Refseq via BLASTX (Benson et al., 2013), the Conserved Domain Database at
GenBank (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), the Protein families (PFAM)

database (Finn et al., 2014) and the Transport Classification Database (Saier et al., 2014).

Accession numbers

The genomes of Wolbachia strains wDacA and wDacB have been registered at GenBank and

assigned BioProjects numbers PRINA274701 and PRINA274698, respectively.
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RESULTS

Wolbachia in Dactylopius

During a metagenome analysis of the cochineal insect D. coccus, we observed that reads matching
to Wolbachia sequences were the most abundant (data not shown). By recursively binning the
assembled metagenome contigs looking for Wolbachia sequences, two bins were identified, one
showing the highest similarity to sequences from Wolbachia supergroup A strains and other most
similar to supergroup B strains. A phylogenomic analysis of those bins (Ramirez-Puebla et al.,
2015), confirmed that they corresponded to two different Wolbachia strains belonging to
supergroups A and B which will be referred here as wDacA and wDacB, respectively.

Wolbachia from supergroups A and B were previously reported in Dactylopius sp. collected in
Lanzarote, Canary Islands, Spain (Pankewitz et al., 2007). When compared to the reported
sequences from the Canarian Wolbachia, our Mexican wDacA and wDacB strains from D. coccus
showed, respectively, 99.8% and 98.3% at the ftsZ gene, and 100% and 98.3 at the wsp gene. Thus,
Wolbachia infecting Dactylopius sp. populations in the Canary Islands are closely related but
distinct to the Mexican Wolbachia, being the divergence more pronounced among supergroup B
representatives. Recently, a Wolbachia genome was recovered during a genome sequencing of D.
coccus (Campana et al., 2015). The reported wCocl genome was found to belong to supergroup B
by fisZ gene sequence analysis but no analysis of the genome was provided. wCoc1l showed 92.4%
and 98.2% ANI values with wDacA and wDacB, respectively, indicating that wCocl and wDacB
belong to the same species. No further comparison against our strains was performed because the
wCocl genome assembly was highly fragmented (1064 contigs, N50 size = 1387 bp).

Wolbachia PCR products were obtained from DNA extracted from other Dactylopius species

collected in Mexico (D. ceylonicus, D. opuntiae, D. confusus, and D. tomentosus) (Data not
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shown). These data show that Wolbachia might have started its endosymbiotic state before the

genus Dacytlopius had diverged.

Genomes sequences of Wolbachia strains wDacA and wDacB

The number of contigs and N50 sizes of genome assemblies of wDacA and wDacB were 157 and
13.7 kb and 200 and 14.5 kb, respectively (Table 1), values which were above average in
comparison to released WGS genomes of Wolbachia (data not shown). Read coverage were widely
different between both genomes, 2700% in wDacB versus 174 in wDacA indicating that the former
Wolbachia strain is predominant in the tissues of D. coccus used in this study. Detection of each
Wolbachia strain by 16S gene PCR amplification and sequencing in isolated individuals of D.
coccus seemed to corroborate that wDacB is more abundant than wDacA (Table 2). As other
Wolbachia strains, wDacA and wDacB strains showed reduced genomes and low G+C contents
(Table 1). Hypothetical genes represented 35% and 23% of the CDS genes in wDacA and wDacB,
respectively. Wolbachia strains show high genome plasticity compared with other insect
endosymbionts. The presence of a high proportion of mobile DNA and insertion sequences
(Bordenstein and Reznikoff, 2005; Cordaux et al., 2008) may promote this plasticity. The two
Wolbachia strains of D. coccus were not exceptions although it is worth mentioning that the
genome of wDacB has a higher number of genes annotated as coding for mobile genetic elements
and transposases (404, 24% of the CDS genes) in comparison to wDacA (120, 9% of the CDS

genes).

Vitamin, coenzymes, cofactors and nucleotide synthesis
Both Wolbachia strains from D. coccus seemed able to synthesize riboflavin and ubiquinone

(coenzyme Q). They also had genes required for purine and pyrimidine nucleotide biosynthesis.
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They lacked complete biosynthesis genes for biotin, thiamine, coenzyme A, NAD and folic acid.
Nevertheless, an uptake system for biotin and a gene for folate salvage were found encoded in each

genome. Both strains also possessed a bacterioferritin gene and haem biosynthesis genes.

Metabolism

The set of genes for tricarboxylic cycle was complete in both genomes. There were genes for the
pentose phosphate pathway but not the oxidative reactions. The phosphofructokinase gene is
absent, suggesting that there may be gluconeogenesis but not glycolysis. A cytochrome ¢ oxidase
as well as components of the respiratory complex were found in both strains.

As has been observed in other Wolbachia and other Rickettsiales, most amino acid biosynthesis
pathways were incomplete. However, catabolic genes for proline, aspartate, glutamate, and
possibly cysteine were identified in both strains. Genes for glutamate dehydrogenase, glutamine
synthetase (GS) and glutamate synthase (GOGAT) required for ammonia assimilation were also
present. NifU was identified but no other nitrogen fixation genes. Nif proteins involved in the
formation of FeS clusters or other metallo clusters can be found in organisms that do not fix
nitrogen.

