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IDENTIFICACIÓN Y ANÁLISIS DE LAS BACTERIAS 
SIMBIONTES DEL GÉNERO Dactylopius (HEMIPTERA: 

DACTYLOPIIDAE) 
 

RESUMEN 

 

Los insectos del género Dactylopius (Dactylopiidae), conocidos como cochinilla del nopal 

o grana cochinilla, son parásitos que se alimentan únicamente de la savia de los nopales. El objetivo 

de este estudio fue determinar cuáles son las bacterias simbiontes de los insectos del género 

Dactylopius (Dactylopiidae).  

Se realizó un análisis de la diversidad bacteriana mediante un enfoque independiente de 

cultivo utilizando secuencias del gen 16S rRNA que se obtuvieron por PCR de DNA metagenómico 

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, sólo la betaproteobacteria fue común en la mayoría de las 

muestras. 

 Mediante la secuenciación del metagenoma de Dactylopius coccus se encontraron en una 

gran proporción secuencias de Wolbachia de los supergrupos A y B, siendo mayoritario el B. Se 

logró ensamblar parcialmente sus genomas. La evidencia sugiere que existe una infección múltiple 

por dos cepas de Wolbachia  en algunos individuos. Además, mediante análisis filogenómicos, de 

identidad de nucleótidos (ANI) y de hibridación DNA-DNA (DDH) in silico, se analizaron las 

relaciones evolutivas de cepas de Wolbachia de diferentes supergrupos mostrando que pudieran 

corresponder a distintas especies.  
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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. 
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INTRODUCCIÓN 

 

Definición de simbiosis 

 

 En 1873, el zoólogo belga Pierre-Joseph van Beneden propuso los términos “parasitismo”, 

“comensalismo” y “mutualismo” para referirse a los diferentes tipos de relaciones de “animales 

inferiores” que vivían dentro de “animales superiores” (Sapp, 1994), con la intención de enfatizar 

que no todas las relaciones entre animales “inferiores” y “superiores” son de naturaleza parasitaria. 

En 1877, Albert Bernhard Frank acuñó el término “simbiotismo” (symbiotismus) con la intención 

de agrupar en un mismo concepto todos los casos en los que dos especies diferentes viven “sobre 

o en otra”, basándose en su mera coexistencia. En 1878, Anton de Bary usó por primera vez el 

término “simbiosis” en el ensayo “The Phenomena of Symbiosis” expuesto durante la reunión 

general de la Asociación de Físicos y naturalistas alemanes realizada en Cassel en ese año. Bajo 

este concepto incluyó varios tipos de asociaciones complejas que se encontraban en un rango 

continuo desde parasíticas hasta mutualistas (Sapp, 1994).  

 Actualmente, simbiosis se define como cualquier relación que se establece entre dos o más 

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 último 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 causándole daño. 
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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 asociación.  

 Uno de los aspectos más significativos de la simbiosis es que conduce a variabilidad en los 

individuos de una población que a su vez resulta en novedades evolutivas en adición a la evolución 

gradual por Selección natural sobre la acumulación de variaciones individuales (Moran, 2006; 

Sapp, 1994). Se ha propuesto que las simbiosis mutualistas entre organismos multicelulares y 

unicelulares han contribuido significativamente a la evolución de la vida en la Tierra y quizás el 

ejemplo más 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).  
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Simbiosis mutualistas entre bacterias y animales 

  

 Las interacciones simbióticas entre bacterias y animales se encuentran ampliamente 

distribuidas en la naturaleza, de hecho, en condiciones naturales los eucariontes no están 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 más 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). Además, 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 está colonizado por 100 millones de millones de microorganismos 

(1014) (Ley et al., 2006) que son más células de las que conforman nuestro propio cuerpo (3.7213) 

(Bianconi et al., 2013). Hasta hace poco eran consideradas comensalistas, pero ahora se sabe que 

intervienen en la estimulación 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 composición microbiana del intestino están 

relacionadas con cambios marcados en el estado de ánimo, dolor, cognición y desórdenes asociados 

a estrés, ansiedad y depresión (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 

comparación con ratones libres de microorganismos (Diaz Heijtz et al., 2011). Otros estudios han 
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sugerido que las respuestas individuales a ciertos fármacos, enfermedades como la obesidad, el 

síndrome de fatiga crónica y alergias a ciertos alimentos podrían 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 pogonóforos 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 asociación 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 genómicos se ha propuesto que los 

simbiontes proveen vitaminas y otros metabolitos que sirven de defensa contra patógenos 

(Hentschel et al., 2012). 

 La simbiosis es un proceso interactivo que puede delinear la evolución de simbiontes y 

hospederos. En muchas asociaciones mutualistas existe una dependencia recíproca por lo que no 

pueden vivir separados. Actualmente, muchos eucariontes son reconocidos como una colección de 

células del hospedero y de los simbiontes, redefiniendo la noción de “individuo” y llevándonos 

más allá en nuestro entendimiento de las especies y de la vida misma (Russell et al., 2014).     
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Simbiosis entre bacterias e insectos 

  

Las bacterias son el grupo de organismos más abundante y el desarrollo de nuevas técnicas 

de análisis ha revelado que son más diversas de lo que hubiéramos imaginado. Presentan una 

inmensa diversidad metabólica y se dice que son los catalizadores primarios de nutrientes en la 

naturaleza, lo que les permite estar distribuidos en toda la Tierra.  La clasificación de bacterias se 

basa mayormente en información fenotípica y genética y está 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 año se reportan cientos de miles 

de secuencias nuevas y los estimados del número total de especies de procariontes, incluyendo 

bacterias y arqueas, varía entre 3x104 a 1012 (Yarza et al., 2014).  

Los insectos son el grupo de animales más diverso y exitoso sobre la Tierra dado que son 

capaces de establecerse en casi cualquier hábitat ya sea terrestre, de agua dulce o marino. No se 

sabe con exactitud cuántas especies existen, pero se calcula que hay entre 890 mil y un millón 

descritas y que falta por describir más de 3 millones (Brusca & Brusca, 2003). Debido a que muchos 

de ellos tienen dietas pobres o con compuestos difíciles de degradar es común que establezcan 

simbiosis con bacterias que compensan sus carencias nutricionales proveyéndoles vitaminas, 

aminoácidos o compuestos bioactivos (Moran, 2006). Estos simbiontes influyen en su nutrición 

(McCutcheon et al., 2009a), desarrollo (Tsuchida et al., 2010), reproducción (Simon et al., 2011), 

respuesta inmune (Weiss et al., 2012), resistencia a estrés ambiental (Burke et al., 2010), e incluso 

su preferencia por hábitat y alimento (Tsuchida et al., 2004). Por ejemplo, Buchnera aphidicola, el 

simbionte del áfido Acyrthosiphon pisum, sintetiza  riboflavina y aminoácidos que después el 

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

león (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 expresión de genes involucrados en el sistema inmune como DUOX, domeless y 

caudal, es significativamente menor en Moscas tsetse (Glossina morsitans morsitans) que no 

tenían sus simbiontes nativos (Wigglesworthia, Sodalis y Wolbachia). Además, muestran mayor 

susceptibilidad a microorganismos extraños 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 más largo y el patrón 

de coloración 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 eliminación 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 tórax y el tiempo que les toma llegar a la edad 

adulta (Kikuchi & Fukatsu, 2013). 
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Figura 1. Efectos de la eliminación 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 (días). C) Hembra adulta del tratamiento control 

mostrando un patrón de coloración normal. D) Hembra adulta libre de simbiontes del tratamiento 

de huevecillos esterilizados mostrando patrón de coloración anormal. Barra, 2.5 mm. (Modificado 

de Kikuchi et al., 2009). Barras negras: insectos control; Barras blancas: insectos libres de 

simbiontes. 
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Bacterias endosimbiontes  
 

Las relaciones simbióticas 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 dinámica 

poblacional. Generalmente, la transmisión de los endosimbiontes ocurre de manera vertical por 

línea materna (Moran, 2007), lo que ocasiona que sólo una parte de la población sea transmitida a 

la siguiente generación propiciando cuellos de botella que reducen la posibilidad de intercambio 

genético y resultan en la acumulación 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 síntesis de pared celular, 

ya que comúnmente se encuentran protegidos dentro de células del insecto; también pierden genes 

para la síntesis de nutrientes que ahora les provee el hospedero. Debido a esto sufren una reducción 

en el tamaño de su genoma quedando entre 138 a 1500 kb. El genoma del endosimbionte de las 

cochinillas harinosas es el más pequeño que se conoce, la β-proteobacteria Candidatus Tremblaya 

princeps que tiene un tamaño de 138, 927 pb (McCutcheon & von Dohlen, 2011). El uso de codones 

es distinto, incluyendo el codón de terminación, 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 asociación permanente depende de la 
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evolución de mecanismos adecuados para las interacciones metabólicas y regulatorias entre 

simbiontes y hospedero. Por ejemplo, las bacterias necesitan adaptar su replicación 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  replicación de es de aproximadamente 2 días, un 

periodo mucho más 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 proteína de iniciación de la replicación. Es posible que exista un 

control más directo de la replicación de los simbiontes por el hospedero, involucrando la pérdida 

de las proteínas esenciales para la iniciación de la replicación (Gil et al., 2004).  

El repertorio genético que presentan los genomas de endosimbiontes está en función de las 

características particulares de cada asociación 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 áfido 

Psylla buxi L. que muestra los endosimbiontes dentro de bacteriocitos. (Modificado de Buchner, 

1965); B) Par de bacteriomas en el abdomen de Clastoptera arizonana (círculos azules) (Moran, 

2006); C) Hibridación fluorescente in situ de los simbiontes Buchnera y Serratia en el bacterioma 

de un embrión del estadío 18 del áfido Acyrtosyphon pisum. Verde: Buchnera; Rojo: Serratia; 

Azul: núcleos del insecto (Modificado de Koga et al., 2012); D) Micrografías del endosimbionte 

Blattabacterium cuenotti dentro de bacteriocitos del cuerpo graso de la cucaracha Periplaneta 

americana (barra= 3.0 μm) (Modificado de Bauman et al. 2013); E) Ultraestructura del 

endosimbionte de la cucaracha Cryptocercus punctulatus que muestra una pared celular típica 

Gram-negativa (flecha grande) y la membrana vesicular que contiene a la bacteria (flecha pequeña) 

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

 

 Las bacterias del género Wolbachia son endosimbiontes que colonizan nemátodos de la 

familia Onchocercidae (Comandatore et al., 2013; Koutsovoulos et al., 2014) y diferentes grupos 

de artrópodos (Hilgenboecker et al., 2008). No tienen una fase de vida libre y están 

filogenéticamente relacionados con bacterias intracelulares del Orden Rickettsiales que incluyen 

patógenos con genomas reducidos (Blanc et al., 2007). Se estima que Wolbachia infecta entre el 

40 (Zug & Hammerstein, 2012) al 60% de las especies de artrópodos (Hilgenboecker et al., 2008). 

Sus efectos en sus hospederos varían desde mutualismo hasta parasitismo (Hilgenboecker 

et al., 2008; Sommer & Streit, 2011). En nemátodos, Wolbachia causa beneficios mediante la 

provisión de vitaminas y energía y ayudando a la evasión del sistema inmune del hospedero del 

nemátodo (Darby et al., 2012) y se consideran esenciales para su supervivencia (Landmann et al., 

2014). En ácaros como Cimex lectularius, Wolbachia provee biotina (Nikoh et al., 2014); en 

Drosophila puede conferir protección 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 remoción de Wolbachia inhibe la maduración de los oocitos (Dedeine et al., 2001). En 

contraste, en otros insectos manipula la reproducción mediante partenogénesis (Huigens et al., 

2000), incompatibilidad citoplasmática (Rousset et al., 1992), “male-killing” (Duplouy et al., 2013; 

Zeh & Zeh, 2006) o feminización (Rousset et al., 1992). 

La transmisión de Wolbachia en los artrópodos 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 transmisión es poco común, pero relaciones 

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

 

Biología 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. Comúnmente se les 

conoce como cochinilla del nopal o grana cochinilla (Fig. 3). Son parásitos que se alimentan 

únicamente 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 ácido carmínico (Dapson, 2005), colorante que ha sido aprovechado desde la época 

prehispánica (Flores-Coronado, 2011), y que sigue siendo utilizado en la industria alimentaria, 

textil y cosmética (Ramírez-Cruz et al., 2008), donde representa una alternativa a los colorantes 

sintéticos asociados con carcinogénesis. Además, por sus hábitos parasitarios, las especies 

silvestres de Dactylopius como D. opuntiae y D. tomentosus son usadas como control biológico 

contra opuntias invasoras en Australia y algunos países de África 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 geográficas (Chávez-Moreno et al., 

2009; Van Dam & May, 2012). Cinco de estas especies (D. ceylonicus, D. coccus, D. confusus, D. 

opuntiae y D. tomentosus) están presentes en México (Portillo & Vigueras, 2006; Ramírez-Cruz et 
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al., 2008). Todavía existe controversia respecto a la taxonomía de las especies ya que por su 

parecido morfológico 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 clasificación actual. 

 

Figura 3. Insectos de la especie Dactylopius coccus. A) Hembras adultas alimentándose sobre un 

cladodio de Opuntia ficus-indica. B) Fotografía 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 días y se divide en tres etapas de desarrollo: 

huevecillo, ninfa y adulto. Estos insectos son hemimetábolos, 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 tamaño. En los primeros días después de la 

eclosión, las ninfas caminan sobre la superficie del cladodio hasta encontrar un lugar donde insertar 

el estilete y una vez que esto ocurre nunca más 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 estadíos ninfales: ninfa I  los 

primeros 36 días; ninfa II hasta el día 56 y 46 hembras y machos, respectivamente; los machos 

atraviesan un estadio de pupa del día 47 al 57. A los 57 días las hembras alcanzan la edad adulta y 

los machos a los 58 días (Fig. 4). En esta etapa ocurre la cópula, las hembras son fecundadas y los 

machos mueren entre tres y cinco días después, viviendo sólo el tiempo suficiente para fecundarlas. 

A los 90 días las hembras ovipositan de 150-200 huevecillos que tienen un periodo de incubación 

de 24h, excepto D. tomentosus que se prolonga hasta 17 días (Mathenge et al., 2009a). Pocas 

semanas después de la ovoposición 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 móvil que dura aproximadamente 5 días. El estadio de ninfa I dura hasta los 36 días; el estadio 

de ninfa II dura hasta los 57 días en hembras y 46 días los machos. A los 47 días los machos entran 

al estadio de pupa y alcanzan el estado adulto a los 58 días cuando ocurre la cópula. El ciclo termina 

a los 63 días y 111 días en machos y hembras, respectivamente.  
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PLANTEAMIENTO DE PROBLEMA 

 

Las opuntias son plantas que crecen en climas áridos de zonas tropicales y subtropicales y 

comprenden entre 200-300 especies. Se caracterizan porque los tallos han sustituido a las hojas en 

su función fotosintética. Los constituyentes principales de los tallos por cada 100g de peso fresco 

son: agua (88-95%), carbohidratos (3-7%), fibra (1-2%), lípidos (0.2 %) y proteínas (0.5- 

1%)(Stintzing & Carle, 2005). El contenido nutritivo depende del sitio de cultivo, estación del año 

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 calorías (Ginestra et al., 2009).  

En 2007, Pankewitz y colaboradores reportaron la presencia de Wolbachia sp. en 

huevecillos de Dactylopius sp., pero no se realizaron análisis más exhaustivos sobre los simbiontes 

de estos insectos.  

Dado que las cochinillas del nopal se alimentan únicamente de la savia de estas cactáceas 

y  que los insectos que se alimentan de este tipo de dietas frecuentemente mantienen relaciones 

simbióticas 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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HIPÓTESIS 

 

Los insectos del género Dactylopius tienen una dieta basada en savia la cual es pobre en 

aminoácidos 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 cuál es el aporte de éstos al hospedero. 

 

 

Objetivos particulares 

 

 Identificar morfológica 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 asociación con el insecto mediante el 

análisis de su genoma. 
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RESULTADOS 

 

A continuación se presentan 3 artículos en los que se relatan los resultados más importantes 

producto de este trabajo de investigación. 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 preparación para ser enviado para revisión próximamente.  
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INSECT-Sn.1BJONT lNTERACTJONS 

Molecular Phylogeny of the Genus Dactylopius (Hemiptera: 
Dactylopiidae) and Identification of the Symbiotic Bacteria 

S. T. RAMÍREZ-I'UEBLA," M. ROSE'-IBLUETH ,U3 C. K. CHÁVEZ-MORENO! 
M. c. CATA'lIlO PEREIRA DE LYfu\,' A. TECANTE,' AND E. MARTÍNEZ-RO:VlERO' 

ElIviron. Entornol. 39(4): 1178-11 &1 (20 10); D01: 10,1 (j(H/EN 1 0037 

ABSTRACT Phylogenetic analyses, from polymerasechain reaction (PCR)-amplified 12S rRNA and 
18S rRNA gene sequen ces from cochineal insects ofthe genus Dactulopius present in Mexico, showed 
that D. cculoniclIs, D. cOl/fu.sus, and D. o¡ulIlliae are closely related. D. COCCI./S consti tules aseparate elade, 
and D. lomenlosus 1s the most distantly related. Bacterial16S rRNA sequences from al! the Dacl!¡lopius 
species sample d showed a common j3-proteobacteria, related to Azoarcus, also found in eggs and in 
bacteriocytes in D. cocc1/s. \-Ve propose thc naTlle "Calldidatlls Dactylopiibacterium canninicum" for 
this endosyrnhionL. Other bacterial sequences reco vered from the samples were elose to those rmm 
soil 01' plant associated bacteria, like Massi /ia , Hahaspirillum, Acinelohacler, Mesorhizoh illln, and 
Sphillgomol1a.~' , suggesting a possible horizontal transmission from Cactaceae plant sap to Dactulopills 
spp. during fceding. This is the flrst molecular analysis of Dactylopills species ane! of their associated 
bacteria. 