Complete set of genes for fatty acid biosynthesis were present in both genomes as well as for
synthesis of the phospholipids phosphatidylethanolamine, phosphatidylglicerol and
phosphatidylserine. No genes for lipopolysaccharide biosynthesis were found in either genome.
wDacA and wDacB had genes for peptidoglycan synthesis but seemingly no genes for

transpeptidases from chain-cross linking were found.
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Transport

Both genomes encoded genes for ATP-binding cassette (ABC) transporters for uptake of phosphate
(pstABCS genes), ferric iron, zinc, and possibly lipids; one for export of haem; and one gene for a
Mg*? (or Co*?) transporter-E (MgtE) family importer. Several genes for putative amino acid
symporters were shared by both genomes including five of the major facilitator superfamily (MFS),
three of the alanine/glycine:cation symporter (AGCS) family, and one of the dicarboxylate/amino
acid:cation symporter (DAACS) family. Strain wDacA but not wDacB had genes coding for an
ABC uptake transporter for glutamine/glutamate. On the other hand, strain wDacB possessed three
uptake systems of the drug/metabolite transporter (DMT) superfamily and two genes for
organophosphate:phosphate MFS antiporters which were not present in wDacA. The former DMT
transporters were >75% similar to the S-adenosylmethionine uptake transporter Sam of R.
prowazekii (Tucker et al., 2003), and the highest similarities (~49%) of the latter MFS antiporters
were to proteins of R. prowazekii which have been implicated in triose phosphate uptake used for
phospholipid biosynthesis (Frohlich & Audia, 2013). No hexose transporter genes were found,
supporting that there is no glycolysis in both strains.

Few export transporters were found in both genomes. Besides the haem exporter, both genomes
encoded an ABC transporter putatively involved in organic solvent resistance, a CorC-family
transporter for magnesium or cobalt efflux and a cation diffusion-facilitator (CDF) family exporter
for zinc or cadmium. In addition, wDacA genome encoded two ABC superfamily transporters, one
of the heavy metal transporter (HMT) family related to exporters for phytochelatins-Cd complexes

and other of the multidrug resistance (MDR) family.
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Secretion systems.

Of the two systems for protein export into the periplasm, only the general secretion sec system was
found encoded in wDacA and wDacB genomes. Protein secretion into the extracellular
environment is accomplish by several type of secretion systems of which only two were found in
the Wolbachia strains of Dactylopius. Both genomes coded for the inner membrane component and
the membrane fusion protein of a type I secretion system (T1SS) whose products were 95% and
83% identical, respectively, between the strains. The outer membrane TolC, a channel that acts in
conjunction with the other TISS components, was coded elsewhere in the genomes.

Both strains possessed one type IV secretion system (T4SS). The gene organization was similar to
that found in other Wolbachia with two separated clusters, one including virB3, virB4, and four
copies of virB6, and another cluster with virBS8, virB9, virB10, virBI11 and virD4. As it is also
observed in other Wolbachia, there were one paralogue of each virB4, virB§ and virB9 coded
elsewhere in the genomes. Genes virB1, virB2, virB5 and virB7 has been reported as being absent
in Wolbachia and in Rickettsiales in general (Pichon et al., 2009). However, we found four and
three homologues of the pilin virB2 gene in wDacA and wDacB, respectively. The virB2
homologues were not clustered with each other or with other vir genes. BLAST searches recovered
virB2 homologues in many Wolbachia genomes (data not shown) which are annotated mostly as
hypothetical or membrane proteins.

In the symbiotic wBm strain of the nematode Brugia malayi, the transcriptional regulators
wBmxR1 and wBmxR2 bind to the promoter regions of some vir genes (Li and Carlow, 2012).
wBmxR1 seems to regulate the virB8 operon (which includes the upstream riboflavin biosynthesis
gene ribA) and the second copy of virB9, while wBmxR2 controls the expression of the second

copy of virB4 (Li & Carlow, 2012). Homologues to wBmxR1 coding for proteins >74% identical
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to the wBmxR 1 product were found in both our Wolbachia strains, while a homologue to wBmxR2

was found only in wDacA (78% identity).

Stress response

Although living in a relatively protected environment inside their host cells, endosymbionts still
retain genes required to cope with stressful conditions. Potassium homeostasis is important to react
to changes in osmotic pressure and pH changes. One TrkG potassium uptake protein was found
encoded in wDacA while there were two in wDacB. Both strains had a glutathione-regulated
potassium-efflux system KefKL. An HtrA protease/chaperone for degradation of misfolded or
mislocalized cell-envelope proteins was found encoded in each genome. Genes to contend with
oxidative stress like those for a Fe superoxide dismutase, an alkyl hydroperoxide reductase, three
glutaredoxins and for glutathione biosynthesis were also found. A single gene for a bacterial
flavohemoglobin in each genome may be used to contend with nitrosative stress. Common proteins
used for temperature stress such as DnaK-DnaJ-GrpE composing the DnaK chaperone system and
GroEL-GroES composing the GroE chaperonin machinery were found encoded in both genomes
as well as a CspA-family cold shock protein. A single sigma factor RpoH protein was encoded in

each genome and may be used to stress response.

Virulence

Ankyrin domains are involved in protein-protein interactions and by interacting with specific
regions of the host chromatin are able to modulate host gene transcription in other bacteria (Iturbe-
ormaetxe et al., 2005). Genes coding proteins with ankyrin domains were found in both strain
genomes although wDacB had double the number of genes in comparison to wDacA (34 versus 17

genes). Neither strain possessed genes for chemotaxis or motility via flagella or type IV pilus.
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Two of the five MFS amino acid transporters of wDacA and wDacB belonged to the phagosomal
nutrient transporter (Pht) family (Chen et al., 2008). A threonine-transporting member of this
family is required for intracellular survival of Legionella pneumophila in macrophages (Sauer et
al., 2005).

One gene in each Wolbachia strain coded for a protein bearing the mammalian cell entry (MCE)
domain. Proteins in this family have been identified as necessary for intracellular colonization and
survival by Mycobacterium tuberculosis and Mycobacterium bovis (Arruda et al., 1993; Flesselles
et al., 1999).

Finally, genes coding for proteins which have been highlighted as candidates to induce cytoplasmic
incompatibility were also found. Both genomes possessed two copies of the DNA-binding protein
HU beta (Beckmann et al., 2013). wDacB but not wDacA had genes coding for proteins which are
homologues to WPIP0282 that seems to be present only in Wolbachia strains inducing cytoplasmic
incompatibility (Beckmann & Fallon, 2013). wDacB possessed two homologues of the
transcriptional regulator wtrM gene whose product is able to upregulate the expression of a host
gene implicated in cytoplasmic incompatibility (Pinto et al., 2013). The w#rM gene of wDacA was

split in two halves by a frameshift mutation.

Phages

Several genes of gene clusters encoding phage proteins were found in both Wolbachia genomes. A
complete cluster including phage head-baseplate or head-baseplate-tail genes was not recovered,
clusters included either head, baseplate or tail genes. Paralogues genes located in different head or
baseplate clusters in each genome suggested that each strain possesses more than one phage

although it was not possible to determine if any of these phages is complete. The tail clusters, one
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in each genome, were associated with putative virulence genes: two homologues of the VIrC

protein in wDacA, and an ankyrin domain protein and a patatin-like protein in wDacB.

DISCUSSION

In this study we report on the presence of two Wolbachia strains, wDacA and wDacB, in Mexican
individuals of the cochineal insect D. coccus. The big difference in read coverage between the
genomes of wDacA and wDacB indicates that the latter strain is prevalent in D. coccus, at least in
the tissue samples used here. Interestingly, wDacB but not wDacA possessed homologues coding
for proteins which are likely candidates involved in causing cytoplasmic incompatibly, a
mechanism promoting persistence and dissemination of Wolbachia in their hosts. In wasps double
infections of supergroup A and group B strains have been found to influence reproductive and
ecological isolation among sibling Nasonia species and therefore Wolbachia has been considered
implicated in wasp speciation (Bordenstein et al., 2001).

Dactylopius insects feed on low-nutrient cacti sap and therefore have to develop strategies to
acquire nutrients lacking in their diet from their symbiotic relationships with bacteria. In filarial
nematodes, Wolbachia acts as an obligate symbiont. In other insects riboflavin is produced by their
endosymbionts such as the gamma-Proteobacterium Wigglesworthia for the tse-tse flies (Akman
et al., 2002) and Buchnera for the aphids (Nakabachi & Ishikawa, 1999) and is required for normal
development in mosquitoes. It has been postulated that Wolbachia strains can also act as haem
providers and/or helpers in maintaining iron homestossis in the host (Brownlie et al., 2009; Kremer
etal., 2009). Both Wolbachia strains from D. coccus possessed genes for biosynthesis of riboflavin,
nucleotides, haem, and the iron-storage protein bacterioferritin. Nevertheless, all these genes are

common in the genomes of non-symbiotic sex-manipulator Wolbachia strains.
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As has been observed in other Wolbachia, wDacA and wDacB do not have genes to produce most
amino acids that their insect host requires, those may be provided by other bacteria present in D.
coccus (Ramirez-Puebla et al., 2010) which could act as symbionts. Lacking most amino acid
biosynthetic capabilities evidenced Wolbachia dependence on its host or on other endosymbionts.
Retention of amino acid biosynthesis defines primary insect symbionts and its absence seems to be
a characteristic of secondary symbionts (Darby et al., 2012). Lack of a functional glycolysis
pathway and the presence of several amino acid uptake systems indicate that Wolbachia utilizes
amino acid instead of sugars as nutrients. Many of the MFS transporters may be proline uptake
systems which together with the presence of PutA for proline catabolism suggest that this amino
acid could be a major nutrient for Wolbachia. In fact, high level expression of PutA has been
demonstrated by proteomic analysis of Wolbachia (Baldridge et al., 2014). Interestingly, proline is
an excellent precursor for riboflavin production in Rhizobium (Phillips et al., 1999).

Symbiotic and pathogenic bacteria can use effector proteins delivered to their host via the T4SS to
promote intracellular colonization and persistence (Juhas ef al., 2008). T4SS is widely found in
Wolbachia strains (Pichon et al., 2009) and was also found in wDacA and wDacB. It was surprising
to note that virB2, coding for the major T-pilus component, was reported as being absent in
Wolbachia and other Rickettsiales (Pichon et al., 2009; Rances et al., 2008). We found several
virB2 homologues in wDacA and wDacB as well as in many Wolbachia genomes. This is in
agreement with recent data obtained in other Rickettsiales like Anaplasma phagocytophilum
(Dugat et al., 2014) and Neorickettsia risticii (Lin et al., 2009) which do possesses several virB2
paralogues. In V. risticii, VirB2 is located in the cell surface in agreement with its function as the
major T4SS pilus protein (Lin et al., 2009). In Anaplasma phagocytophilum, the AnkA protein is

exported via a T4SS (Lin et al., 2007). Although T4SS are known to transport proteins and/or
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DNA, an intriguing possibility is that they can act as nutrient transporters in Wolbachia given the
scarcity of nutrient export systems in the genomes of these bacteria.

Several efllux systems for heavy metals were found in both genomes suggesting that Wolbachia
from D. coccus have to cope with metal toxicity maybe contributed by their host diet. In this line,
it is suggestive to note that the mucilage of Opuntia cacti act as a good water-soluble chelating
polymer (polyelectrolyte) able to remove heavy metals from water (Barka et al., 2013) and that
metal-bound phytochelatin can be found in Opuntia shoots (Landero Figueroa et al., 2007). Besides
heavy metals, other harmful conditions are likely acting on wDacA and wDacB as both their
genomes carried several genes to contend with abiotic stresses. Proteomic profiling of a mosquito
Wolbachia strain has revealed a profile dominated by chaperones and stress proteins (Baldridge et
al., 2014).