RESUMEN Análisis filogenéticos de secuencias amplificadas mediante PCR de los genes 12S rARN 
y 18S rARN de insectos cochinilla .. del género Dactulopius presentes en México, mostraron que D. 
Geulonicus, /J. con¡flsus y o. oJJlllltiae están cercanamente relacionados. Dactulopius COCCIIS constituye 
un clado separado y /J. tomelltoStlS es el más alejado. Las secuencias d el] 68 rARN de bacte rias de las 
especies de Dactulopius revelaron una j3-Proteobacteria común, relacionada a A zoarCtls, también 
encontrada en hueveeillos y en bacterioeitos de /J. COCG1IS. Proponemos el nombre de "Cartdidatlls 
Daetylopiibacterium canninicum" para este e ndosimbionte. Otras secuencias bacte rianas recupe radas 
de las muestra .. fueron cercana .. a bacterias del suelo o asociada') a planta .. , como Massilia, Herhaspi
rillllln, Acinetohacter, Mesorhizohium y Sphillgomol1as, sugiriendo que estas bacteria .. fueron trans
feridas dc manera horizontal de la savia dc las cactúceas a Dactulopills spp. durante la alilnentación. 
Este es el prime r anúli sis molecular de especies Dact¡¡lopiu8 y de sus bacterias asociadas. 

KEY WOROS Coccoidea, scale insects, systematics, e ndosymbiont , bacteriocytes 

Dact¡¡lopius (Costa) is a genus of insects commonly 
known as cochineals that belongs to the family Dac
tylopiidae (Signoret) frorn the super family Coc
coidea (scale insects ) within the order Hemiptera. 
/Jactu/opius insects feed on Cactace ae plants from the 
genera Opuntia and Napa/ea (Pérez-Gue rra and Ko
sztarab 1992). Both the insects and their host plants 
are native to the Americas (Pérez-Guerra and Koszt
arab 1992, Chávez-Moreno et al. 2009). Dactylopiidae 
has only one genus that inc1udes nine described spe
des (De Lotto 1974, Pérez-Guerra amI Kosztarab 

1 Ct~l ltl"O de CiCIH;ia~ (;cllólll icas, Ullivcr~ id:l( ! NaciOlta! AuhíllOllta 
de :\k'xieo, Clwrrtavaea, CP 622 10, ,\tordos, :\1exico. 

~ These authors contribute(! equ a!ly to t!lis work. 
I Con'espol1(!ing author, e-mHil: mrosen@ccg.unam.mx 
¡ Departamento de Alimentos y n ¡otecnología, Facultad de 

Química "'E," Universidad Nacional Autónoma de ~'¡éxico, Ciudad 
Ulli\Tr~itarLl, CP Olfj lO, DF. :\kxico. 

.) In stituto Agronómico de Pem ambuco. Recife , PE·CEP: ,'50761 -
000. Pemnmbuco, Br¡¡zil. 

1992). Five of these species have been reported to be 
prescnt in Mcxieo: D. GeUlol/icllS, D. coriflls lIs, /J. upurt
tiae, D. CUCCllS, and D. tomclltuslIS (POItillo and 
Vigueras 2006, Ch<Ívez-More no e t al. 2009) . JJac
tu10pills spp. produce carminic acid , which is used by 
the insects for protection against predators (Eisner et 
al. 1994) . lt is used as H red dye for the production of 
cosmetics, drugs, food, and textiles. /J. cnCCIlS has been 
prefe re ntial1y used for canninic acid cxtraction be 
cause of its pigment quality and higher acid content 
(Hernández-Hernández et al. 2005). There are re
ports of its use in America since the 10th century 
(Portillo 2005, Chávez-Moreno e t al. 2009). Currently, 
/J. COCCI/S is considered the only commercial1y impor
tant species in this genus, and it has unde rgone a 
domestication process. This species depends on hu
man care for di spersion and reproduction (Pére z
Guerra and Kosztarab 1992 ), Dactylopills spp. have 
also been used as a biological control agent against 

0046·22":iX/ 10/1 J 78- 1183.$04,001 0 © 20 10 Entolllo!ogicn! Socie ty of Ame riCH 
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in vasive cactus in Africa and Australia (Moran and 
Zimmermann 1984). 

Many insects harbor symbiotic bacteria in their guts 
01" as endosymbionts inside specialized insect cells 
call eel bacteriocytes (Baumann 2005). Bacterial en~ 
dosymbionts in the Hemiptera provide nutrients to 
insects with a limited diet such as phloem sap and 
bIood that are deficient in essentiaI amino acids and 
vitamins (Baumann 2005, Moran 2006) . Sorne endo
symbionts aIso synthesize bioactive compounds that 
can be used by insect hosts as defense again st pred
ators, parasites, and pathogenic microorganisms (Mo
ran 2006). As endosymbionts are verticall y transmit
ted, their DNA sequen ces can be used to trace in sect 
phylogenies (Baumann 2005). Within the Coccoidea, 
endosymbionts have been found in the families 
Pseudococcidae (Thao et al. 2002 ), Diaspididae, and 
Margarodidae (Gmwell et al. 2007). The diversity of 
enc!<;symhionls in Daclylopills spp. has not been re
ported, except fOl' bacteria from the genus \~lo lhachia 
present in Dactylopius sp. eggs (Pankewitz et al. 2007) . 

The CUHent identification aneI taxonomy of Dac
tylopills spp. has been ba<;ed on morphological char
acters (De Lotto 1974, Pérez-Cuena and Kosztarab 
1992), aneI Rodríguez et al. (2001) published a phy-
10geny of Dact!Jfopius spp. on this basis. Until now, 
there have been no molecular phylogenies of the ge
nus. Thcrc is only one phylogcny bascd on ]8S rR NA 
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 sequen ce and 
analyze mitochondrial and nuclear ribosomal genes 
fmm Dadylopills spp. lo assess the phylogenetic I"e
lationships between the Ave species present in Mexico 
and to determine the symbiont bacteria species 
present in these insects. 

MateriaIs and .Methods 

J nsect Sampling. Specimens from five diflerent Dac
t¡¡lopius species were collected from different regions 
in Mexico. Adult females were slide-mounted to allow 
identin.cation according to descriptions given by De 
Lotto (1974) and Pérez-Guerraand Kosztarab (1992). 
Vouchers were deposited in the Colección Nacional 
de lnsectos ofthe Instituto de Biología or in Centro de 
Ciencias Genómica¡¡¡ of the Universidad Nacional Au
tónoma de México. Specimens were collected from 
the following states (voucher numbers are indicated 
in parentheses): D. coccus from Oaxaca (DTY-ChM-
101 ) and MoreIos (Campo Carmín) (CCC-Sham-l ), 
D. conjitslls from Tlaxcala (DTY-ChM-132), D. CC!I
lonicus from Mexico state (DTY-ChM-llO), D. apull
tiae frorn rv1 ichoac¡ín (DTY-ChM-I06) and Querétaro 
(CCC-Cacau-2 ), and adelitionally we obtained D. 
OIJlmtiae from Brazil , Pernambuco state (CCG-Cacau-
8); all of th ese were parasitizing Opuntia ficIIs-indica 
L. Miller plants. Daclylopius tomelltoslIS (DTY-ChM-
190) was collccted from Hidalgo on C!Jlirulroprllltia 
t!lnicata (Lehm'lnn) Knuth. Parasaissetia sp, 
(Hemiptera: Coccidae ) in sects (CCG-AL-8 ) were 
co llected in Morelos state on Jacw'allda milllosifolia 

(D. Don ) . Gene sequen ces clerivecl from this Cocci
dae were considered an oulgroup in lhe phylogenetic 
analyses. 

DNA Extractiol1, AmpIification, and Sequencing. 
Female specimens from each insect species, freshly 
collected or frozen (-20°C), were superficially 
c1eaned, I"emoving the while wax, washed, and vor
texed severaI times with ethanoI and rinsed with ster
ile distilled water. DNA was extracted frOlH whole 
insects with DNeasy BIood ¡md Tissue Kit (Qiagen 
Hilden , Gennany) . A sample represented one spet:i
men in the case of D. COCCIIS lild two to four specimens 
from the other species. Two DNA samples \vere an
alY:l,ed from each species. DNA was used as a ternplate 
in PCR reactions using primers F-12S-2: 5' -AAGAGT
GACGGGCRAT'ITGTACATA-3' anel R-125-2, 5'
GTGCCAGCAGTWGCGGTIA-3' for ;osect m;to
chondrial12S rRNA gene (Thao et al. 2004), primers 
2880, S'-CfGGTIGATCCTGCCAGTAG-3' (Tanlz 
et ,J. 1988) anel B-, 5' -CCCCCCCfGCTGGCAC
CAGA-3' (von Dohlen and Moran 1995) for insect 
nuclem' 18S rRNA gene, and plimers IDl: 5' 
AGAGT'ITGATCCfGGCfCAG-3' anel rDl, 5' -AAG
GAGGTGATCCAGCC-3' for baetelial 165 rRNA 
gene CWeisburg et al. 1991 ) . Eggs :md bacteliocytes 
were dissected frOIll individual D. caCel/s females and 
washed several times with phosphate-buffered saline 
(PBS: 120mM NaCl, 7mM N¡l2!Ul 04,3 mM NaH2 P0 4 , 

[pH 7.4 [), and DNA was extracted and used in PCR 
reactions as described aboye. Primers that specificall y 
amplify a fragment from the 16S rRNA gene ofENDl 
and closely related ¡3-proteobacteria were designed 
(Bela428 Y 5' -GTGAATATCCGAAGCCGATGAC-3', 
Beta120SR S' -GGCITGGCAACCCfCfGTACCG-3'). 
Primers to identify clone 01 and reIated a-Proteobac
teria were also designed (Alpha141 F: 5'-ACGGAA
GAAAGTAGATATACGC-3' anelAlpha944R5'-ACCf
CTIATCCfCCAACfAAAT-3' ) . These were used in 
addition to IDl mld rDl primers with DNA of Dac
tu1api1ls spp. 

PCR protocoIs were perfonned as described by 
Weisburg et al. (1991) andThaoetaL (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-Beta1205R 
and Alpha141 F - Alpha944R primers: an initial dena
turation at 94°C for 3 min, followed by 33 cycles of 
amplil1cation (1 min at 94°C, 1 min at 57 or 52°C, 
respectively, and 1 min at 72°C), and a final extension 
slep of,5 min al 72°C. The amplified products were 
1,500 (IDl amI rDl), 460 (F-125-2 ,mel R-12S-2 ), 620 
(2880 aoel B-) , 800 (Beta428 F anel BetaI205R) , aoel 
825 bp (Alphal41 F amI Alpha944R). PCR proelncts 
were cloned and individual plasmid clones were se
quenced in Macrogen (Seoul, Korea ) . 

Bacterial CultUl'e Conditions. Dactulopills coccus 
were superficiall y cleaned, and macerate extracts 
were plated in (LB) (Sambrook and Russe1l2oo1) and 
(PY) lIlcdium (Not:l el al. ]984) and grown tor 21 d at 
28°C. 

PhyIogenetic Annlyses. Nucleotide sequen ces were 
compared using the GenBank database Blastn, and 
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A D. ceylonlcus G0853349 

0.56 
D. confusus GQ853350 

,_,,,.oo"--I'D. opunt;ae (Cuerétaro & Brazil) GQ853351 & GQ853352 

0.91 D. opuntiae (Michoacán) GQ853353 

'---___ D. coccus GQ8S33S4 

ILI _______ L_-_~~~~=_D_. t_o_m_oo_t_o:::9:::~::SP. G0853356 

B 

f----< 
0.05 

0.96 

r- D. ceylonicu$ G0853357 

0.69 D. confusus GQ853358 

0.93 
D. opuntiae GQ853363 

100 
_ D. confusus U2Q402 

L-D. BUslrinus AY795538 

L ___ D. coccusGQS53359 

!LI _________ L_-_~~==_D_. _to_m_oo_to_'_"'_G_Q_S::saiSseti8 Sp. GQ853361 

f----< 
0.005 

Fig. 1. Ph ylogenetic trees of 125 rRN A gene sequen ces (426 bp ) (A) and lBS rR NA gene sequences (.584 bp) (R) obtained 
fram diffcrcnt Dactylopills spccics. Scqucnccs [rom this work are in boldo Accc ssion numbcrs are shown ,útcr scicntific llames. 
The tree \Vas inferrcd with th e Bayesian method using MrHayes un der mode! GTR + 1 +G. NumeJicaJ values at each node 
indicate posterior probabilities. Pamsaissclia sp. gene sequen ces were used as oulg.roups. 

sequen ces from closely related organisms were re
trieved. 5equence alignments were performed with 
CLUSTAL 'vV (Thompson et al. 1994) and manually 
edited. Phylogenies were constructed with the Bayes
ian method using MrBayes (Hue lsenbeck and Ron
quisl 2001). The hest model of sequence evo lution for 
each gene \Vas selected using the MrAIC Perl script 
written by J.A.A. Nylander (http: // www.abc.5E / 
= n ylander /) . In all ca<;es, the selected model wa<; 
CTR + I+C. Calldidatus Sulcia ll1uelleri 16S rRNA 
gene sequence W¡L<; used as an outgroup; this is an 
endosymbiotic flavobacte rium of many species of the 
suborder Auchenorrhyncha of Hemiptera (Moran el 
al. 2005). 

Rcsults 

Phylogenetic Analyses. Six clones from each Dac
tyfopius species were analyzed (threc clones per sam
ple for each gene analyzed ) . Seque n ces obtain ed from 
a single insect species were >99% identical , and only 
one clone from each species was used for phylogenetic 
analyses. Phylogenetic trees ohtained fmm lhe milo
chondrial12S rRNA and nuclear 18S rRNA genes m·e 
shown in Fig. lA and B. A tree generated with con
catenated sequences from both genes was similar 
(data not shown ) . Trees were congruent and showed 
that D. ceylollictls, D. corifusus, and D. OIJlmtiae clus
te red togeth erwith an identity of99%. 12S rRNA gene 
sequences from D. orumliae from three different geo-

graphic regions were vely similar (>98.9% of iden
tity) , and 18S rRNA gene sequen ces from D. conjuslIs 
and from the three D. opulltiae \vere 100% identical. 
Two 18S rRNA gene sequen ces were retrieved 
from NCBI GenBank corresponding to D. cO/1l/lsus 
[U20402, collected fmm Arizona (von Dohlen and 
Moran 199.5 ) 1 and D. illlSlrinJlS [AY79.5S:38, collected 
from Australia (Cook and Culhm 2004) j . The D. con
júsu..<; sequence is similar to those reported here for D. 
ceuloniclls, D. confwills, and D. opuntiae (99% of iden
tity) , and D. austl1nl/S sequence was close to this clus
te r. D. coccus was separated, and D. tOlueutoslIs was the 
l110st di stanlly related. 

Idclltificatioll of SYIllbiotic Bactcria. The analyses 
of 165 rRNA gene sequen ces indicated that different 
bacteria were found inside Dactylopius. The ahun
dance of clones found in each species and the per
centage of identity to the closest NCBI match m·e 
shown in Tabl e 1. 