Another secretion system used by bacteria to interact with eukaryotes is the T1SS. In pathogenic
bacteria, virulence factors such as haemolysins are secreted via this system. Secretion of some
ankyrin domain proteins by T1SS has been reported in Rickettsia (Kaur et al., 2012) and Ehrlichia
(Wakeel et al., 2011). Proteins bearing typical T1SS-secretion motifs could not be found in either
of our Wolbachia genomes but it is worth noting that several ankyrin domain proteins were coded
near the gene for the T1SS inner membrane component in wDacB.

Novel putative virulence factors related to those found in some intracellular pathogens like
Legionella and Mycobacterium were found encoded in both genomes. The presence of these

putative virulence factors has not been previously pointed out in Wolbachia.
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Table 1. Genome features of the Wolbachia genomes from D. coccus

Feature wDacA wDacB
Number of Contigs 157 200
N50 (kb) 13,699 14,498

Estimaded genome size (bp) 1,170,639 1,509,974

G+C content (%) 35.1 34.1
CDS genes 1332 1695
With function 869 1307
Hypothetical 463 388
RNA genes
rRNA 1 2
tRNA 31 39

Table 2. Abundance of Wolbachia strains in D. coccus individuals

Number of 16S gene clones

assigned to

Individual wDacA wDacB
Female 1 0 15
Female 2 1 9
Female 3 1 6
Embryo 1 7 8
Embryo 2 2 11
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DISCUSION Y CONCLUSIONES

Las bacterias son el grupo de organismos mas abundante en la Tierra y debido a que menos
del 1% son cultivables en condiciones estdndar de laboratorio los andlisis de diversidad mediante
enfoques independientes de cultivo son una poderosa herramienta que nos permite estudiar estas
comunidades, entender los complejos procesos en los que participan y conocer sus interacciones
con otros organismos dentro y fuera de la comunidad. Desde principios del siglo XX se han
estudiado las interacciones entre insectos y bacterias (Buchner, 1965), pero los andlisis se basaban
en observaciones microscopicas meramente descriptivas. Hasta la fecha solamente algunos
endosimbiontes como Sodalis glossinidius, endosimbionte de la mosca Tsetse (Glossina morsitans
morsintans) (Dalet & Maudlin, 1999) y algunas cepas de Wolbachia (McMeniman et al., 2008), se
han logrado cultivar en lineas celulares de mosquito bajo condiciones anoxigénicas.

La Biologia molecular nos permite incrementar nuestro conocimiento sobre estas
interacciones ya que ahora es posible conocer la identidad de estas bacterias, su historia evolutiva
y su influencia en el insecto hospedero. Aunado a esto, el surgimiento de la Metagenomica ha
mejorado las perspectivas ya que permite el analisis de comunidades aun mas complejas. Gracias
a estas aproximaciones logramos identificar las bacterias asociadas a Dactylopius, que son insectos
de relevancia no solo econdmica sino cultural en nuestro pais. Entre las bacterias encontradas en
las especies de Dactylopius presentes en México estan algunas que comunmente se asocian a
plantas como Acinetobacter, Herbaspirillum, Massilia, Mesorhizobium y Sphingomonas, lo que
podria indicar que se obtienen durante la alimentacion en la savia del nopal, pero no queda claro si
son residentes o sOlo son transitorias, no obstante, se ha observado que microorganismos
transitorios pueden contribuir a la homeostasis o ayudar a prevenir procesos inflamatorios en el

intestino en otros animales (PI¢ et al., 2015) y que existe una comunidad variable dentro del

62



intestino que es especifica de cada individuo y es retenida por periodos prolongados (Derrien &
van Hylckama Vlieg, 2015), por lo que no se puede descartar la influencia de estas bacterias aun
sin ser simbiontes obligados.

Una betaproteobacteria, se encontrd en todas las especies analizadas, ademas de embriones
y huevecillos lo que sugiere que es un simbionte en estos insectos. Se hizo un analisis parcial de
esta bacteria a partir de las secuencias obtenidas en el metagenoma, pero se requieren mas analisis
para determinar con exactitud la influencia que tiene en su hospedero.

En el analisis metagendmico, la bacteria mas abundante en D. coccus tue Wolbachia que,
aunque ya se habia reportando en estos insectos (Pankewitz et al., 2007), no se habia analizado mas
detalladamente. En el primer anélisis indepediente de cultivo por PCR no detectamos Wolbachia.
Posteriormente nos percatamos de que los primers que utilizamos (FD1-RD1, Weisburg et al.,
1991) no son complementarios con su secuencia del 16S rRNA. En otros estudios también se han
observado sesgos debido a los primers usados por lo que los enfoques metagendémicos son mas
confiables para los estudios de diversidad.

Es de notar que la infeccion por Wolbachia en D. coccus se presenta como una infeccion
multiple de dos cepas, wDacA y wDacB, pertenecientes a los supergrupos A y B, respectivamente.
En los escarabajos Callosbruchus chinensis se han observado infecciones multiples por tres cepas
de Wolbachia y cada una muestra diferentes patrones de colonizacion en tiempo y en el tejido que
infecta (Ijichi et al., 2002). En avispas de la especie Asobara tabida también se observaron
infecciones multiples por tres cepas de Wolbachia y se determind que entre mas cepas infectan un
individuo el costo fisioldgico se incrementa, al parecer debido a la carga bacteriana; ademas
observaron que la bacteria afecta la adecuacion de su hospedero reduciendo la tasa de supervivencia
y el peso (Mouton et al., 2004). En avispas del género Nasonia con infecciones multiples de cepas

de diferentes supergrupos se ha observado aislamiento reproductivo por lo que se propone que
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Wolbachia puede influir en procesos de especiacion (Bordenstein et al., 2001). También se
encontraron genes en los genomas de estas cepas que codifican para proteinas asociadas con
incompatibilidad citoplasmatica. Para determinar si las cepas wDacA y wDacB de D. coccus
también promueven estos efectos son necesarios mas estudios.

A partir del ensamble de los genomas de las cepas de Wolbachia encontradas en D. coccus
logramos hacer una reconstruccion filogenomica incluyendo genomas de Wobachias de otros
supergrupos. Ademas, usamos parametros como contenido de GC, Identidad promedio a nivel de
nucleotidos (Average Nucleotide Identity, ANI), hibridacion DNA-DNA (DDH) in silico y
sintenia para separarlos en distintas especies, lo cual representa un gran avance en el estudio de
Wolbachia ya que hasta ahora existe un conflicto en su clasificacion dado que puede infectar
nematodos, distintos grupos de artropodos y puede transferirse horizontalmente. Las filogenias
basadas en el gen 16S rRNA, que usualmente se utiliza para reconstruir filogenias de bacterias, no
pueden separar las cepas de manera confiable. Anteriormente ya se habia separado Wolbachia en
diferentes supergrupos y se habia propuesto que cada uno deberian representar diferentes especies
(Ros et al., 2009), pero nadie habia realizado un analisis con todos los grupos para sustentar esta
propuesta. Basandonos en nuestros andlisis propusimos una clasificacion de siete especies de
Wolbachia y presentamos nombres para cada una.

Se ha observado que algunas cepas de Wolbachia como la cepa wMel-Pop de Drosophila
melanogaster al ser transfectadas en células de mosquito interfieren con la proliferacion del virus
del dengue (DENYV), el virus de Chikungunya y Plasmodium en Aedes aegypti (Iturbe-Ormaetxe
et al., 2011) y ademds ocasiona incompatibilidad citoplasmatica, por lo que actualmente existe
interés de utilizar estas cepas como control de enfermedades, sin embargo debe tenerse cuidado
con estos enfoques ya que no se conocen todavia los impactos ecoldgicos que implican. Mosquitos

de la especie Culex tarsalis, infectados con Wolbachia, si bien son refractarios a la infeccion por
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virus de dengue, parecen ser mas susceptibles a infecciones con el virus del Nilo (Dodson et al.,
2014).

El papel de Wolbachia en nematodos es claramente el de un simbionte que se ha
considerado como una posible mitocondria que proporciona ATP al hospedero (Darby et al., 2012),
pero su papel en insectos es diverso. En cultivos de células de insectos y en nematodos se han
estudiado los transcriptomas de Wolbachia en presencia y ausencia de wolbachias. En nematodos
se han encontrado muchos transcritos de wolbachias que codifican para ligandos de receptores Toll
de mamiferos, que participan en inmunidad innata (Darby et al., 2012). Se ha dicho que las
wolbachias son los simbiontes mds abundantes de transmision vertical y ademds son maestras en
manipular la reproduccion de sus hospederos, pero también se podria decir lo mismo sobre su
capacidad de manipular la respuesta inmune de su hospedero. No es de extrafiar que exista una
enorme cantidad de publicaciones sobre este tema. Queda por entender el papel de wolbachias en
Dactylopius y la principal limitante son los genes de funcion desconocida que hay en el genoma
de estas bacterias.

A pesar de nuestra tendencia a estudiar los organismos como individuos aislados en lugar
de partes de un sistema, cada vez se va reconociendo mas la influencia de la simbiosis en la
evolucion de la vida en la Tierra. Todos los animales, no solamente los insectos, vivimos en un
contexto de una microbiota residente por lo que nuestra supervivencia implica la transicion de un
metabolismo “egoista” a uno mas cooperativo (Douglas, 2012). La simbiosis es el ejemplo maximo
del éxito mediante la colaboracion y el poder de los beneficios que se originan a partir de las
conexiones entre los seres vivientes (Relman, 2008). Después de todo, nuestras bacterias estan aqui

para recordarnos que nunca estamos solos.
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APENDICE

Producto de esta investigacion también se publico un articulo en formato de minirevision
en el que se comparan los procesos de colonizacion de intestinos y raices por bacterias simbiontes,

resaltando las similitudes entre estos sistemas simbioticos.
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Gut and Root Microbiota Commonalities

Shamayim T. Ramirez-Puebla, Luis E. Servin-Garciduenas, Berenice Jiménez-Marin, Luis M. Bolafios, Ménica Rosenblueth,
Julio Martinez, Marco Antonio Rogel, Ernesto Ormefno-Orrillo, Esperanza Martinez-Romero

GCenomic wces Center, UNAM, Cuemavaca, Morelos, Mexico

Animal guts and plant roots have absorption roles for nutrient uptake and converge in harboring large, complex, and dynamic
groups of microbes that participate in degradation or modification of nutrients and other substances. Gut and root bacteria reg-
ulate host gene expression, provide metabolic capabilities, essential nutrients, and protection against pathogens, and seem to

share evolutionary trends.

G uts and roots are inhabited by many different bacteria (1-5),
archaea (6-12), and viruses (13-16), as well as by eukaryotes
(17-20), with some of them containing bacteria of their own (21—
24). Variations in gut microbiola respond lo age (25-28), diet
(29-31), or species (32). Most insects have dozens of microbial
species in their guts, while mammalian guts may contain thou-
sands. Herbivores exhibit the largest diversity (32, 33), including
probably plant-associated bacteria, especially endophytes (34)
that, by being inside plant tissues, may survive stomach digestion.
Transiting diet-borne bacteria may contribute to gut metabolic
capacities. Different soil types, moisture (35), plant genotypes
(36), age (37), and root lysates, secretions, or exudates (38) are
determinants of root microbiotas. Factors that determine root
exudates, such as availability of inorganic nutrients, temperature,
light intensity, O,/CQO, level, or root damage, may indirectly affect
root microbiotas (39). The presence of pathogens induces changes
in microbiota composition in roots and guts (40, 41).