Dactulupills species had different associated bacte
ria; however, the onl y ulli ve rsally associated one was 
a {3-proteobacteria (named here as ENDl) ane! was 
highly conserved wilh almosl identical16S rRNA gene 
sequences. ENDl was first identified with 16S rRNA 
universal primers (IDl and rDl ) in aH the individuals 
collected froTll D. Opllrtt;ae, including the ones col
leded frol11 Brazil, and in D. cucel/s and D. tomentusllS 
(Table 1). Subsequentl y, with primers specific to 
ENDl (Beta42S F and Beta120.5R ) , it was also found 
in D. ceylolliclIs and D. conjitslls, as well as in eggs ami 
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T:ll,le 1.. A~~ign",ent lultIIlIJlIl1l1Ilnee(pel'eentuge of done~) ofhllcleriu in D"dY/OIJ;WS ~IJCde~ lI~ing 16S I·Ri'lA gene ~e(l"enee~ ol,tllinc,1 
witl! ulliw~r~al primeN" rU 1 ami tU 1 

{3-ProleobacteJia a -Proleobacteria y-Proteobacteria 

D ac/y/vfJi!18 
Numhcr 01' 

Soil 
Massi/ia 

Hcrbas- Pored/io Sphillgo- M cso- Aciucfo- analyzed 
species bacteria 

sp.(N6) 
piril/lIm sea IJC/' mouas iI~~I¡/ae rhi;;obillll! ¡Jac/er clones 

(END I) sp, (E7) symbiont (01 ) (E l) sp. (E4 ) sp, (N8 ) 

D. cc¡¡ lolJk1/.\' if' 29 43 O 14 14 O 7 
D. coujilslIs O" 88 O O O O 12 8 
D. o¡Hm!itll' 100 O O O O O O 2 

( ~'I ichoacán) 

D .o¡Jlmliae ü:J O O :J7 O O O 27 
(Quel"ét'll"o ) 

D. vjJlmt;ac 4,1 O O 57 O O O 7 
(Brazil ) 

D. coccn~ 100 O O O O O O 10 
D. tomcutoslIS 100 O O O O O O O 

T I'e dosest NCBI lIlat<.:h is showlI. N,ulIe of eiu.;h dalle is showlI ill pal"ellth eses. 
" ENDl symbionl was nol found when universallüS rRNA gene plimers (rDl and IDl ) were used, but it was amplified b y PCR when specific 

priTll el"s fOl" (3-pl"oteobilCteriil we l"e used (Betl142.8F illId BetaI20SR ), 

bacteriocytes or D. COCCI/S. The sequen ce identity or 
ENDI from tlle different Dactylopills species was 
>99.5%. The sequen ce had 95% identity to asoil isolale 
(AB024934) that was e rroneously assigned to Sphin
g011l0lWS sp. Al (a-proteobacteria) and corresponds to 

a sequen ce or j3-proteobacteria c\ose\y re\ated to Azo
arel/S sp. (Fig .. 2). ENDl sequen ce also presents 9.5% 
idenlily lo Uliginosibacferillmgallgwollellse, an aerobic 
bacteria isolated rrom wetland peat samples ('Veon et 
al. 2008). No cultured ¡solates were obtained from D. 
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Fig.2. Ph ylogell etic tree of 16S rRNA gene sequences ofbacteria (1284 Lp ) obtüined from differellt Daclyfopius species. 
Sequen ces from this work are in boldo Other sequen ces from close\y related organisms were included. Accession numbers 
are shown after scientific names .. Host Dadylupills species are sllown in brackets. The tree was infelTed witll tlle Bayesian 
method using MrBayes under mode l CTR+ 1 +C. Numerical values al each nade indicate posterior probabilities. Camlidatlls 

Sulcia mllclleri 165 rRNA gene scquencc was used as Olltgrollp. 
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COCC/lS female macerates platee! in LB and PY medium 
(data not shown). 

Additionally, 39% of the 16S ribosomal RNA clones 
obtained [rom the DNA samples o[ all D. opllnliae 
specimens presented 88% ¡dentity to Candidatus 
Hepatincola porcelliollllTll , the extracellular symbiont 
of the hepatopancreas of Porcellio scaber (common 
woodlouse, Crustacea: l <;opoda) (Wang et al. 2004) 
(clone 01 in Table 1 and Fig. 2) , which belongs to the 
order Rickettsiales [rom the a-proteobacteria. Spe
cific primers for 01 did Hot amplify ONA frorn other 
Dacfy{opius species. 

Other 165 rRNA gene clones were clase to free
living bacteria, such as J\1assilia sp. , Herbaspilillwn sp. , 
Acinclohacfer sp. , M esorh¡zohilll1l sp. , and Sphingomo
nas sp. (Table 1; Fig. 2), with 98, 96, 99, 97, and 98% 
identity, respectively. These were obtained from D. 
ceylol1icus and JJ. confilsl1s. 

Discussion 

Our phylogenetic results on the re lationships of 
speeies in the eoehineal genus DaGty(op'ius differ from 
those repOlted by Rodríguez et al. (2001 ) based on 
mOl1Jhologieal characters. They found that D. mlstl'Í
IlUS, D. ceyloniclIs, and D. coccus are more closely 
related between them and less related to D. conjl¡slts 
and JJ. oplmtiae. The need to establish molecular phy
Iogenies for Dact¡¡lopius has been reeognized in sev
eral papers because conflicting 1'esults have been de
rived fmm morphological data (Portillo and Vigueras 
2006). 

Dacfy(opills coccus was domesticated and selected 
for producing high amounts of canninie aeid. It has a 
hU'ge body size (femaIes are 3-6 mm long) and pre
sents a cover of white po\vde1'y wax instead of a white 
cottony wax with long filaments (Pérez-Guerra and 
Kosztarab 1992 ). The cottony wax cover protects the 
insects against desiecation and rain (Chávez-Moreno 
et al. 2009). Pérez-Guerra <U1d Kosztarab (1992) con
sidered the characteristic cover important for p1'opos
ing D. COCClIS as the most primitive of the Daclylopiu..<; 
spedes; otherwise, this character could be a conse
que nce of domestication. 

fn accordallce with our results, D. lomcnlOSlIs has 
been reported as the most distant species of the genus, 
hecause it has unique biological ami morphological 
characteristics that differ considerably from other 
Dacf¡¡(opius species (Mathenge et al. 2009). Dac
(y(opiw;' fomentosllS host mnge is restricted to the sub
genus CylilldroplIIltia, its egg incubation period is 
longe r ( 17 d instead of minutes 01' hours), eggs are 
held on a mesh of waxv threads and remain attached 
to the fe male during the incubation pe riod (in other 
Dacfy(opius species, eggs are not enclosed in a mesh 
and continue to hatch as more are laid ), the size of 
femaJ e adults is sma11e r than in most of the other 
species (Mathenge et al. 2009), and its anal ring is 
obsolete (Pérez-Guerra and Kosztarab 1992, Rodrí
guez el al. 2()()]). 

'Ve found a characteristic set ofbacteria from each 
Dact!¡lopills species. Of special interest is END1, a 

¡3-proteobacteria found in a11 the Dadulopius species 
and in eggs and bacteriocytes of D. coccus. These 
findings suggest that END1 is a pnmary enclosymbiont 
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 Pse udococcidae f~1Jl1ily , another ¡3-proteobac
teria plimary endosymbiont, Calldidatlls Tremblaya 
p1'inceps, has been re ported (Thao et al. 2002) , with 
16S rRNA gene sequence 79% identical lo lhat from 
ENDl (F;g. 2). 

We propose the designation Candidat/ls Dactylopii 
bacterium cmminicum for the {3-proteobacteria namecl 
here as END1, identined from the insects of a11 the 
species in the genus Dacl¡¡lopius. This bacterium is thus 
far uncultured. It has unique sequences in the 16S rRNA 
gene at the fo11owing sites (homologs to E<;c/¡eric/¡ia cofi 
pos;bons): ( ] ) 69 -96, GA TTCAAGGGGCITGCTCCT
TCCCT, and (2) 461- 476, CCTCAA TA TCCCAA CCe. 
The lGS rRNA gene has an average of G + e content 
of 54.76 mol%. Dact¡¡lopiihacterillm: Dac.ty. lo.pi.i. 
bac.te'ri.um. N. L. n. Dacfylopi lls , cochineal scien
tific genus name; L. neut. n. bac terium, N.L. ne ut. ll. 
Dactulopiibacterillln, a bacterium isolated from Dac
tu10pills spp.; caminiclll1l: car.lTli.ni 'cum. M.L. n. 
carminium, carmine; canninicllln, belonging lo car
mine ( red pigment ) that is produced by aB Dac
tulopi/ls spp. 

Clone 01 coIIected from D. opuntiae belongs to the 
order RickettsiaJes. In this order, lTIany intracellular 
symbionts ami pathogens of eukaryoles have been 
found ('Veinert et al. 2009). The sequence from 01 
and other related sequences, however, did not group 
with any of the major c1ades 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 \Volhachia in Dact!¡lopius spp. 

The sequen ces from the clones c10se to free-living 
bacteria belong to soil 01' to plant associated bacteria. 
The Iocation of some of these bacteria could be the 
b'l.Jt , in which case its origin could plausibly be the sap 
lhat serves as food for lhe insects. It would be of 
ecologicru interest to explore this fact b y analyzing the 
endophytic bacte ria from the plants parasited by the 
insects. Their Iocation inside the insect must be also 
de termined. 

Our description of Dacl¡¡lopius spp. endosymhionts 
wiII be the basis for stud ying its role in the develop
ment and physiology of the insect. These bactena 
could be implieated in providing amino acids, vi ta
mins, or antimicrobiaI compounds to the host or in 
degrading plant toxic compounds, as occurs in other 
sap feeding insects. 
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Introduction 

ABSTRAer 

Wolbachia are highlyextended bacterial endosymbionts that ¡nfeet arthropods and filarial nematodes and 
produce con trasting phenotypes on thei r hosts. Wolbachia taxonorny has been unders tudied . Curren tly, 
Walbac/lia strai ns are classitled in to phylogenetic supergroups. Here we applied phylogenornic analyses to 
study Wolbachia evolutiona ry relationships and examined metrics derived fmm their genome sequences 
sllch as average nuc\eotide identity (ANI), in si/iea DNA-DNA hybrid ization (DDH), G + C content, and syn
reny to shed light on rhe taxonorny ofrhese bacteria. Draftgenorne sequences ofstrains wDacA and wDac8 
obtained fmm the ca rmine cochineal insect Dactylopius coccus were included. Although all ana lyses indi
cated that each Wolbac/lia supergroup represents a distinct evolu tionary lineage, we found that sorne 
of the analyzed sllpergrollps showed enollgh in ternal heterogeneity to be considered as assernblages 
of 1110re rhan olle species. Thus, supergroups wo uld represent supraspecitlc groupings. Consequenrly, 
Wolbac/Jia pipientis nomen species would apply only to strains of supergroup B and we propase the 
df'sign;ltion of'C-nnrlirJnr1J_~ W olh<1f'hi.l hourt7i ~ i i '. 'C-nnrlirlnt1Js Wolh;lChi;l nnchocr-rciml;l'. 'lnnrlirJnrlls Wnl

bachia blaxteri i', 'Candidatus Wolbachia brugii', 'Candidaws Wolbachia taylorii', 'Candidatus Wol bachia 
collernbolicola' and 'Candidatus Wolbachia rnllltihospitis' fo r other sllpergroups. 

© 2015 EIsevier GmbH, All rights reserved. 

Wolbachia is a genus of endosymbiotic bacteria that are wide 
spread in na ture. Wolbacllia endosymbionts do not have a free
living phase ami are under confinement to particular hosts. It 
is es tirnated that Wolbach ia may be found in 40% of arthropod 
species [1 06 ], w hile a previous re port ca lculated 60% [44]. WoI
bachia endosymbionts have been found associated w ith nematodes 
from the Onchocercidae famil y [22,54]. Interactions w ith their 

hosts range from parasitism to mutualism. In arthropods are mostly 
considered as parasites since they may manipulate host repro
duction by mechanisms like part henogenesis, femini zation, male 
killing, and cytoplasmic incompatibility [1 2,80,100]. However, 
Wolbachia symbiosis has been implicated in host fitness [15,94 ], 
or as be ing necessary for oogenesis [25 ]: in nematodes they are 
regarded as rnutualistic and essential for surviva l [58] . Wolbac/lia 
symbiosis is outstanding as it may cause host speciation events 

1111· 

,. Cor responding author. Tel.: +52 777 313 1697. 
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Sorne 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 ,10,2 1, 79,87]. For endosymbionts tha t have cospeciated with 

http://dx.doi.orgf10.1016/j.syapm.201S.0S.00S 
0723-2020¡© 2015 l::l scvicr GmbH. Al! rights rescrved . 
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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 usual ly not congruent [1 ,49,86,88J. Thus, 
adaptations to different hosts would not necessarily mean bacte
rial speciation. Wolbacllia infections in insects may be recent in 
some cases [41,48 ], implying a short host- symbiont interaction 
that would not lead to speciation. Recent Wolbac/lia acquisitions 
may come from horizontal transfers from close or even distant 
insects [41 ]. In filarial nematode-Wolbac/lia associations, congru
ence between Wolbac/¡ja phylogenies and those of their host has 
been documented [9,17,32). In this case, cospeciation between 
bacter ia and their worm hosts seems to have occurred and a sin
gle origin of this symbiosis for supergroups C and O has even 
been proposed [32 ]. Wolbacl1ia have become essenrial fornematode 
development and play an important role in host embryogenesis 
[58 ]. Nematodes treated with antibiotics cannot reach adulthood 
[13,93 [. 

Walbaehia pipientis Hertig 1936 (43), was first observed in cells 
ofthe Cu/ex pipiens mosquito [42 ]. Heterogeneiry within Wolbacllia 
has been revealed by sequence analysis of 16S rRNA genes and 
protein-coding genes, resulting in its distribution into sixteen phy
logeneric supergroups, ten of which are found in arthropods (A, 
B. E. H. 1, K. M, N, p. Q), five in nematodes (C, D, J, L, O) and one 
comprising botll arthropod and nematode endosymbionts (F) [4 ]. 
The strains of Wolbachia detected in Australian spiders [8 1], were 
designed as Supergroup G but it was later revea led rhar 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 aboutthe 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 indicare that each 
represented a species [78 ], however. other st udies have indi
cated that they do not represent isolated genetic entities [7,99 ], 
as would be expected from bonafide species [61]. Wolbac/¡ia have 
been described as highly recombinogenic bacteria [6,7,99 ]. Multi
pie infections with different Walbacllia are frequent in the same 
insect individual [98,104), affording the opportunity for recombi
nation berween different strains, inclllding not c10sely 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 
dependen ce on the host. This is evident upon inspection of 
endosymbionr genomes, which genera lly 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 cou ld not be applied to non-cultivable endosymbionts 
like Wolbachia. In the genomic era, however, merrics based on 
geno me sequences like AN I (average nucleotide identity) and 
in silico DDH can be used as replacements fOl" wet lab DDH 
[3,38), thus allowing the use of similar taxonomic criteria for 
both cu ltivable and non-cu ltivable 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 eva luated the diversity of Wolbachia by performing 
phylogenomic analyses and by analyzing genome-derived metrics 
like ANI. in si/ira DDH, G + C content and synteny in order to 
shed light on rhe raxonomy of these endosymbionrs. Addirion
ally, we increased the genomic database of Wolbacllia by reporting 
sequences from two strains recently obtained from the carmine 
cochineal insect Dacty/opius coccus. 

Materials and methods 

Genome seqllences 

Sequences of all reporred Wa/baehia genomes were retrieved 
from GenBank database, except rhose of srrains wDi and wLs, 
which were avai lable at http: // nematodes.org/genomes/index_ 
filar ia.html [22 ]. Genomes of Wolbachia srrains wDacA (Biopro
ject PRJNA27470l) and wDacB (Bioproject PRJNA274698) were 
sequenced by a metagenomic approach from dissected cochineal 
insects of Dacty/opills caceus, Detailed functional analyses of those 
genomic sequences w ill be reported elsewhere (Ramírez-Puebla 
et al., in prepararion). For G + C content determination, contigs 
of each genome were concatenated, the number of G plus C 
nuc1eotides counted and the sum divided by the geno me length, 
Genome of strain wMen was obtained from the 5trepsiptera 
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 nor 
completely seqllenced [36 ]. 

Phylogenomic analyses 

Predicted proteomes were obtained from annotated geno mes 
deposited at GenBank if available. The RAST server was also 
used for annotaring and comparing whole genome sequences [S ]. 
The AMPHORA2 pipe line [103 ]. was used to identify a set of 3 1 
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 againstindividualmarker 
genes obtained from fu lly sequenced Wolbacl¡ia genomes using the 
nmMapping 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: //em boss.bioinformatics.nl fcgi-bin/emboss/union ), The con
catenated sequences were then aligned using MUSCLEv.3 .8.3 1 [29 1, 
and the reslllting alignment was processed with Gblocks [18 ]. to 
obtain conserved protein blocks and eliminate poorly aliglled pos
itions and divergent regions. The edited alignmen t contained 9151 
amino acid positions, A maximum-likelihood analysis was then 
performed using theJTI substitution model under PhyML 3.0 [40 ]. 
Branch sllpport va llles are based on 100 bootstrap replicates. The 
genomes from f/¡r/ic/¡ia canis (GenBank CP000107 ) and Anaplasma 
marginale (GenBank CPOOl 079 ) were llsed as olltgrollps. 

In silico DDH and ANI ca/clllations 

DDH estimates were computed using the Genome-to-Genome 
Distance Calculatorversion 2.0 [65]. as recommended by Auch et aL 
[2,3 ]. amI Meier-Ko lthoff et al. [65 ]. BLAST+ was llsed for alignmenr 
and formula 2 forgenome distance estim atioll. AN I values were cal
culated as previollsly proposed [38], using the ANl calculator from 
the Kostas lab (http: //enve-omics,ce.gatech.edu/anifl with default 
parameters. 