Guts and roots have large surface areas, with microvilli and
folds or root hairs in some parts. Both roots and guts are struc-
tured, nonhomogenous habitats with pH, nutrient, water, and
oxygen differential levels or gradients. Gradients would favor col-
onization by distinct bacreria that are more successful in some
root or gut regions. In consequence, the multiple microhabitats
that exist in roots and guts contribute to high species richness (42,
43). Different conditions are found in the cecum and distal colon
in humans, with cecal and colon microbiotas containing a larger
propoertion of facultative anacrobes (44). Colon mucosal folds ex-
hibit particular bacteria adapted to colonic conditions and maybe
to mucin degradation (45). Some insects have specialized struc-
tures in their gut, such as midgut sacs and tubular outgrowths
called ceca or crypts, in which they harbor specific bacteria (46),
and others with less-complex guts also have pH and oxygen gra-
dients in their guts (47). A steep oxygen gradient including an
anaerobic root environment in water-saturated roots parallels the
gul oxygen gradient and anaerobic gut systems. Clostridia, and
especially members of the family Ruminococcaceae, are more prev-
alent than other anaerobes and methanogens, a trend which is
similar in the different gut systems (48). These communities take
care of the degradation of the complex organic matter in the outer
root layers. Some gut and root acid-tolerant bacteria can modify
their environment by lowering the pH when producing diverse
acids (49, 50). Along the roots, there are physiological differences,
and their exudates are sccreted differentially at the apical meris-
tem, root cap, or root hairs (42), creating different microhabitats.
A single Burkholderia strain colonizes only discrete root regions
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(51), and different burkholderias were found at different soil
depths (37).

“Arabidopsis thaliana root microbiome might assemble by core
ecological principles similar to those shaping the mammalian mi-
crobiome in which core phylum level enterotypes provide broad
metabolic potential combined with modest levels of host geno-
type-dependent associations” (35). Metacommunity theory may
be applied to rool microbiotas, as has been used to explain the
assembly of the gut microbial community (52). Metacommunity
theory is based on the concept of discontinuous patches and in-
teractions that can satisfactorily describe bacterial patchy coloni-
zation of roots. Future applications of these concepts will assert
their usefulness.

Remarkably, there are individual-to-individual variations in
bacterial composition of the gut (2, 53) and roots (54). Individual
differences may be due to genetic differences and stochastic colo-
nization processes (52). Limited patterns (enterotypes) in relation
to stratified variation were distinguished in human and insect gut
microbiotas (2, 55); however, it is controversial if there are only a
few enterotypes in humans or gradients of diversity (28). In plants,
similar bacterial genera are recurrently isolated from rhizospheres
(soil surrounding roots affected by plants) or roots (34, 56). In
roots, Rhizobiuni strain diversity with functional differentiation is
high (57). Strain variability in vitamin production has been de-
tected among gut bifidobacteria (reviewed in reference 58). Sim-
ilarly, lactobacilli (reviewed in reference 59) are a heterogencous
group of bacteria with partly probiotic character which have con-
siderable variation in terms of molecular characteristics and pre-
ferred natural habitats.

With few exceptions (see below), the gut microbiota is differ-
ent from that of other host organs, and similarly, the root micro-
biota shares only some bacteria with those of other plant organs.

ENVIRONMENTAL AND MATERNAL ACQUISITION
Root and gut microorganisms are usually acquired from the envi-
ronment. Roots are colonized by bulk soil microorganisms at-
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tracted by chemotaxis and enriched by nutrients secreted by the
roots in the rhizosphere. Animals also acquire their gut microbi-
ota from their envirenment after they are born (60). In a few cases,
microorganisms can be transferred vertically from mother to
progenies. Endophytes present in plant seeds may subsequently
colonize the roots and the rhizosphere. Enterobacter asburiae,
found in maize kernels, is able to exit the roots and colonize the
rhizosphere after the plant has established (61). Other seed bacte-
ria do the same (54, 62). Animals can also acquire their gut micro-
biota from their mothers after being born, but there are cases of
paternal transmission of symbionts, as in malaria vectors (63).
Maternal transmission may occur before birth (64-66). When
mammals are breast-fed, they acquire microorganisms that are
present in the milk or on the mother’s skin (67-69). Some stink-
bug larvae acquire their mother’s gut bacteria from contaminated
eggs, by coprophagy, or by capsule-mediated transmission just
after they have hatched (46). In view of the vertical and environ-
mental transmission of root and gut microbes, gnotobiotic ani-
mals or plants are needed to clearly evaluate the effects of selected
strains on hosts.

FUNCTIONAL REDUNDANCY AND ROLE OF MINORITIES

Tt seems that different microbiota composition may lead to the
same and stable function. This may apply to gut and root bacteria
and has been found to be true in methanogenic reactors (70).
Similar degrading capacitics are found in different gut bacteria
(reviewed in reference 71). In roots, many different bacterial gen-
era and species produce hormones, auxins, cytokinins, or gibber-
cllins (reviewed in references 56 and 72). Our rescarch group
found that riboflavin is produced and excreted by different strains
{rom several species of Methylobacteritm, Rhizobium, Sinorhizo-
binm, and Bacillus, both in rice and alfalfa root exudates and in
pure cultures in minimal medium (our unpublished data). fi vitro
excretion of riboflavin by a large diversity of bacteria, including
Chromobacterium violaceum and Pantoea agglomerans, was re-
ported earlier (73), and both riboflavin and lumichrome (which is
derived from riboflavin) stimulate root respiration (74). Addi-
tionally, many different plant-associated bacteria inhibit patho-
genic fungi or bacteria (reviewed in reference 56).

Minority species present in the microbiota may help cover
some of the host-specific needs. Methanogens, methylotrophs,
and nitrogen-fixing bacteria are minor components in guts and
rhizospheres (11, 75-78); however, they have important ecologi-
cal roles. In some roots and guts, nitrogen fixation provides nitro-
gen to plants (79) and insects (80-82).

GUT AND ROOT BACTERIA ENHANCE THE METABOLIC
CAPACITIES OF THEIR HOSTS

It is remarkable that gut bacteria are rich in sugar hydrolases (83)
and other catabolic genes, such as those for tannin (84), choles-
terol (85), or mucin (gut glycosylated proteins) (86). Similarly,
capacities to degrade polyphenols, polysaccharides, protocatech-
uate, and proteins and to solubilize phosphate and weather rocks
(50, 54, 87, 88) are prevalent among different rhizospheric bacte-
ria. Mimosine-degrading bacteria are found in mimosa plants that
produce mimosine (89), and cows that have such bacteria in their
rumen are capable of degrading it (90). Alginate-degrading bac-
teria are found in abalone and human guts of algac consumers in
Japan (91). The outstanding degrading capacities of rool bacteria
are the basis of rhizoremediation of polluting substances (92, 93)
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and are also evidenced in medical drug transformation or degra-
dation in the human gut (94-96). Interestingly, in bioremedia-
tion, the abilities of bacteria to degrade soil pollutants may be
triggered by flavonoids (97).

Gut and rhizospheric bacteria produce vitamins as riboflavin,
asstated above. Vitamin B, , is an exclusive product of prokaryotes
(98), and it is produced by plant root and gut bacteria (99-102),
Essential amino acids and vitamins B and K are produced by gut
bacteria (reviewed in reference 58). An alcohol dehydrogenase
from the commensal bacterium Acetobacter pomorun modulates
Drosophila developmental and metabolic homeostasis via insulin
signaling (103). While root bacteria produce plant hormones that
have effects on plant growth (reviewed in reference 56), gut bac-
teria seem to regulate animal behavior (104, 105).

GUT AND ROOT MICROBIOTAS COMPETE WITH PATHOGENS

Gut and root microbiotas suppress pathogens (reviewed in refer-
ences 56 and 106). The human control of root bacteria has been
envisaged as a manner to promote plant growth and health with
benefits to agriculture (93, 107). Bacterial inoculants in agricul-
ture and forestry are considered equivalent to probiotics (benefi-
cial microbes provided as supplements) for animal health. Probi-
otics stimulate host defense systems and the competitive exclusion
of pathogens, as plant growth-promoting rhizobacteria do (108).
Seeds may harbor a reservoir of probiotics for their seedlings (54,
109). Prebiotics are added nutrients used to stimulate desirable
bacteria in humans (110). We may even speculate that prebiotics
were invented by roots, as some substances from their exudates
stimulate bacterial growth selectively (89, 111, 112).

For over one hundred years, inoculants have been provided to
plants in agricultural fields with variable success. Recently, a large
number of commercial products whose effects are not always de-
sirable have appeared to promote plant growth. Similarly, an in-
creased number of probiotics and prebiotics whose effects have
not been completely evaluated in different human populations are
coming to the market. Gut gene expression in response Lo probi-
otics varies from person to person (113). Tn many cases, clinical
benefits have been obtained in patients with specific probiotic
strains (114).

Experience with plants has shown that appropriate use and
regulation of probiotics (inoculants) is difficult to achieve, Unde-
sirable genetic characleristics, such as denitrilying capacities, have
been identified among inoculants (115). Strains used as probiotics
should not contain glucosaminidase or glucuronidase genes that
seem Lo have roles in producing toxic substances in the gut (re-
viewed in reference 116), but these recommendations may not be
easily followed.

SIMILAR BACTERIUM-HOST INTERACTIONS IN GUTS AND
ROOTS

Differential gene expression of bacteria in hosts. Bacterium-
plant interactions have been studied for many years, and a molec-
ular ping pong between rhizobia and plants that may serve as a
model to analyze insect or human gut symbioses is known (re-
viewed in references 1 and 117). In rhizobium-plant molecular
dialogue, Rhizobium NodD receptors, which bind root exudate
molecules, function as transcriptional regulators that induce the
expression of several genes, including nod genes and secretion
systems (reviewed in references 117 and 118). Extrusion pumps
are inducible by flavonoids that are present in root exudates but

aem.asm.org 3



Minireview

do not require NodD genes (119). Many ABC transporter systems
are induced by the respective substrate or other molecules from
roots (111, 120).

In roots, bacteria have a differential gene expression that sup-
posedly allows them to adapt to the root environment. Genes
involved in root exudate usage, root attachment, and survival are
induced in bacteria colonizing roots (120, 121). In vitro expression
technology (IVET) (122), proteomic analysis, microarray and
RNA Seq transcriptomics, and genetic analysis have revealed rhi-
zobial (120, 121, 123), Pseudonionas (124, 125), Streptomyces
(126), and other bacterial genes expressed on roots or rhizo-
spheres. Similarly, bacteria may differentially express genes when
in guts. Gut bacteria are exposed to bile salts that solubilize diet fat,
have antimicrobial activities (127), and regulate bacterial gene ex-
pression. An efflux transporter of the multidrug resistance type
(MDR) was induced in Bifidobacterium by bile (128). Different
bile substances have been identified to control gene expression in
bifidabacteria (129). Other bile-inducible genes have been found
in Lactobacillus plantarum (130). Lastly, human gut bacteria
transform bile salts (131). Gut bacteria can also modity dietary
flavonoids (132) that have significant effects on animal physiol-
ogy. Analogously, in roots, flavonoids produced by plants are sig-
nal molecules in bacteria (133) and are also transformed by bac-
teria in vitro, though this has not been shown in vive. Plant
phytoalexins are antimicrobials that are expelled from Rhizobium
etli, Bradyrhizobium japonicum, and Agrobacterium by MDR ef-
flux pumps that are inducible by root-exudated flavonoids (20,
119, 134).