Synteny 

Syntenic blocks between ten finished Wolbachia geno mes were 
identified by BLASTN. Only blocks ar least 3000 bp in lengrh and 
with 80% identity or higherwere used to construct the graphs using 
the Artem is comparison tool [16 ]. 
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Results and discussion 

Genome-based rela tionships 

Predicted evolutionary re lationships between all 34 complete 
or almost complete Wolbac/lia genomes currently available and our 
two Wolbachia strai ns from D. COCCUS, wDacA and wDacB (Table 1) 
based 0 11 a set of conserved proteins is shown in Fig. 1. The distinc
t iveness of Wolbach ia supergroups was evidenced by each form ing 
a di ffe rent and well-supported clade. The A and B supergroups 
clustered together in a branch separated from the C. D and F super
groups as previollsly observed by Nikoh et al. [69]. fo r a ser of six 
genomes using 52 ribosomal prote ins. The phylogenetic recons
t ructions were also in agreement wi th a previous ana lysis obta ined 
w ith a set of90 orthologolls genes from on ly e leven seqllenced Wo/
bachia strains [22 ], All the Wo/bachia strains associated with (u/ex 
mosqll itoes (W. pipientis representa ti ves) tightly clllstered in a sin
gle clade within supergroup B. The Wolbac/lia strain wBol1-b from 
Hypolinlllas bolina was also phylogenetically close to the W. pipien
tis strains. Wolbach ia stra ins from D. coccus clllste red into distinct 
supergroups. wDacA was resolved as the mos t phylogenetica lly di s
tant stra in w ithin sllpergrollp A, whereas wDacB was a member of 
sllpergrollp B having wVitB from Nason ia vitripenllis as its closest 
sequenced rela tive. The strai n wFol associated w ith the springtai l 

rabie 1 
Characteristics ofthe sequenced Wolbocllia genomes used in this work. 

Wolbachia Host species CenBan k access ion Cenome sta tus 
stra in number 

wMel Drosophila AE01 7196 Complete 
melollogasfer 

wMelPop Drosophila AQQEOOOOOOOO WGS 
melollogasfer 

wRi Drosophila simulans CPOO1391 Complete 
Riverside 

w H, Drosophila simulans CP003884 Comple te 
WSim Drosophi/a simulans AAGCOOOOOOOO WGS 
wAu Drosophila simulans LK055284 Complete 
wRec Drosophila rece/lS JQAMOOOOOOOO WGS 
WSuzi Drosophila suzukii CAOU02000000 WGS 
wDwi Drosophila willisfOl!i AAQPOOOOOOOO WGS 

wAna Dmsop/¡ilo anallossoe AAG BOOOOOOOO WGS 
wGmm G/ossino morsitans AWUHOOOOOOOO WGS 

lIlorsilans 
wUni Muscidifurax uniraptor ACFPOOOOOOOO WGS 
wD.1cA DOClylopius coccus PRj NA274701 WGS 
wNo Drosophila simulans CP003883 Complete 
wPip_Pel Cu/ex quil!quefascio/lls AM999887 Complete 
wPip_j HB Cu/ex quinquefasciacus ABZAOOOOOOOO WGS 
wPip_Mol Cu/ex molesrus HC428761 Complete 
wPip Cu/ex pipiens molescus CACKOOOOOOOO WGS 

wDi Diaphorina cit ri AMZJOOOOOOOO WGS 
wBol1-b Hypolimnas bolillQ CAOHOOOOOOOO WGS 
wAlbB Aedes albopictus CAG BOOOOOOOO WGS 
wDacB Dactylopius coccus PRjNA274698 WGS 
wVitB Nosonio villipenllis AERWOOOOOOOO WGS 
wete Cterwcepllo/ides fe/is SRR1222 150 Raw data 
,>00 Oncl1ocerco ocl1engi HE660029 Complete 
,>Ov OncllOcerca vo/vu/us HC810405 Complete 

strai n Ca meroon 
wDi Dirofilaria immitis PRJEB4 154" WGS 
wBm strain TRS Brugia ma/ayi AE017321 Complete 
wBn Wuchereria bancrofH ADHDOOOOOOOO WGS 
w L< Litomosoides PRj EB41 55J WGS 

sigmodonHs 
wFol Fo/somia candida SRR1222 159 Raw data 
..ele Cimex lectularius AP013028 Complete 
wüc Osmia caeru/escens SRR122 1705 Raw data 
wMen Mengenilla mo/drzyki SRX095325 WGS 

Fo/somia calldida was found placed as the most distant of a ll the 
ana lyzed Wolbachia supergroups as reported previous ly [36]. 

G + (co ntent 

The G+C content of Wolbachia genomes ranged from 32.1 % 
to 38.4% (Table 1) evidenci ng an enrichment of AT nucleotides 
as is COl11mon in endosymbionts [67]. Mean G+C contents of 
supergroups A, B, C and O were 35.5%, 34.0%, 32.4% and 33.4%, 
respectively. The seqllenced representative of supergroup F had a 
G + C content of 36.3%. Although the analyzed geno mes may not 
completely comprise the natural variation presen t in Wo/bac/lia 
sllpe rgrollps, it is worth noti ng that each supergroup seems to have 
a characteristic G + C content (Table 1 ). 

In sil ico DDH Qlld ANI estimates 

DDH is the "gold standard" for species delineation in prokary
otes but it is not applicable for non-cult ivable bacte ria like 
Wolbachia. ANI represents a suitable surroga te for wet lab DDH as 
correlation ana lyses indica te that stra ins showing ANI higher or 
equal than 95-96% sha red DDH va lues higher 0 1' equal tha n 70% 
and are thus considered to be of the same species [38]. Genome 
sequences also allow the estimatíon of in silico DDH values, and 

Number of contigs Cenome size (bp ) C +C% Super Reference 
group 

1.267,782 35.2 A 11021 

80 1.239. 155 35.1 A 11011 

1,445.873 35.2 A IS21 

1 1.295.804 35.1 A 1301 
629 1.063.100 35.4 A 1841 

1.268,461 35.2 A 19 11 
43 1.126,656 35.2 A 1661 

110 1,415,350 35.2 A 1891 
260 1,145.915 38.4 A Rem ington 

et al. 
(unpllblished ) 

464 1,440,750 35.7 A 1841 
241 1.019,510 35.2 A 11 41 

2S6 867,873 35.2 A IS21 
4S6 933,576 35.0 A This study 

1 1,301,823 34.0 B 1301 
2 1,482,455 34.2 B 15 11 

21 1,543,661 34.2 B 1851 
1,340,443 33.9 B 1741 

888 1,479,531 34,3 Sinkins et al. 
(unpllblished ) 

124 1,240,904 34.0 B 1831 
144 1.377,933 33.9 8 1281 
156 1,162,431 33.7 B 1631 
321 1,282,277 34.2 8 This stlldy 
S23 1,107,643 33.9 8 ISOI 

8 1361 
957,990 32.1 e 1241 
960,618 32.1 e Corton e t al. 

(unpubl ished ) 
921,012 32.7 e 1221 

1,080,084 34.2 O 13S1 
763 1,052,327 34.0 O 1261 

10 1,048,936 32.1 O 1221 

E 1361 
1,250,060 36.3 1691 

1361 
1681 

~ Accessions numbers correspond to the European Nucleotide Archive database as submitted by the original authors. 
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100 

100 

0.1 estimated number of changes 
per site fo r a unit of branch length 

99 wMel (Drosophila melanogasler) 

wMelPop (Drosopllila melanogaster] 
99 w Rec (Drosophila recens] 

wAu (Drosophila simuJaJlS) 
98 IV Dwi (Drosophíla willistoni) 

wHa (Drosophi1a sinwlans) 

wRi (Drosophila simulalls] 
99 IV A na (Drosophila ananassae) 

wSim (Drosophila simulans] 

ill 
w$uzi (Drosoplli/a suzukii) 

w Uni (Muscidi[urax uniraptor) 

wGmm (Glossína morsitans morsitans) 

L..... w DacA (Dactylopius coccus) 

100 
wPip (eu/ex pipiens molestus) 

wPip_Mol (CuJex llloJestus] 

96 100 wPip_Pel (eu/ex quinquefascialus] 

84 
wPip..JHB (eu/ex quinquefasciatus) 

wBoll -b (Hypolímnas bolina) 

100 Ir wVitB (Nasonia vitripcl1J/is) 

96 
wDacB (Dactylopius coccus] 

- IV AlbB (Aedes albopictus) 

100 r ",ete (ClenocephaJides felis) 

~ L- W No (Drosophila simulans) 

~ w Di (Diaphorina cUTi) 

LQQ 
r- wele (Cimex lectu/aríus) t ¡wa c (Osmia caerulescens) 

86 wMen (Mengenilla JTloldrzyki) 

100 
100 

-.lQQ I 
~Bm (Brugiamalayi) 

100 wBn (Wllcherería bancrofti) 

w Ls (Litomosoides sigmadontis) 1 

""Fal (Fa/somia candida) 

Ehrlichia canis 

'Candidatus Wolbachia bourtzisii ' A 

'Candidalus Wolbachia pipientis' B 

'Candidatus Wolbachia multihospilum' I F 

'Candidatus Wolbachia onchocercicola' 

'Candidatus Wolbachia blaxteri' 

'Candidatus Wolbachia brugii' 

'Candidatus Wolbachia taylori ' 
'Candidatus Wolbachia collembolicola' I E 

lasma 1 Ana p narginaJe 

Fig. 1. Phylogenomic tree showing evolutionary relationships betwee n Wolbachia strains inferred with PhyML based on a concatenated alignme nt of 31 markef proteins 
detected with AMPHORA2 and analyzed with the JIT substitution modeL Hosts fo r each stra in are indicated in fOfceps. Strains included in the new designations fOf ("ach 
speeies name are boxed. Proposed species names are shown next to the boxes. Supergroups are shown to rhe righe Numbers at the braneh points represent bootstrap support 
val ues based on 100 replicates. Tlle seale bar represents the estimated number of amino aeid changes per site for a unit of bra neh lengrh. 

these correlate ve ry wel1 with wet lab DDH [3). Based in these crite
ria other bacteri a as Ensifer and RlJ izobiwn have been reclass ified 
1711· 

In silico DDH and ANI values were calculated for all pairs of ana
Iyzed Wo/lJacllia genomes (Tables 2 and 3, respectively). Strains 
from different supergroups showed maximum ANI and in silico DDH 
values of 86.8% and 34.6%, respective ly indicating that Wolbacltia 
is comprised of several different species as previously suggested 
based on fewer ANI comparisons (75 ). Within each supergroup, 
most members showed ANI va llles over 96% (Table 3 ) and in 
si/ico 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 DrosoplJila simu 
lans strain wNo and Diaphorina citri stra in wDi, showed in silico 
DDH vallles <62%, below the species circllmscription level w ith 
all mem bers of their own Sllpergroups and ANI values jllSt aboye 

of the species cut-off level (Table 2). In the phylogenomic ana ly
ses, strains wDacA, wNo, wDi occupied peripheral positions w ithin 
their supergroups (Fig. 1). wAlbB from Aedes a/bopictus and wDacB 
from D. coccus in supergroup B, also showed in silico DDH val
ues below or very c10se to 70% w ith their supergroup neighbors, 
although these differences were not reflected by low ANI values 
(Table 2 ). 

Within supergroup B, in silico DDH and ANI va lues were h igh 
among representative sequenced strains of Wolbacltia pipientis 
(wPip strains). Vallles 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
eat ion. 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 ). 

(lear examples of the existence of different species within 
sllpergrollps were observed for nematode strains wDi of 
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Table 2 
In silico DNA- DNA hybridization (DDH ) . 

. " 
wP1pJIoI . ~~ 
:~~:. .. 
wAl.8 .•. ... ... 
.,., . 

.l Villues <70% are shaded. 

rabie 3 
Average nucleotide identity (ANI ) percentage values between Wolbachia strains . 

"<;00-... .. . ~, ... 11 • . ',,",,\ 
:~~" .. 
. 1'1 ........ 

::,-l~'B 
w,', .. .. ,,"," ... 

a Values <96% are shaded. 

. .... do ...... 

Dirofilaria immitis and wLs in supergroups e and D, respectively 
(Tables 2 and 3 ). [n these cases, both stra ins occupied periph
era l positions within their supergroups (Fig. 1). Also, in silico DDH 
and ANI va lues supported the differentiation of these strains from 
other members of their respective supergroups supporting that 
they belong to different species. 

Cospeciation between nematodes and Wa/bachia is reflected 
in the fact that more distan tly re lated nematodes [32 ], .lIso have 
more distantly related Wo/bacl1ia. ln supergroup O, Wo/bac/lia from 
related nematode genera Bmgia and Wuchereria are more closely 

Slrain wPipMol wPipPel wNo wMel 

Supergroup B 

.. -.' oo. - .. •.. ... . . -., ., .• ~~_ .. , 
""" ....... 

MIOO JOS 

'000 

.., ~"" .. ;;' ." .. 1 "'-, ; ; 

." tU .. , IQ :; ::1 :~ = 
'oo .• ~ .... 

' '''-=~ 

,,,.= 
""'="1 

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

wRi wHa ..00 wBm ..el 

A e o F 

Fig, 2, Synteny between complete genomes ofWolbac/lia strai ns. Sequence blocks oriented in tlle same or inverted directions are shown in dark or ligllt green. respectively. 
(For interpret.ltion ofthe references to color in this figure caption. the reader is referred to the web version ofthis .lfticle.) 
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the onchocercids, contravene the idea of cospeciation in genera l 
[33 [. 

Genome synteny 

Structural genome comparisons in other bacteria like rhizo
bia have shown that chromosome synteny js ve ry well conserved 
within a species and less rnaintained between different species 
[39,77 [. Synteny was used as a further criterio n to distinguish 
Wo/bachia spec ie s. It has been observed tllat levels of genome syn
teny are higher within than between Wolbachia supergroups [301, 
as it is evidenced in Fig. 2 for ten finished genornes. Wolbaclzia 
geno mes 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 ,102J. Genorne rearrange
ments in other organisms represent recornbination barriers and 
cou ld lead to generic iso larion [76 ]. Strain wNo showing significanr 
divergence by in si/iro DDH and ANI values is less syntenic with 
its supergroup siblings. lt wou ld be worth investigating if a specia 
tion process could srart within a supergroup by Walbachia strains 
developjng novel genom ic rearra ngements, as d iscussed previously 
[30[. 

Conclusions 

We showed here tha t Wolbaclzia supergroups represent distinct 
evo lu tionary Jineages based on phylogenomics. G+C contenr, AN I, 
in si/ka DDH and synteny. Our resu lts supportthe previous proposa l 
that Wo/bachia from different supergroups should be considered as 
genetica llyd istinctclades notonly from implications re lated to host 
confinement and the jr bi%gy [72 ], but on the basis of molecular 
evidence [30,53,78J. Furthermo re, we found heterogeneity within 
supergroups. The more divergent stra ins within each supergroup 
were recovered as outliers in the phylogenomic analyses. Not aH 
st rains, however, seem to have accumu lated enough nucleotide 
sequence d ifferences to show ANI values lower than 95-96%, used 
to delineate different species. with other d istant strains in their 
supergroups (Tab le 3 ). Neve rtheless, within a supergroup sign if
icant genome content differences were evidenced by low in silico 
DDH (Iess than 70%) and genome synteny among supergroup mem
bers was llot always high. Thus, our novel analyses indicate thar 
different species may occur inside a supergroup. Consequently, 
supergro ups would llave a supraspecific status. 

Given the evidence reviewed and presented here, the na me W. 
pipientis (Hertig 1936) [43 ], shou ld be applied only to supergroup B 
strains. As Wolbachia are stilluncultivab le, the proper designation 
for su pergroup B stra ins should be 'Candidatus Wolbachia pipien
t is' . In orde r to distinguish the different species within Wo/bachia, 
we pro pose the designation 'Candidatus Wol bach ia bourtzisii' for 
st rains in supergroup A, 'Candidatl/s Wolbachia onchocercicola' 
for endosymbionts of genus OncllOcerca in supergroup C, '(an 
didatus Wolbachia blaxterii' for endosymbionts of D. immiris in 
supergroup C, 'Candidatus Wolbachia brugii' fo r endosymbionts of 
nematodes from BI1Jgia and Wuchereria spec ies jn supergroup D. 
'(andidatus Wolbachia taylorii' for endosymbionts of nema todes 
from Utomosoides species in supergroup D, 'Candidatus Wo lbachia 
col1embola' for endosymbionts of Collembola arthropods in super
group E and 'Calldidatus Wolbachia mu ltihospitis' for Wolbachia 
strains hosted by nematodes and arthropods in supergroup F. 

Description of 'Candidatus Wolbachia bourtzisii' 

'Candidatlls Wol bach ia bourtzisii' (bourt.zi'sLL N.L. gen. n. 
bOllrtzisii, of Bourtzis, in honor of Kostas Bourtzis, as a recogn ition 

for his studies on Wolbaclzia and orher bacteria associated with 
arthropods ). 

The description of the species 'Candidatlls Wolbach ia bourtzisj i' 
is based on the studies repo rted by louis and Nigro [62 J, Sacchi et al. 
[82 ]. Texeira et al. [941. and Zhukova and Kiseleva [105[ . (ell size 
is 0.5 l.un in D. simu/ans, and 0_5-1.0 f.Lm in D. melanogaster. Cells 
are roundish and less frequently rod shaped and are surrounded 
by three enveloping membranes. The first is rhe plasmaric mem
brane and the second rep resents the outer part ofthe cell wall. The 
third one, closely related to the cytoplasm of the host cel!. forms a 
vacuole for each single microorganismo Ribosornes and nucleic acid 
fibrils are observed in rhe cytoplasm. In D. me/allogaster individual 
bacrerial cells are distributed rhroughout the host ce ll 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 apoptotie cells in germaria are increased in 
D. me/anogaster in fected with wMel Pop. Tetracycline t reatrnents 
acce lerated rhe time ro dea th in D. melanogaster infected with 
Drosopltila C virus (DCV) as the bacteria confer resistance ro DCV 
by interfering with vi rus proliferation. The DNA G + e content is 
between 35.0 and 38.4 mol%as ea1culated from genomic sequences. 
Most strains exhibit a DNA G + e content of 35.2 mo l%. 

Description of'Candidatus Wolbachia onchocercicola' 

'Candidatl/s Wolbachia onchocercicola' [on.cho.cer.ci'co.la. N.L 
fem. n. Onchocerca a filarial nematode genus: L. suffix - cola (from 
L mase. or fem. n. incola), a dweller, an inhabitant: N.L. fem. n. 
onchocercico/a, a dweller of Onchocerca]. 

Tlle description ofthe species 'Candidatus Wolbachia onchocer
cicola' is based on the studies reported by Determan et al. [27 1, 
Egyed et al. [3 1], Horeaufet al. [46] , Kozek amI Marroquin [55 ], 
and l angworthy et al. [59] . Cell size is 0.3 up to 0.8 f.Lm in diam
eter and 1.5 up to 1.8 fl.m in length. Cells are ge nerally round or 
spherical shaped. Bacteria are lacated 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 Ollchocerca vo/vulus they often form clusters and 
in Onchocerca oc/lengi so me of them conta in up to seven bacte
ria. Wo lbachia live in the subcutaneous and connective t issues of 
their hosts, usually encJosed in fibrous cysts or nodules. In adults 
and larvae bacteria l cells occur in the lateral cords, and in germinal 
tissues in femal es. Depletion of the endosymbiont by oxytetracy
c1ine in O. ochellgi results in the deatll of adults and Illlcrofilaria. 
Also, there is a decline in the quantity of embryos and an increase 
in rhe proportion of embryos s howing abnormal morphology. In 
O. VOIVlllus doxycycline t reatment blocks embryogenesis. The DNA 
G + C content is 32.1 mol % as ca1culated from genom ic sequences. 

Description of 'Candidatus Wolbachia blaxteri' 

'Candidatus Wolbachia blaxte ri ' (blax'ter.L N.L. gen. n. blaxceri, 
ofBlaxter, in honor ofMark Blaxter, in recognition ofhis molecular 
studies on nematodes and their associated WolbaclJia 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 sjze is 0.3-1.0 ILm in diameter and 4.5lLm 
in length. Cells are spherical orovoid shaped. Bacteria are conrained 
in an individual membrane-bounded host vacuole. Sorne bacteria l 
cells have condensations of dense material within thei r cytoplasm. 
In D. immitis bacteria occur in the reproductive tract ma inly in the 
ovary .lnd the proxima l region of the uterus, amI are .l Iso found in 
oocytes and in all embryonic stages ofmicrofi la riae develop ing in 
the uterus.ln lateral cords of adu lts, theyoccur as clusters that can 
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fill most of the hypoderma l tissue. Often they appear to surround 
the hypoderma l nuclei. In emb ryos, five to ten bacte ria per host 
ceJl a re found. Also, bacteria are abundan t in oogonia, eggs and 
early dividing embryos. Treatmentwith tetracycline blocks embryo 
development. The ONAG + (content is 32.7 mol% as calculated from 
genomic seqllences. 

Descriptio n o f 'Candidatus Wolbachia brugii' 

'(andidatus Wolbachia brllgii'(brll'gi j . N.L. gen. n. brugii, ofBrug, 
named afte r S. L. Brug, a Olltch parasitologist who firstdescribed the 
filarial nematode Brugia ma/ayi, a model forthe study ofWo/bachia
nematode re lationships ). 

The description of the spec ies 'Candidacus Wolbach ia brugii' is 
based on the studies reported by Fischer et al. [34J, and Land
mann et al. [57,58[, and Taylor et al. [92 [. (ell size is 0.5 f.1.m up to 
1 f.1.m. (ells are spherical or have an elongated shape and are sur
rounded with a doub le membrane. Bacteria are contained within 
membrane-bound vacuoles. ln Brugia ma/ayi clusters ofbacteria are 
detected in microfi laria. In larvae L2, bacterial cells are detected in 
the hypodermis and in L3 and L4 1arvae in the cells of lateral chord, 
in high numbers. In adult female worrns, bacteria are commonly 
found in the lateral hypodermal cords, in hypodermis. and close to 
or inside rhe ovaries . Bacteria are also seen in the cells surround ing 
the basal lamina of the oviduct. In adult ma le worms. m icrofi lariae, 
and third-stage lalvae bacteria are detected in the lateral cord, bu t 
in lower numbers compared with females and dispersed in foca l 
grollpS or as individual bacteria. They are also detected in testis and 
the border of vas deferens. In Wuchereria banerofci bacteria show a 
similar distribution as in B. malayi, in small clusters or as a single 
bacterium. 

Tetracycline treatments dramatically reduce the endosymbion t 
population in female adults of B. ma/ayi. Pyknotic nuclei are 
observed throughout the ovaries and uteri in the female germline. 
Microfilaria resulting fromacompleted embryogenesis after anribi
otic treatments, showed defects as abnorma l mllscle qlladrants. 
Apoptotic nuclei are detected in the ovaries oftreated females and 
become more numerous as the uteri is filled with embryos. The 
ONA G + C content 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. cay/O/i. of 
Taylor, in honor of Mark J. Taylor, in recognition of h is studies on 
the role of Wo/bac/1ia-nematode symbiosis in human diseases and 
his search for treatments). 

The description of t he species 'Candidatus Wolbachia tay lo ri' 
is based on the studies reported by Chagas-Moutinho et al. [19], 
and Horeauf et al. [45 J. Cell size is approximately1 f.Lm and round 
shaped. (ells present a reduced cell wa ll and not a rypica l septllm 
during cell division. Cells are surrounded by a host-derived vacuo
lar membrane. In Litomosoides chagasfil/lOi, bacterial cells occu r in 
regions of the hypoderm, in the oocytes, early-stage embryos and 
complete deve loped intrauterine microfilariae close to the cell hos t 
nucleus. In other filar ial tissues. bacteria are found in intracellular 
vacuoles associated to the nuclear envelope. They are also observed 
in proximity to the endoplasmic rericulllm. TEM sllggested a single 
bacterillm per vacuo le. 

Oepletion byte t racycl ine resu lts in infertil ity by blocking fema le 
worm developmenr and early embryogenesis in Licomosoides sig
modontis. The DNA G + C content is 32.1 mol% as calculated from 
genolllic sequences. 

Description of 'Candidatus Wolbachia collembolico la' 

'CandidatllsWolbachia collembolicola' [col.lelll.bo.l i'co.la. N. L n. 
pI. Col/embola a lineage ofhexapods: L. suffix - cola (from L. mase. or 
fem. n . incola), a dweller, an inhabitant; N.L. fem. n. col/embolico/a, 
a dweller of Col/embola ]. 

The description of the species 'Candidatlls Wo lbachia 
collembolicola' is based on the studies reported by Czarnet
zki and Tebbe [23 ], Pike and Kingcombe [73], Timmermans and 
Ellers [95J, and Vandekerckhove et al. [97 ]. Cells detected in 
hexapod species of the order Collelllbola. Cell size is 0.2 f.Lm up 
ro 1.4 f.Lm. (ells are pleomorphic from curved to almost ha irpin
shaped. CeJl waJl lacks detectable peptidoglycan layer. Periplasmic 
space is of around 5-15 nl11. Ce ll s are surrounded bya host-derived 
vacuolar membrane. ONA filaments are visible in a rather diffuse 
network dispersed throughout the cell and interspersed w ith ribo
somes. Cell s occur in aggregations and are found mostly in close 
association with the rough endoplasmic reticulum in the ovaries. 
Fat bodies and interstitia l ceJls as detected by TEM techniques or 
restricted to the ovary and brain as detected by FlS H techniques . 

lnfection is ob ligatory fOl" host offspring su rvival. The endosym
biont is sensitive to high -dose of rifamp icin and heat t reatments. 
High-dose tetracycline treatment is inefficient for removing cell 
infections. Bacteria obligate role early in the parthenogenetic devel
opmental process incllldes egg hatching. 

Description of 'Candidatus Wolbachia multihospitum' 

'Candidatlls Wolbachia multihospitis' (muLtLhos'pLtum. L. adj. 
mllltlls many. numerous; L. n. /lOspes -iris. he who en tertains a 
stranger, a host; N.L gen. pI. n. multihospitum of numerous hosts, 
referring ro the occurrence of the bacterium on various species of 
arthropods and nematodes). 

The description of 'Candidacus Wolbachia l11u ltihospitis' is based 
on the stud ies reported by Ferri et al. [33], Hosokawa et al. [47J, and 
Lefoulon et al. [60]. In Cimex lectularius cell size is 0.5 up to 1.2 f.Lm. 
(ells 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 nurritive 
cord and developing oocytes. In the nematode Madathamugadia 
hiepei, they a re detected in young and lateembryos.ln adultfemales 
they are observed in the ovaries and the in tes ti nal wa ll. In contrast 
with other nematodes they are absent in the hypodermal lateral 
chord . In Cercopithifilariajaponica and Mansonella perforata bacte
ria are located in the epithelia l somatic gonad and in the intestina l 
wall. 

Eliminarion of rhe endosymbiont by rifampicin rreatments in 
e /ectlllQ/ius resulted in deformed developing eggs, reduction in 
the adult emergence rate and prolonged nymphal periodo The DNA 
G + C content is 36.3 mol% as calculated from genomic sequences. 

Acknowledgements 

This work was supported by CONACyT basic science grant 
154453. Results presented in this paper are part of the PhO thesis 
by S. T. Ramirez-Puebla, A. Vera-Ponce de León and L. E. Servin
Garcidlleñas. They are stlldents from the Programa de Doctorado 
en Ciencias Biomédicas, Universid ad Nacional Autónoma de Méx
ico (UNAM) and each was recip ien t of a scholarsh ip from Consejo 
Naciona l de Ciencia y Tecnología (CONACYf), México. We thank 
Mariana Mateos fo r d iscuss ion and Michael Dunn for criti ca l read
ing of this Illanuscript. 

Please ci te th is article in press as: S.T. Ramírez-Puebla, et al., Species in WolbacllÍa? Proposal for the designation of'Candidatlls Wolbachia 
bourtzisii'. 'Candidatus Wolbachia onchocercicola', ·Candidatlls Wolbachia blaxteri', 'Candidatus Wolbachia brugii'. 'Candidatus Wolbachia 
taylori', 'Candidarus Wolbach ia coJlembolicola' and 'Candidarus Wolbachia mu lrihospitllm' [Of the di[ferenr species w irhin Wolbaehia 



35 
 

 

G Mode! 
SYAPM-25703; No.ofPages 10 

S.r. Ramírez-Puebla et al. / Systematic and Applied Microbi%gy xxx (2015) xxx-xxx 

Appendix A. Supplementary data 

Supplementary data associated with this artide can be found, 
in the online version, at http: //dx.doi.orgj l0.101 6jj.syapm.201 5.0S. 
005 

References 

[ 1 J Ahmed, M.Z., De Barro, r.J .. Ren, S.x.. Greeff, J.M .. Qiu, B.L (2013 ) Evidence fOf 
horizontal transmission of secondary endosymbionts in the Bemisia tobad 
cryptic species complexo PLo5 ONE 8, e53084. 

[2J Auch, A, F., Klenk, H,P .. Goker, M. (201O ) Standard operating procedure for c.1l 
culating genome-to-genome distances based Oll high-scoring segment pairs. 
Stand. Genomic Sci. 2, 142 - 148. 

[3J Auch, A.F., van Jan, M., K[enk, H.P., Gtiker, M. (2010) Oigitd l ONA- ONA 
hybridization for mierobial speeies delineation by means of genome-to
genome sequenee eomparison. Stand. Cenomic Sci. 2. 117- 134. 

[4] Augustinos, AA, Santos-Garóa, D., Oionyssopou lou, E., Moreira, M., Papa
panagiotou, A., Searvelakis, M., Ooudoumis, V., Ramos, S., Aguiar, A.F., Borges, 
P.A.v., Khadem, M .. Ldtorre, A., Tsiamís. C .. Bourtzis, K. (2011 ) Oeteetion and 
eharacterization of Wo/bachia infections in natural populations of aph ids: is 
the hidden diversity fully unraveled? PLoS ONE 6, 1'28695. 

[5] Aziz. R.K., Bartels, D., Best, AA, OeJongh, M .. Disz. T. , Edwdrds. R.A., Formsma, 
K.. Cerdes. S .. Class, E.M., Kubal. M., Meyer, F., Olsen, C.l , Olson, R .. Osterman, 
A.L, Overbeek, RA, MeNeil, L.K., Paarmann. D., Paezian, T., Parrello, B., Puseh, 
C.D .. Reich. c.. Stevens, R .. Vassieva. O .. Vonsrein, V .. Wilke. A., Zagnit ko, O. 
(2008) The RASTServer: rapid annotations using subsystems teehnology. BMC 
Cenomies 9, 75. 

[6] Baldo, L, Lo, N., Werren.J.H. (2005 ) Mosaie nat ure ofthe Wolbaehia surface 
protein. j. Bacteriol . 187,5406- 541 8. 

[7J Baldo, L, Bordenstein, S., Wernegreen, J.J., Werren, J.H. (2006) Widespread 
reeombindtion throughout Wolbachia genomes. Mol. Biol. Evol. 23, 437- 449. 

[8J Baldo. L.. Werren, l L (2007) Revisiting Wolbachia supergroup typing based 
on WSP: spurious lineages and discordance with MLST. Curro MicrobioL 55, 
8 1- 87. 

[9 ] Bandi. c.. Anderson, T.J.. Cenchi, c., Blaxter. M.L (1998) Phylogeny of Wol
bachia in fi laríal ne matodes. Proc. Biol. Sci. 265,2407-2413. 

[IOJ Baumann, P., Moran, NA, Baumann, L. (2000) Bacteriocyte associated 
endosymbionts of insecrs. In : Dworkin, M. (Ed .). The prokaryotes, Springer. 
New York, pp. 155-189. 

[11 J Bordenstei n, S.R. (2003) Symbiosis and the origin of species. In: Bourtzis, 
K., Miller, T.A. (Eds.), Insect Symbiosis, e Re Press, Boca Raton, pp. 283 -
304. 

[ 12] Bordenstein, S. R .. Paraskevopoulos, c., Ounning-Hotopp, J.c., Sapountzis, p .. 
Lo, N .. Bandi, c., Tettelin, H .. Werren, J. H .. Bourtzis, K. (2009 ) Parasitism and 
mutualism in WolbacJ¡ia : what the phylogenomic trees can and cannot sayo 
Mol. Bio. EvoL 26, 231 - 24 1. 

[1 3J Bosshardt, S.c., McCall, J.W .. Coleman, S.U .. Jones, K.L, Petit, TA, Klei, T.R. 
(1993 ) ProphyldCtic aetivity of tetraeycline against Brugia pahangi infection 
in jirds (Meriones unguiculatus),j. Parasitol. 79, 775-777. 

[ 14] Brelsfoard., e .. Tsiamis, C., Falehetto, M., Comulski. LM., Telleria, E., Alam, 
U., Ooudoumis, V .. Seolari, F .. Benoit, J.B., Swain, M., Takac, P., Malacrida, A.R., 
Bourtzis, K.. Aksoy, 5. (201 4) Presence of extensive Wolbachia symbiont inser
tions discovered in the genome ofits host Glossina morsitans morsitans. PLoS 
Negl. Trop. Ois. 8, 1'2728. 

[1 5] Brownlie. J.c.. Cass, B.N .. Riegler, M., Witsenburg. J.J .. Iturhe-Ormaetxe, l.. 
MeCraw, EA, O'Ne ill, S.L. (2009) Evidence for metabolic provisioning by a 
common invertebrate endosymbiont, Wo/bachia pipientis. during periods of 
nutri t ional stress. PLoS Pathog. 5, 1'1000368. 

[1 6 ] Carver. T.j., Rutherford. K.M .. Berriman. M .. Rajandream. M.A .. Barrel l. B.C., 
Parkhill, J, (2005) ACf: the Artemis eomparison Too1. Bioi nformatics 21, 
3422-3423. 

[1 7 ] Casiraghi, M .. Baín. O., Cuerrero, R. Martin. c.. Pocacqua, V., Cardner. S.L., 
Franceschi, A .. Sandi, C. (2004) Mapping the presence of WolbacJ¡ia pipienris 
on the phylogeny of fi larial nematodes: evidence for symbiont loss during 
evolution.lnt. j. Parasitol. 34,191 - 203. 