Interestingly, gut and root microbiotas may follow the circa-
dian cycles of their hosts. This was observed in nitrogen-fixing
bacteria that fixed more during the daytime on rice roots (135).
Epithelial cell proliferation, gastrointestinal motility, and other
gut processes follow biological rhythms, Tn the gastrointestinal
tract, there are large amounts of melatonin, which is a key hor-
mone in the clock biological regulation (136). The Burmese
python's microbiota is responsive to host cycles of feeding and
fasting (137).

Host gene expression regulated by microbiotas. Outstand-
ingly, gut and root bacteria modify gene expression in animal
(138,139) and plant (140) hosts, respectively. Gut gene expression
is also modified by probiotics (113) that modify gut bacterial gene
expression as well (141). Gut genes expressed in the presence of
the gut bacterium Bacteroides thetaiotaomicron arc involved in
xenobiotic catabolism, in angiogenesis, in gut barrier epithelium
maintenance, and in immunity development (139), with very
complex host molecular responses (142).

Plants and humans can sense bacterially produced acylhomo-
serine lactones (AHLs), different volatiles, microbe-associated
molecular patterns (MAMPS) (72, 143), and other bacterial mol-
ecules unknown at present. Root gene expression is differently
modified by acylhomoserine lactones from pathogenic or symbi-
otic bacteria (144). In turn, plant products may act like quorum-
sensing signals in bacteria (145). Tn recent years, specific regula-
tory roles of N-acylhomoserine lactones have become apparent,
because plants responded with either a systemic resistance re-
sponse or a hormonal regulated growth response to the presence
of AHL-producing bacteria colonizing the root surface. Also in the
animal/human systems, a specific perception of AHL compounds,
produced by Gram-negative, mostly pathogenic bacteria, was
found in many tissues, including the gut system, leading to immu-
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nomodulatory effects (146). In plants, root genes induced by rhi-
zospheric bacteria are involved in oxidative and defense re-
sponses, in plant secondary metabolism, or in signaling (140).
Plants may detect bacterial cyclopeptides through auxin sensing
pathways (147). In a more specialized symbiosis, a cascade of sig-
naling processes occurs inside root cells in the presence of thizobia
or Nod factors (148).

Control of microbiotas. A Drosophilo mutant with increased
levels of antimicrobial peptides showed deregulated balances of
gut populations (149), with smaller numbers of Commensalibacter
intestini (an acetic acid bacterium present in normal gut) bacteria
(150) and increased numbers of Gluconobacter morbifer cells that
caused gut cell apoptosis and carly insect death (149). Tt is inter-
esting to note that C. intestini antagonizes G. niorbifer, which is a
normal gut member, but with detrimental effects when present in
large numbers; thus, C. intestini contributes to gut homeostasis
and host fitness (151). Similarly, among root microbiotas, there
are plant-pathogenic bacteria that normally would not affect the
plants when kept in low numbers by other plant community
strains or plant antimicrobials. Lipopolysaccharide Rhizobium
mutants that were more sensitive to maize antimicrobial benzox-
azinones had reduced rhizospheric colonization (152). Antimi-
crobial peptides constitute a linc of defense in plants as effectors of
innate immunity and regulate not only bacteria but also metha-
nogenic archaea in guts (153). Gut immunity determines bacterial
composition; reciprocally, bacteria modulate host immunity in
guts (154, 155). Carbohydrate binding proteins (lectins) from
guts and roots bind bacteria, form aggregates, and may have anti-
bacterial effects (156, 157).

In addition to bacterium-host interactions, bacterium-bacte-
rium interactions may determine community composition and its
function (158). Those that occur in the mouth (159) may guide
rescarch in gut and root symbioses, In Rhizobiwm, mutants in
quorum sensing are affected in rhizosphere colonization (160).
Acylhomoserine lactones may be degraded by rhizospheric bacte-
r1a causing interference with quorum signals that regulate gene
expression in other bacteria (161). This may have a role in pro-
tecting plants from pathogens but may also affect mutualistic in-
teractions.

EVOLUTIONARY PATHWAYS

Lateral gene transfer in guts and roots. In roots, root nodules,
and guts, lateral transfer of genetic material between different bac-
teria has been evidenced (2, 162, 163), seemingly promoted by
close contacts in high-density populations. The presence of simi-
lar catabolic or antibiotic resistance genes in various gut bacterial
genera has been explained as acquisitions by lateral gene transfers
(91). It has been suggested that starch catabolism genes have been
transferred from gut to bacteria (164).

There are many more phages than bacteria in the gut (13), and
some may be involved in lateral gene transfer among gut bacteria
(165). Lateral transfer of genetic material is mediated by plasmids
or genomic island mobilization in rhizobia and other rhizospheric
bacteria (54, 166), but phages may have a role as well.

Specialized symbiont evolution from root and gut bacteria.
1t has been suggested that gut bacteria gave rise to endosymbiotic
bacteria in insects (167) based on similarities of gut bacteria and
insect endosymbionts (168). Correspondingly, rhizospheric bac-
teria may have preceded nodule and endophytic bacteria in plants
(169). Insect endosymbionts and nodule rhizobia are selected
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symbionts that occupy intracellularly host-specialized structures
and attain high numbers with a determined functional role. How-
ever, transmission modes of plant- and insect-specialized symbi-
onts (reviewed in reference 46) and their genome sizes (rhizobial
genome sizes reviewed in references 121 and 170) are different.

CONCLUSIONS

The comparison of plant and gut microbial ecologies may help to
guide research toward the understanding of such complex symbi-
oses. Literature on the subject is so extensive that only a few ref-
erences were used to illustrate the commonalities of gut and root
microbiotas. Interested readers are referred to recent literature
(171-175). Plants use their “guts” (roots) outwards, and this sim-
plifies their study in comparison to study of animal guts. Gut and
root microbiotas significantly impact health, development, and
fitness of their respective hosts,
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