[1 8J Castresana,J, (2000) Selection of conserved blocks from multiple alignments 
for their use in phylogenetie analysis. Mol. Biol. Evol. 17,540- 552. 

[1 9 ] Chagas-Moutinho. VA. Silva. R.. de Souza, W .. Morta. M.C. (2015) Ide nti
fication and ultrastructural characterization of the Wolbac/¡ia symbiont in 
Litomosoides chagasfilhoi. Parasi t. Vector 8, 74. 

[20 ] Chan. J.Z.-M .. Halachev, M .. Loman, N., Constantinidou, c.. Palien, M. (2012) 
Defining bacterial species in the genomic era: insights from the genusAdne
lobaC1E'r. BMC Microbiol. 12,302. 

[21] ehen, X., U, S., Aksoy. S. ( 1999) Concordant evolution of a symbiont with 
its host insect species: molecular phylogeny of genus Glossinu and its 
bacteriome-associared endosymbiont. Wigglesworthiaglossinidia.J . Mol. Evol. 
48,49- 58. 

122 ] Comandatore, F., Sassera. D .. Montagna, M .. Kumar. S .. Koutsovoulos, C., 
Thomas. C., Repton, c., Babayan, SA. Cray, N., Cordaux, R. . Oarby, A.. Make
peace, B .. Blaxter, M. (2013) Phylogenomics and analysis of shared genes 
suggest a Single transi tion to m utualism in Wolbacllia ofnematodes. Cenome 
Biol. Evol. S, 1668-1 674. 

[23] ezarnetzki, A.B., Tebbe, c.c. (2004) Detection and phylogenetie analysis of 
WolbaclJia in eollembola. Enviran. Microbio!. 6, 35-44. 

[24] Oarby, A.C., Armstrong, 5.0 .. Bah, C.5 .. Kaur, C .. Hughes, M.A .. Kay, S.M. (2012) 
Analysisofge ne expression from the Wolbac/¡ia genome ofa filaria l nematode 
supports both metabolic and defensive roles withín the symbiosis. Cenome 
Res. 22, 2467- 2477. 

[25] Oedeine, F., Vavre, F., Fle ury, F., Loppin, B., Hochberg. M.E., BoulÉ'treall. M. 
(2001) Removing symbiotic Wolbachia bdcterid specifica lly inhibits oogenesis 
in a parasitic wasp. Proc. Natl. Acad. Sci. 98. 6247-6252. 

[26] Oesjardins, c.A., Cerqueira, G.c., GOldberg, J.M., Dunning-Hotopp, J.c., Haas, 
B,J .. Zucker, J .. Ribeiro, J.M.C., Saif, S., Levin,J.z .. Fan, L., Zeng, Q" Russ, c., Wort
man, j.R.. Fink, O.L. Birren, B.W .. Nutman, T.B. (2013 ) Cenomics of Loa loa, a 
WolbaclJia-free filarial parasi te ofhumans. Nat. Cenet. 45, 495- 500. 

[27] Determann, A., Mehlhorn, H .. Chaffar, F. (1997 ) Electron microscope observa
tions on Onclweerea ocllengi and O.fasciata (Nemdtoda: Filarioidea ). Parasitol. 
Res. 83, 591-603. 

[28] Ouplouy, A., Iturbe-Ormaetxe, l., Beatson, SA, Szuhert, J.M .. Brownlie, J.c., 
McMeniman. CJ., McCraw. EA . Hurst. C.D.D .. Charlat. S .. O'Nei11. S.L. Woolfit. 
M. (2013) Draft genome sequence ofrhe ma le-killing Wolbachia strain wBol l 
reveals rece nt horizon tal gene transfers from diverse sourees. BMe Cenomie 
14,20. 

[29] Edgar, RC. (2004) MUSCLE: mllltiple seq uence alignment with hígh accuracy 
and high lhroughput. Nueleic Acids Res. 32, 1792- 1797. 

[30] Ellegaard, K.M., Klasson, L., Naslllnd. K. . Bourtzis. K., Andersson, S.C. (20 13) 
eomparative genomics of Wa/bachia and the bacterial species concepto PloS 
Cenet. 9, e1003381, 

[31] Egyed, Z., Sréter, T., Széll, Z .. Nyiro, G., Dobos-Kovács, M., Mária ligeti, K .. 
Varga, l. (2002) Electron microscopic and molecular identification of Wol
bacllÍa endosymbionts from Onclwcerca lupi : implications for therapy. Vet. 
Parasitol. 106,75- 82. 

[32] Fenn, K., Blaxter, M. (2004 )Are fi larial nematooe Wolbacllia obligate mutualist 
symbionts? Trends Ecol. Evo1.19, 163- 166. 

[33J Ferri, E .. Sain, O .. Barbuto, M .. Martin, C .. Lo, N .. Uní, S .. Landman n, F .. Baccei, 
S.C., Cuerrero, R., de Souza Li ma , S., Sandi, c., Wanji, S., Diagne, M., Casirdghi. 
M. (201 1) New insights into the evolution of Wolbacllia infections in filar
íal nematodes inferred from a large range of screened speeies. PLoS ON E 6, 
1'20843. 

[34[ Fischer, K.. Beatty, w.L., Jiang. D., Weil, C.J., Fischer, P.U. (2011) Tissue and 
stage-specific distribution ofWo/bachia in Bnlgia malayi. PLoS Negl. Trop. Ois. 
S, e 1174. 

[35] Foster, J., Canatra, M., Kamal, l. , Ware, J., Makarova, K., Ivanova. N., Bhat
t.1ch.1ryya, A., Kapatra l, V .. Kum ar, S .. Posf.1i, J .. Vi ncze, T .. Ingram, J .. Moran. 
L. Lapid us. A.. Omelchenko, M .. Kyrpides, N., Ghedin, E., Wang, S., Goltsman. 
E .. Joukoy, V., Ost rovskaya, O., Tsukerman, K. , Mazur, M., Comb, D., Koonin. 
E .. Slatko. B. (2005) The Wolbaehia genome of Bl11gia lIla/ayi : endosymbionr 
evol ution within a hu man pathoge nic nematode, PLoS Biol. 3, 1'121. 

[36] Certh, M .. Cansauge, M-T .. Weigert,A., Bleidron, C.(20 14) Phylogenomieanal
yses uncover origin and spread ofthe Wolbachia pandemic. Nat. Commlln. 5. 
51 17. 

[37] Clowska, E., Dragun-Oamian, A .. Oabert. M., Gerth, M. (2015) New Wolbachia 
supergroups detected in quill mites (Acari : Syringophilidae). Infeet. Genet. 
Evo!. 30.140-146. 

[38] Coris, J., Konstantinidis, K.T., Klappenbaeh. J.A., Coenye, T., Va ndamme, P .. 
Tiedje. J.M. (2007) DNA-DNA hybridization va lues and their rela tionship to 
whole-genome sequence similarities. lnt.J. Syst. Evol. Microbiol. 57, 81-91. 

[39] Cuerrero, C .. Peralta, H .. Aguilar, A., Oíaz, R .. VilIalobas, MA, Medrano-Soto, A .. 
Mora,j. (2005) Evolutionary, structural and functional relationships revealed 
by comparative analysis of syntenic genes in Rhizobiales. BMC Evol. Bio!. 55. 
55. 

[40] Cuindon, S., Dufayard, J.F. , Lefort, V., Anisimova, M .. Hordij k, W., Gaseuel, O. 
(2010) New algorithms and me thods ro estimate maximum-l ikelihood phy
logenies: assessing the performance of PhyML 3.0. Syst. Biol. 59. 307-321 . 

[41] Heath, B. D., Butcher, R.O.J ., Whi tfield, W.C.F .. Hubbard, S.E (1999) Horizontal 
transfer of Wolbacllia between phyloge netically dis tant insect species by a 
naturally occurring mechanism. Curro Biol. 9, 313 - 316. 

[42J Hertig, M., Wolbach, S.B. (1924) Studies in Ricke/lsia- like micro-organisms in 
insects. J. Med. Res. 44, 329- 374. 

[43J Hertig, M. (1936) The rickettsia, Wolbacllia pipientis (gen. et sp. n.) .1nd asso
ciated inclusions of the mosquit o. Culex pipiens. Parasitology 28, 453-486. 

[44] Hi lge nboeeker, K., Hammerstein, P., Sch lattmann, P., Telschow, A.. Werren. 
J. H. (2008) How many species are infected with Wo/bac/¡ia? A stat isrical anal
ysis of current data. FEMS Microbiol. Lett. 281, 2 15- 220. 

[45] Hoerauf, A .. Volkmann, L., Nissen-Paehle, K., Schmetz, c., Auten rieth, l. , 
Büttner. DW .. Fleischer, B. (2000 )Targeting ofWolbaehia endobacteria in Lit
omosoides sigmodonlis: comparison of tetracyclines with chloramphenicol, 
macrolides and ciprofloxacin. Trop. Med. Int. Health S, 275 - 279. 

[46] Hoerauf, A., Mand, S .. Adjei. O., Fleischer, B.. BiiUner. D.W. (2001) Deple
tion of Wo/bacllia endobacteria in Onchocerca vo/vu/us by doxycycline 
and mierofilariadermia after ivermectin treatment. Tlle lancet 357, 1415-
1416. 

[47[ Hosokawa. T., Koga. R, Kikuchi. Y., Meng, X-y., Fukatsu, T. (2010 ) Wolbachia 
as a bacteriocyte-associated nut ritionalmutualist. PNAS 107,769- 774. 

[48J Huigens, M. E .. de Almeida, R.P .. Boons, P.A.H .. l uck, R. F .. Stouthamer, R. (2004) 
Natural interspecific and intraspecific horizonta l transfer of parthenogenesis
inducing Wa/bachia in Triclwgrolllllla wasps. Proc. Biol. Sci. 271, 
509- 5 15. 

Pie ase cite thi s article in press as: S.T. Ramírez-Puebla, et al., Species in Wolbachia? Proposal for the des ignation of'Candidatus Wolbachia 
bourtzisi i', 'Candidatus Wolbachia onchocercicola', 'Candidatus Wolbachia blaxteri', 'Candidatus Wolbachia brugii ', 'Candidatus Wolbachia 
taylori', 'Candidatus Wolbachia collembolicola' and 'Candidatus Wolbachia multihospitum' for the different species within Wolbachia 



36 
 

 

G Model 
SYAPM-25703: No.ofPages 10 

S.T. Ramírel-Pueb/a er a/.; Sysrem(l[ic and Applied Microbiology xxx (2015) xxx- xxx 9 

(49J Jacke l. R., Mora. D .. Dobler, S. (2013) Evidence for selective sweeps by Wol
bacllia infections: phylogeny of Alrica leaf beetles and their reproductive 
parasites. Mol. Ecol. 22, 4241 - 4255. 

(SOJ Kent. B.N .. Salichos. L. Gibbons. l.G .. Rokas. A .. Newton. I. L. Clark. M.E .. 
Bordenstein. S.R. (20 11) Complete bacteriophage transfer in .1 bacterial 
endosymbiont (Wo/barllia ) determine d by ta rgeted genome capture. Genome 
Biol. Evol. 3. 209- 218. 

[51 J Klasson. L. Walker. T.. Sebaihi,l . M .. Sanders. M.j .. Quail. MA.Lord. A.. Sanders. 
S .. E.ul,l.. O'Neill. S.L, Thomson. N .. Sinkins, S.P .. P,ukhill,l. (2008 ) Genome 
evolution of Wolbacllia strain wPip from the Cu/ex pipiens group. Mol. Biol. 
Evol. 25. 1877- 1887. 

(S2J Klasson. L. Westberg. l. . Sapountzis. P .. Naslund. K. Lutnaes. Y .. Darby. A.c.. 
Veneti. l .. Chen. L. Braig. H.R., Garren. R.. Bourtzis, K. Andersson, S.G.E.(2009) 
The mosaic genome struerure ofthe Wo/bacllia wRi strain infecting Drosopllila 
sinwlollS. Proc. Natl. Ac.ld . Sci. U. S. A. 106.5725 - 5730. 

(53] Konstantinidis. KT .. RoseUó-Móra. R. (201S ) Classifying the llncll ltivated 
microbi,l l m.ljority: a place for metagenomics d.lta in the Condidatlls proposa/. 
Syst. Appl. Microbiol., http://dx.doi.org/10. 1016/j.syapm.2015.0 l.001 

(54] Koutsovoulos. G .. Makepeace. B .. Tanya. V.N .. Bl<lxter. M. (2014) P<llaeosym
biosis revealed by genomic fossils of Wolbochia in <1 Strongyloidean nematode. 
PLoS Genet. 10. e 1004397. 

(55] Kozek, W.j.. Marroq ui n. H.F. (1977) I ntr<lcytoplasmic bacteri<l in Onchocercu 
volvl1hlS. Aml. Trop. Med. Hyg. 26. 663-678. 

(56] Kozek. W.l. (2005) What is new in the Wolboc/li<l/Dirofilorio interaction? Vet. 
Par,lsito/. 133. 127 - 132. 

(57] Landmann. F .. Voronin. D .. Sulliv<ln. W .. T<lylor. M.j. (2011) Anti-fil<lrial <lct ivity 
of <lnt ibiot ic ther<lpy is due to extens ive <lpoptosis after Wolbochio depletion 
from fil<lri<l l nematodes. PLoS Pathog. 7. e 100235 l . 

(58] Landmann. F .. Foster. j.M., Michalski, M./.. , Slatko, B.E .. Sull ivan, W. (2014) 
Co-evolution between .In endosymbiont and its nematode host: Wolbochio 
asymmet ric posterior localiz<ltion and Al' polarity est<lblishment. I'I.0S Negl. 
Trop. Dis. 8. e3096. 

(59] Langworthy, N.G., Renz. A., Mackenstedt, U., Henkle-du. K .. Bronsvoort, M.B.c.. 
Tanya. V.N .. Donnelly. M.j., Trees, A.J. (2000) Macrofilaricidal act ivity oftetra
cychne against lhe filari<l l nematode Ollchocerco ochetlgi: elimination of 
Wolbachia precedes worm death and suggests a dependent relat ionship. Proc. 
R. Soc. Lond. 267, 106]- 1069. 

(60] Lefoulon, E.. Gavotte, L. , Junker, K .. Harbuto, M .. Uni, S., Landmann, F .. Laak
sonen. S .. Sa<lri. S .. Nikander. S .. Souza. S.D .. C<lsir<lghi. M .. B.ain. O .. Mart in. C. 
(20 12 ) A new type F Wolbarllia from S plendidofilari inae (OnchocercidJe) s up
ports the recen t emergence of this supergroup. lnt. j. Parasitol. 42, 1025-10]6. 

(61] Lo, N .. Paraskevopoulos, c., Bourtzis, K., O'Neill. S1., Werren, J.H., Borden
stein. S.R .. Bandi. C. (2(07) Taxonomic status of t he int racellular bacterium 
Wo/bacllia pipiellfis . Int. l. Syst. Evol. Microbiol. 57, 654- 657. 

(621 Louis, c., Nigro, L ( 1989) Ultrastruct ura l evidence of Wo/bachia rickettsia les 
in Drosophila simu/ans and their rela tionships with unidirectional cross
incompatibility. l. Invertebr. Pathol. 24. 39- 44. 

(6]J M,wingui, P., Valiente Moro. c.. Tran-Van. V., Wisniewski-Dye. F. , Raquin. 
V., Minard, G., Tr.ln. F.H .. Voronin, D .. Rouy, l ., Bustos, P., Lozano, L, Barbe. 
V .. González, V. (20 12) WllOle-genom e sequence ofWo/bachia strain wAlbB. 
,m endosymbiont of tiger mosquito vector Aedes olbopictus. J. Bacteriol. 194. 
1840. 

(641 McLuen, D.j., Worms, M.j., L.lUrence. B.R., Simpson. M.G. (1975) Micro
organisms in filarial larvae (Nematoda). Trans. R. Soc. Trop. Med. Hyg. 69. 
509- 514. 

(65J Meier-Kol thorr. j .P .. Auch. A.F., Klenk. H.P., G6ker. M. (2013) Genome 
sequence-b.lsed species delimita tion wit h confi dence intervals and improved 
dist<l nce functions. BMC Bioinform<lt ic 14.60. 

(66] Metcalf. ].A.. jo. M .. Bordenstein. S.R.. Jaenike. j .. Bordenstein. S.R. (2014) 
Recent genome reduction of Wolbochia in Drosoplli/a recerls t.uget s ph,lge 
WO .lnd nJrrows cJndid.ltes for reproductive p,uJsitism. PeerJ 2. e529. 

(67] Mor<ln. N.A. (1996) Accelerated evolution and Muller"s r<lchet in endosymbi
otic bacteria. Proc. N<l tl. Acad. Sci. U. S. A. 93. 2873- 2878. 

(68J Niehuis. O .. Hartig. G .. Gra th. S .. Pohl. H .. Lehm,mn. l. . T,lfer, H .. Donath. A .. 
Krauss. V .. Eisenh<lrdt. c.. Hertel. J. I'etersen. M .. Mayer. c.. Meusem<lnn. 
K .. I'eters. R.S .. St<ldler. P. F .. Beutel. R.G .. Bornberg-Bauer. E .. McKenn<l. D.D .. 
Misof. B. (2012) Genomic and morphologic.ll evidence converge to resolve 
the enigma of Srrepsiptera. Curr. BioL 22. 1309- 1313. 

(69] Nikoh. N .. Hosokawa. T.. Moriyama. M .. Oshima. K., H<lttori. M .. Fukatsu.1. 
(2014 ) Evol ut ion<lry origin of inSe<:t - Wolbochia nutritional mutualism. Proc. 
NatI.Ac.ld. Sci.U. S. A.ll 1. 10257- I0262. 

(70] Ormei'io-OrriJIo. E .. Martínez-Romero. E. (20 13) Phenotypic tests inRhilobium 
species descriplion : an opinion and (a sympatric speciation) hypothesis. Syst. 
Appl. Microbiol. 36. 145 - 147. 

(71] Ormei'io-Onillo. E .. Servín-Garcidueñas. L.E .. Roge!. M.A.. Gonz.ilez. V .. Per<l lt<l . 
H., Mora, J.. Martínez-Romero, J., Martinez-Romero, E. (2014 ) Taxonomy of 
rhizobia and agrobacteria from the Rhizobiaceae fami ly in light of genomics. 
Syst. Appl. Microbiol . 38. 287- 291. 

(72] Pf<lrr. K.. Foster. l.. SI<ltko. B .. Hoer<luf. A .. Eisen.J.A. (2007 ) On the taxonomic 
status of the intracellular bacterium Wolbachia pipienlis: should this species 
name include the intracellular bacteria offilarial nematodes? Int. J. Syst. Evol. 
Microbiol. 57. 1677- 1678. 

(73 J Pike. N., Kingcombe, R. (2009) Antibiotic treat ment le.lds to the eliminat ion 
of Wo/bachia endosymbionts and steri lity in the diplüdiploid collembolan 
Fo/somia candida. BM( Biol. 7, 54. 

(74J Pinto. S.B., StainTon. K.. Harris, S .. K.lmbris, l. , Sutton, E.R.. Bonsall. M.B.. 
Parkhill. j., Sinkins. S.P. (20 13) Transcriptional regulation of (u/ex pipi
ens mosquitoes by Wo/bachia influences cytoplasmic incompatibility. PLoS 
Pathog. 9. e1003647. 

(75J Richter. M., Rosselló-Mór.l. R. (2009) Shifting t he genomic gold stand.ud 
for the prokJryotic species definition. Proc. Natl. Acad. Sci. U. S. A. 106. 
19 126- 1913 1. 

(76J Rieseberg. LH. (2001) Chromosomal re,ll"rangements ,md speciation. Trends 
Ecol. Evol. 16.35 1- 358. 

(771 Roge!. M.A. Bustos, P .. S.lntamarí.l, R. I. , Gonz.ílez. V., Romero, D., (evallos. 
M.A.. Lozano. L. Castro-Mondr<lgón. j.. Martinez-Romero.j .. Ormei'io-Orrillo. 
E .. Martínez-Rom ero. E. (2014) Genomic basis of sYl1lbiov,lf mimos,le in Rhi
lobium erli. BMC Genomic 15.575. 

(781 Ros, V.l. , Fleming, V.M., Feil, EJ. . Breeuwer,J.A (2009) Howdiverse is thegenus 
Wolbachia? Multiple-gene sequencing reve<lls a putatively new Wolboc/¡io 
supergrollp recovered from spider mites (Ac.lri: Tetranychidae). App. Environ. 
Microbio/. 75, 1036- 104]. 

(79J Rosenblueth, M., Sayavedr.l, L. S.'il1lano-5.ínchez. H. , Roth, A.. MJrt ínez
Romero. E. (2012 ) Evolutionary relationships off1<1vob<lcteri<l1 <lnd emerobac
terial endosymbionts wi th t heir scale insect hosts (Hemipter<l : Coccoide<l). l. 
Evol. Bio/. 25. 2357- 2368. 

(80] Rousset. F .. Bouchon. D .. l'inture<l u. B .. Ju(h<lult. 1' .. Solignac. M. (1992) Wo/
bachio endosymbionts responsible for various <llterat ions of sexu<lli ty in 
arthropods. Proc. R. Soco Lond. B 250. 9 1-98. 

( 81 J Rowley. S.M .. Raven. R.J.. MCGI-.1W. E.A. (2004) Wo/bocl1io pipienris in Austra li,m 
spiders. (urr. Microbiol. 49. 208- 214. 

(82] S<lcchi. L. Genchi. M .. Clement i. E .. Negri. l. . Alm<l. A .. Ohler. S .. S<lssera. D .. 
BOllrtlis. K.. Band i. C. (2010) Bacteriocyte-like ceUs harbour Wolbachia in 
the ovary of Drosophila melanogasrer{ lnsecta, Diptera) and Zynginidia pul/ula 
(Insecta. Hemiptera). Tissue (eIl42. 328- 333. 

(83] S<lh<l. S .. Hunter. W. ll .. Reese. l.. Morg<ln. J.K .. Marut<lni- Hert. M .. HU<l ng. 
H .. Lindeberg. M. (2012) Survey of endosymbionts in the Diaphorina cirri 
metagenome and assembly of a Wo/bachia wDi draft genome. PLoS ONE 7. 
e50067. 

(84] S<llzberg. S.L. Dunning Hotopp. l.c.. Delcher. A. l. . Pop. M .. Smit h. D. R .. Eisen. 
M.B .. Nelson. W.c. (2005 ) Serendipitous discovery of Wolbachia genomes in 
mul tiple Drosophila species. Genome Bio!. 6, R23. 

(85] Salzberg, S./.., Puiu, D .. Sommer, D.D., Nene, V .. Lee, N.H. (2009) Genome 
sequence of the Wolbochia endosymbiont of (u/ex quinqueJascioll1s JHB. l. 
B.Jereriol. 19 1. 1725. 

(861 Schilthuizen. M., Stouthamer, R. ( 1997) Horizontal transmission of 
parthenogenesis- inducing microbes in Trichogromma wasps. Proc. R. Soc. 
Lond. B 264. 361- 366. 

(87J Schr6der. D .. Deppisch. H., Oberm.lyer. M., Krohne, G .. Stackebrandt, E .. Hüll
doblero B .. Goebel, W., Gross, R. (1996) Int rJcellular endosymbiotic bacteri.l of 
Camponorus species (carpenter ants): systematics. evolution and ult ras truc
tural characterization. Mol. Microbiol. 21. 479- 489. 

(88J Shoem.lker, 0.0., M,lCh.ldo, c.A.. Molbo, D .. Werren, l.H .. Windsor. D.M., Herre. 
EA (2002) The distribution of Wolbacllia in fig wasps: correl.l tions with 
host phylogeny, ecology and population st ructure. Proc. R. Soc. Lond. B 269. 
2257- 2267. 

(89J Siozios, S .. Cestaro. A.. Kaur. R. , Penor. l. , Rota·StabeUi. O., A.nfor.l. G. (2013) 
Draft genome sequence of t he Wolbachia endosymbiont of Drosophila sUlukii. 
Genome Announc. l . eOOO]2- 1]. 

(90] Sironi. M .. Bandi. c.. Sacchi. L. Di Sacco. B .. Damiani. G .. Genchi. C. (1 995) 
Molecular evidellce for.l close rel.ltive of the arthropüd endosymbiont Wol
bacllia in.l fil.lrial worm. Mol. Biochem. ParJsitol. 74. 223- 227. 

(91] Sutton. E.R .. Hanis. S.R .. P<lrkhil l. J .. Sinkins. S.P. (2014) (omp<lfative genome 
analysis of Wolbacllio strain WAll. BMC Genomic 15.928. 

(92J T.lylor. MJ.. Bi lo. K., (ross. H.F .. Archer. l.P .. Underwood. A.P. (1999) 16S 
rDNA phylogeny Jnd ul tr astructur.l l char .lereriz.ltion of Wolbachia intr .lCellu
lar bacteri<l ofthe fil<lri<ll nem<ltodes 8rugio maloyi. 8. pohaugi. and Wuchererio 
bOl1CroJti. Exp. Par<lsitol. 91. 356- 361. 

(93J Taylor. M.J .. B,mdi. c.. Hoerallf. A.M .. Lazdins, l. (2000) Wolbachia b.lcteria of 
filari<l l nem<ltodes: a target for control? P<lr<lsitol. Today 16. 179- 180. 

(94] Teixeira. L.. Ferreir<l. A .. Ashburner. M. (2008) The bacterial symbiont Wol
bac/¡ia induces resist<lnce to RNA viral infections in Drosop/lilo me/OIwgosrer. 
PLoS Biol. 6. e1000002. 

(95] Timmermans, M.j.T.N .. [llers.J. (20(9) Wolbuchia endosymbiont is essential 
for egg h<ltching in a p<l rthenogenetic <lrthropod. Evol. Ecol. 23. 93 1- 942. 

(96] V<lnd<lml1le. P .. Peeters. C. (2014 ) Time to revisit polyph<lsic taxonol1ly. 
Antonie van Leeu wenhoek 106. 57- 65. 

(97] Vandekerckhove, T.T .. Watteyne, S .. Willems. A .. Swings, j.G., Mertens,J .. Gillis. 
M. ( 1999) I'hyloge net ic analys is of the 16S rDNA ofthe cytoplasm ic bacteri um 
Wolbachia from t he novel host Fo/somia carldido (Hex<lpoda. Collembol<l ) <lnd 
its implications forwolbachial taxonomy. FEMS Microbio!. Len. 180.279-286. 

(98] Werren,j.H., Windsor, D., Guo, LR. (1995) Dis tribution of Wo/bochio among 
neotropical arth ropods. Proc. R. Soc. Lond. B 262. 197- 204. 

(99] Werren. J.H .. B<lrtos. J.D. (200 1) Recombin<JIion in Wolhochio . Curro Biol. 11 . 
431- 4]5. 

(l OO] Werren,J.H .. Baldo, L, (lark, M.E. (2008) Wolbochiu: master manipula tors of 
invertebr<lte biology. N<lt. Rev. Microbiol. 6. 741 - 75 1. 

( IOIJ Wool fi t. M .. ltu rbe-Orm.letxe, l., Brownlie. l.c., Walker. T., Riegler, M .. 
Seleznev. A., Popovici, j ., R.lnces, E .. Wee, B.A. Pavlides.J .. Sullivan, M.j ., Beat
son,S.A.. Lane,A .. Sidhu. M., McMeniman, Cj .. McGraw, E.A., O'Neill, S./.. (20 13) 

P1ease cite tlli s artic1e in pre ss as: S.T. Ramírez-Puebla, et al., Species in WolbacllÍa? Propasa1 for the desi gnation of'Candidatlls Wolbachia 
bourtzisii '. 'Candidatus Wolbachia onchocercicola', 'Candidatus Wolbachia blaxteri', 'Candidatus Walbachia brugii'. 'Candidatus Wolbachia 
taylori', 'Candidarus WoJbacllia coHembolicoJa' and 'Candidarus Wo1bachia mu1rihospitum' for tlle different species wirhin Wolbachia 



37 
 

 

G Model 
SYAPM-2S70J: No.of Pages 10 

10 S.T. Ramira-Puebla ee al. / Syseemaeic and Applied M icrobiology xxx (20 IS) xxx- XX( 

Genomic evolution of the pathogenic Wolbacllia strain, wMelPop. Genome 
Biol. Evol. S, 2 189-2204. 

[1 02] Wu, M .. Sun, l.V., Vamathevan,j., Riegler, M .. Oeboy, R., Brownlie,j.C., McGraw, 
EA . Mart in, W .. Esser, c., Ahmadinejad. N .. Wiegand, c.. M,ld upu. R .. Beanan, 
M.j., Brink..lc, LM., Daugherty, S.e.. Durkin, A.S., Kolon.1Y, J.F. , Nelson, W.c., 
Mohallloud, Y., Lee, P., Berry. K., Young, M.B., Utterback, T., Weidman, J., 
Nierman, W,e.. Paul sen, I.T .. Nelson, K.E., Tettel in. H., O'Ncill, 51 ., Eisen, J.A. 
(2004) Phylogenomics of the reprodutive parasite Wolbachia pipienris wMel: 
a stre.l lll lined genollle overrun by lllobile genetic elements. PLoS Biol. 2, 
327-341. 

[103 ] Wu. M., Seon . A.J. (2012) Phylogenomie analysis of Neterial ilnd ilrehaeill 
sequences with AMPHORA2. Bioinforlllatics 28. 1033- 10334. 

[104[ Yang, X.H., Zhu, O.H., uu. Z., Zhao, l. , Su. C.Y. (2013) High levels of lllulti ple 
infections, recombinarion and horizontal transmission of Wolba chia in rhe 
Amlricus mukaigawae (HYlllenoptera; Cynipidae) communities, PLoS ONE 8, 
e78970. 

[lOSJ Zhukova, M., Kiseleva, E. (20 l2) The virulem Wo lbacllia strain wMelPop 
increases rhe frequencyof apoptosis in the felllalegermline ce lls of DrosophilQ 
melanogascer. BMC Microbiol. 12, 515. 

[106] Zug, R. . Hammers tein, P. (2012 ) Still a hos t of hosts for Wolbachia: analysis 
of recem d.lta suggests th.lt 40% of terrestri.ll .uthropod species are infected. 
PLoS ONE 7. e38S44. 

Please dte this article in press as: S.T. Ramírez-Puebla, et al., Spedes in Wolbacllia? Proposal for the designation of'CandidatusWolbachia 
bourtzisii', 'Candidatus WoJbachia onchocerdcola', 'Candidatus Wol bachia blaxteri', 'Candidatus Wolbachia brugii', 'Candidatus WoJbachia 
taylori', 'Candidatus WoJbachia colJembolicoJa' and 'Candidatus Wolbachia multihospitum' for the different species within Wolbachia 



38 
 

Two Wolbachia strains, wDacB and wDacA, from the 

metagenome of the cochineal insect Dactylopius coccus 

(Hemiptera: Dactylopiidae)  

 

 

Shamayim Tabita Ramírez-Puebla1*, Ernesto Ormeño-Orrillo1*, Arturo Vera-Ponce de Leon1, Luis 

Lozano1, Alejandro Sánchez2, Mónica Rosenblueth1, Esperanza Martinez-Romero1 

 

1 Center for Genomic Sciences, UNAM, Cuernavaca, Morelos, Mexico. 

2 Institute of Biotechnology, UNAM, Cuernavaca, Morelos, Mexico 

 

* These authors contributed equally to this work. 

 

 

 

 

Corresponding author: Esperanza Martinez-Romero. Email: emartine@ccg.unam.mx 



39 
 

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, VlrC 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 γ-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 α-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; Chávez-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 β-Proteobacterium, Candidatus Dactylopiibacterium 

carminicum, and other diverse bacterial species associated with Dactylopius species present in 

Mexico (Ramírez-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 Carmín Greenhouse (Morelos, Mexico). They were 

maintained on cacti plants (Opuntia ficus-indica var. Campo Carmín) in a growth room with 

controlled photoperiod (12L: 12D), temperature (25º 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 Wolbachia 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 -20ºC 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 

Illumina 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 PRJNA274701 and PRJNA274698, 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 (Ramírez-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 wCoc1 genome was found to belong to supergroup B 

by ftsZ gene sequence analysis but no analysis of the genome was provided. wCoc1 showed 92.4% 

and 98.2% ANI values with wDacA and wDacB, respectively, indicating that wCoc1 and wDacB 

belong to the same species. No further comparison against our strains was performed because the 

wCoc1 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 c 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+2 (or Co+2) 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 T1SS 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 virB8, virB9, virB10, virB11 and virD4. As it is also 

observed in other Wolbachia, there were one paralogue of each virB4, virB8 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 wBmxR1 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 wtrM 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 VlrC 

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 

et al., 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 et 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; Rancès 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 N. 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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DISCUSIÓN Y CONCLUSIONES 
 

Las bacterias son el grupo de organismos más abundante en la Tierra y debido a que menos 

del 1% son cultivables en condiciones estándar de laboratorio los análisis 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 análisis se basaban 

en observaciones microscópicas 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 líneas celulares de mosquito bajo condiciones anoxigénicas.  

La Biología 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 Metagenómica ha 

mejorado las perspectivas ya que permite el análisis de comunidades aun más complejas. Gracias 

a estas aproximaciones logramos identificar las bacterias asociadas a Dactylopius, que son insectos 

de relevancia no sólo económica sino cultural en nuestro país.  Entre las bacterias encontradas en 

las especies de Dactylopius presentes en México están algunas que comúnmente se asocian a 

plantas como Acinetobacter, Herbaspirillum, Massilia, Mesorhizobium y Sphingomonas, lo que 

podría indicar que se obtienen durante la alimentación en la savia del nopal, pero no queda claro si 

son residentes o sólo 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 (Plé et al., 2015) y que existe una comunidad variable dentro del 
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intestino que es específica 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 encontró en todas las especies analizadas, además de embriones 

y huevecillos lo que sugiere que es un simbionte en estos insectos. Se hizo un análisis parcial de 

esta bacteria a partir de las secuencias obtenidas en el metagenoma, pero se requieren más análisis 

para determinar con exactitud la influencia que tiene en su hospedero. 

En el análisis metagenómico, la bacteria más abundante en D. coccus fue Wolbachia que, 

aunque ya se había reportando en estos insectos (Pankewitz et al., 2007), no se había analizado más 

detalladamente. En el primer análisis 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 metagenómicos son más 

confiables para los estudios de diversidad.   

Es de notar que la infección por Wolbachia en D. coccus se presenta como una infección 

múltiple de dos cepas, wDacA y wDacB, pertenecientes a los supergrupos A y B, respectivamente. 

En los escarabajos Callosbruchus chinensis se han observado infecciones múltiples por tres cepas 

de Wolbachia y cada una muestra diferentes patrones de colonización en tiempo y en el tejido que 

infecta (Ijichi et al., 2002). En avispas de la especie Asobara tabida también se observaron 

infecciones múltiples por tres cepas de Wolbachia y se determinó que entre más cepas infectan un 

individuo el costo fisiológico se incrementa, al parecer debido a la carga bacteriana; además 

observaron que la bacteria afecta la adecuación de su hospedero reduciendo la tasa de supervivencia 

y el peso (Mouton et al., 2004). En avispas del género Nasonia con infecciones múltiples 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 especiación  (Bordenstein et al., 2001).  También se 

encontraron genes en los genomas de estas cepas que codifican para proteínas asociadas con 

incompatibilidad citoplasmática. Para determinar si las cepas wDacA y wDacB de D. coccus 

también promueven estos efectos son necesarios más estudios. 

A partir del ensamble de los genomas de las cepas de Wolbachia encontradas en D. coccus 

logramos hacer una reconstrucción filogenómica incluyendo genomas de Wobachias de otros 

supergrupos. Además, usamos parámetros como contenido de GC, Identidad promedio a nivel de 

nucleótidos (Average Nucleotide Identity, ANI),  hibridación 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 clasificación dado que puede infectar 

nemátodos, distintos grupos de artrópodos 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 había separado Wolbachia en 

diferentes supergrupos y se había propuesto que cada uno deberían representar diferentes especies 

(Ros et al., 2009), pero nadie había realizado un análisis con todos los grupos para sustentar esta 

propuesta. Basándonos en nuestros análisis propusimos una clasificación 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 proliferación del virus 

del dengue (DENV), el virus de Chikungunya y Plasmodium en Aedes aegypti (Iturbe-Ormaetxe 

et al., 2011) y además ocasiona incompatibilidad citoplasmática, 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 todavía los impactos ecológicos que implican. Mosquitos 

de la especie Culex tarsalis, infectados con Wolbachia, si bien son refractarios a la infección 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 nemátodos 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 nemátodos se han 

estudiado los transcriptomas de Wolbachia en presencia y ausencia de wolbachias. En nemátodos 

se han encontrado muchos transcritos de wolbachias que codifican para ligandos de receptores Toll 

de mamíferos, que participan en inmunidad innata (Darby et al., 2012). Se ha dicho que  las 

wolbachias son los simbiontes más abundantes de transmisión vertical y además son maestras en 

manipular la reproducción de sus hospederos, pero también se podría decir lo mismo sobre su 

capacidad de manipular la respuesta inmune de su hospedero. No es de extrañar 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 función 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 más la influencia de la simbiosis en la 

evolución 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 transición de un 

metabolismo “egoísta” a uno más cooperativo (Douglas, 2012). La simbiosis es el ejemplo máximo 

del éxito mediante la colaboración 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 están aquí 

para recordarnos que nunca estamos solos.  

 

 



66 
 

APENDICE 
 

Producto de esta investigación también se publicó un artículo en formato de  minirevisión 

en el que se comparan los procesos de colonización de intestinos y raíces por bacterias simbiontes, 

resaltando las similitudes entre estos sistemas simbióticos. 
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MINIREVIEW 

Gut and Root Microbiota Commonalities 

Shamayim T. Ramírez-Puebla, Luis E. Servín-Garcidueñas, Berenice Jimenez-Marín, Luis M. Bolaños, Mónica Rosenblueth, 
Julio Martínez, Marco Antonio Roge!, Ernesto Ormeño-Orrillo, Esperanza Martínez-Romero 

Gel10mic Scierl ces Cerller, UNAM, CuernavJcJ, Malelos, Mexico 

Animal guts and plant root5 have absorption roles for nutrient uptake and converge in harboring large, complex, and dynamic 
groups of micro bes 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 cvolutionary trends. 

G uts and roots are in hab ited by many diffl.'rcn t bact/,'ria (1 - 5), 
archaea (6- 12), and vi ruses (13- 16), as well as by eukaryotes 

(I 7- 20), with some of them containing bacteria of their own (21-
24 ). Variations in gU I microbiola respond lo age (25- 28 ), diel 
(29- 31), or species (32 ). Most insects have dozens of micrabial 
spec ies in their guts, while mammal ian guts may con tain thou
sands. Herbivores exhibit the largcst dive rsity (32, 33), includi ng 
probably planl -associa led bacleria, especially endophytes (34) 
thal, by being inside plant tissues, may su rvive stomach digestion. 
Transiting diet-borne bacteria may contr ibute to gut tnetabo[ic 
capac ities. Diffe rent so i[ types, mo isture (35), p[ant genotypes 
(36), ag/.' (37), and root [ysates, secrctions, or exudates (38) are 
detenninants of root microbiotas. Factors that determine root 
exuda tes, such as availability of inorganic nutrients, temperature, 
light inlensily, OiC02 [eve1 , or root da mage, may indirectlyaffect 
root microb iotas (39). Thc presence ofpathogens induces changes 
in microbiota composition in roots ami guts (40, 41 ). 

Guts and roots have large surface areas, with microvilli and 
fo lds or root ha irs in some parts . Bolh rools and gUls are struc
tured, nonhomogenous habitats wilh pH, nutrient, water, and 
oxygen differential [evels or grad ients. Gradients wou[d favor col
onization by dist inct bacteria that are mo re successful in some 
rool or gllt regions. In conseqllence, the multiple microhabitats 
Ihal exisl in raols and gl1lS conlribule lo high species richness (42 , 
43 ). Differen t conditions are found in the cecum and distal colon 
in huma ns, with cecal and colon microbiotas conta in ing a larger 
proportion offacultative anaerobes (44). Colon mucosal folds ex
hibit particular bacteria adaptrd to colonic conditions ami maybe 
to mucin degradation (45 ). Some insects have specialized struc
tu res in their gut, such as midgut sacs and tubu lar outgrowths 
called ceca or crypts, in which thcy ha rbor specific bacteria (46 ), 
ami others with less-complex guts also have pH and oxyg/,'n gra
dients in their guts (47) . A steep oxygen gradient including an 
anaerobic root environment in water-satura ted roots parallels the 
gu l oxrgen gradienl and anaerobic gl1l SrS lems. Closlridia, and 
especially members ofthe family Ruminococcaceae, are more prev
alent than other anaerobes and methanogens, a trend wh ich is 
similar in the different gm systems (48 ). These communities take 
ca re of the degradation oflhe complex organic maller in Ihe ouler 
roollayers. Some gUI and rool acid -Iolerant bacleria can modify 
their environtnent by lowering the pH when producing diverse 
ac ids (49, 50). Along the roots, there are phys iological ditferences, 
and their exudat/.'s are s/,'creted diffe rentially at the apical meris
tem, root cap, or root hai rs (42 ), creating differen t microhabitats. 
A single Hllrk!lOlderia strain colonizes only discrete root regions 

(51), and diffáent bllrkho lderias were foun d at diffewlt so il 
depths (37). 

"Arabidopsislhaliana root mierob iorne tn igh t assemble byeore 
eeo logical principies sim il ar to those shaping the mammalian mi
crobiome in which core phylum level enterotypes provide broad 
metabolic potential combined with modest 1evcls of host geno
type-dependent associat ions" (35). Metacomlll llni ty theory may 
be applied lo rool microbiolas, as has been used lo explain the 
assembly of the gut microbial community (52). Metacommunity 
theory is based on the co ncrpt of discontinuous patches and in
teractions that can satisfactorily describe bacterial pa tchy coloni
zation of roots. Future appli eations of these concepts will assert 
their usefulness. 

Remarkably, Ihere are ind ividual-to-individual varialions in 
bacterial compos ition of the gut (2, 53) and roots (54). Tndividual 
differences may be due lo genetic diffe rences and slochasl ie colo
nization processes (52). Limited patterns (enterotypes) in relation 
to stratified variation were distingllished in human and insrct gut 
microbiotas (2, 55 ); however, it is conlroversial if Ihere are only a 
few en terotypes in humans or gradients ofdiversity (28). In p[ants, 
similar bacterial genera are recurrently isolated from rhizospheres 
(soil surrounding roots affected by plants) or roots (34, 56 ). In 
roots, Rhizobium stra in d ivers itywith funetio nal di ffe rentiation is 
high (57). Strain variability in vitamin production has been de
leeled among gU I bilidobaeleria (reviewed in referenee 58 ). Sim
ilarly, lactobac illi (reviewed in reference 59) are a hete rogeneous 
group of bacteria with partly probiotic character which have con
siderable variat ion in terms of molecular characteristics and pre
ferred natural habitats. 

With few exceptions (see below), the gut microbiota is differ
ent from th at of other host orga ns, and similarl)', the root micro
biota sha res only some bacter ia with those of other plant organs. 

ENVIRONMENTAL AND MATERNAL ACQUISITION 

Root and gut microorganisllu; are usually acquired from the envi
ronmen\. 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
ata from their environment after theyare bOrIl (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. En/erobacter asburiae, 
found in maize kernels, is able to exit the roots and coloni7.e 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 befare 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 vie",' of the yertical and environ
mental transmission of root ami gut mkrobes, gnotobiotk ani
mals or plants are needed to clearly evaluate the effects of selected 
strains on hosts. 

FUNCTIONAL REOUNOANCY ANO ROLE OF MINORITIES 

Tt seems that different microbiota composition may Icad to the 
same and stable function. This may apply to gut and root bacteria 
and has been found lo be true in methanogenic reactors (70 ). 
Similar degrad ing capacities are found in different gut bacteria 
(reviewed in refcrence 71). In root.s, many differt'nt bacterial gen
era and species produce hormones, auxins, cytokinins, or gibber
cllins (reviewed in references 56 and 72). Our research group 
found that riboflavin is produced and excretcd by differcnt strains 
from several species of Methylobacterium, Rhizobium, Sinorhizo
biurn, and Bacill/ls, both in rice and alfalfa root exuda tes and in 
pure cultures in minimalmcdium (our unpublished data). In vitro 
excretion of riboflavin by a large diversity of bacteria , induding 
Chromobacterium vio/acel/m and Pantoca agglomerans, \Vas re
ported eadier (73 ), and both riboflavin and lumichrome (which is 
derived from riboflavin) stimulate rool respiration (74 ). Addi
tiona11y, many diffe rent 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, 
ami nitrogen-fixing bacteria are minor components in guts ami 
rhizospheres ( 11 , 75- 78 ); however, they have important ecologi
caJ roles. 1 n some roots and guts, nitrogen fixation provides nitro
gen to plants (79) and insects (80- 82). 

GUT ANO ROOT BACTERIA ENHANCE THE METABOLlC 
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 protcins) (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 rh izosphe ric 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 algae consulllers in 
Japan (91). The outstanding degrading capacities of root bacleria 
are the basis ofrhizorernediation ofpolluting substances (92 , 93 ) 
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ami are also evidenced in medical drug transfonnation or degra
dation in the human gut (94- 96). Interestingly, in bioremedia
tion, the abilities of bacteria to degrade soi1 pollutants may be 
triggered by fl avono ids (97). 

Gut and rhizospheric bacteria produce vitamins as riboflavin, 
as stated above. Vitamin BI 2 is an exclusive product ofprokaryotes 
(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 cornmensal bacteriurn Aceto!Jllcter pomomlll modulates 
Drosophila developmental and metabolic homeostasis via insulin 
signaling (103). While root bacteria produce plant hormones that 
have effects on plant gro\Vth (reviewed in reference 56), gut bac
teria seem to regulate animal behavior (1 04, 105). 

GUT ANO ROOT MICROBIOTAS COMPETE WITH PATHOGENS 

Gut and root microbiotas stlppress pathogens (reviewed in refer
ences 56 and 106). The human control ofroor bacteria has been 
envisagcd as a manner to promote plant growth ami health with 
benefits to agriculture (93 , 107). Bacterial inoculants in agricul
ture and forestry are considered equivalent to probiotics (benefi
cial micro bes provided as supplements) for animal health. Probi 
otleS stimulate host defense systemsand the competitive exclusion 
of pathogens, as plant growt:h-prornoting rhizobacteria do (108). 
Serds may harbor a reservoir of probiotics for their seedlings (54, 
109). Prebiotics are added nutrients used to stimulate desirable 
bacteria in humans ( 110). We mayeven specu late that prebiotics 
were invented by roots, as some substances from their exudates 
stimulate bacterial growth selectively (89, 11 1, 11 2). 

For over one hundred years, inoculants have been provided to 
plants in agricultural fields with var iable success. Recently, a large 
number of commercial products whose effects are not always de
sircl.ble have appeared to promote plant growth. Similarly, an in
creased llumber ol' probiotics and preb iotics whose effects have 
not been completely evaluated in different human populations are 
coming to Ihe markel. Gut gene expression in response to probi
otics varies from person to person ( 113). ln tnany cases, clinical 
bencfits haye been obtained in patients with specific pnJbiotic 
strains (1 14). 

Exper ie nce with plants has ShOWll that appropriate use and 
f/.'gu latiotl of probiotics (inocu lants) is difficult to ach ieve . Unde
sir~ble genetic characteristics, sl1ch as denitrifying capacit ies, have 
been identified alllong inoculants ( 1 15). Strains used as probiotics 
should not conta in glucosamin idase or glucuronidase genes that 
seem to 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 INTERACTlONS IN GUTS ANO 
ROOTS 

Diffe rential ge ne 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 ll7 ). In rhizobium-plant molecular 
di~.logtle, RhizobillnJ NodD receptors, which bind root exudate 
molcculcs, function as transcr iptional regulators that induce the 
expressioll of several genes, including flod genes and secretion 
syslems (reviewed in references 117 and 118). Extrusion pumps 
are induciblc by flavonoids that are present in root exudates but 
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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, bacter ia have a differentiaJ gene expression that sup
posedly allows th/.'m to adapt to the root environm/.'lll. Cenes 
involved in root eXlIdate lIsage, root attachment, and survival are 
induced in bacteria colonizing roots (120, 12 1). In vitro expression 
technology (lVET) (1 22 ), proteomic analysis, microarray and 
RNA Seq transcriptomics, and genetic analysis have revealed rhi
zobial (1 20, 121, 123), Pseudolllonas (1 24 , 125), Streptomyces 
( 126), and other bacterial genes expressed on roots or rhizo
spheres. Similarly, bacteria may differentially express genes ,,,hen 
in guts. Cut 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 
(MOR) was induced in Bifidobacteriul11 by bile (1 28 ). Oifferent 
bile substances have been identified to control gene expression in 
biJldobacteria (1 29 ). Other bile-inducible genes have been (ollnd 
in Laclobacillus plmllarulll (130). Lastly, human gut bacteria 
trans(orm bile salts (1 31 ). Gu t bacteria can also modify dietary 
flavonoids ( 132) that have significant effects on animal physiol
ogy. Analogously, in roots, flavonoids produced by plants are sig
nalmo1ccu1cs in bacteria ( 133) and are al so transformed by bac
teria in vitro, though this has not been shown ilJ vivo. Plant 
phytoalexins are antimicrobials that are expelled from RI¡izo!Jillrll 
etli, Bradyrhizobiul1l japolJiwlll, and Agrobacterilll11 by MOR ef
flux pllmps that are inducible by root-exudated flavonoids (20, 
119, 134). 

In terestingly, gut and root microbiotas may follow the circa
dian cyeles of their hosts. This was observed in nitrogen-fL"{ing 
bacteria that fixed more during the daytime on rice roots ( 135). 
Epithelial cell proliferation, gastrointestinal moti lit y, and other 
gut processes follow biological rhythllls. In the gastrointestinal 
tract, there are large amounts of melatonin, which is a key hor
mone in the dock biological regulation (1 36). The llurmese 
python's microbiota is responsive to host cycles of feeding and 
fasting (137). 

Hast gene expression regulated by microbiotas. Oll tstand
ingly, gut and root bacteria modify gene expression in arlimal 
(138, 139) and plant (1 40) hasts, respectively. Gut gene expression 
is also modified by probiotics ( 113) that modifygut bacterial gene 
express ion as well (14 1). Gut genes expressed in the presence of 
the gut bacteriUIll Bacteroides thetaiotaomicrolJ are involvcd in 
xenobiotic catabolism, in angiogenesis, in gut barrier epithelium 
maintenance, and in immunity development (1 39), with very 
complex host molecular responses (1 42 ). 

Plants and humans can sense bacterially produced acylhomo
serine lactones (AHLs), different volatiles, microbe-associated 
molecular patterns (MAM PS) (72, 143), and other bacterial mol 
ecules unknown at present. Root gene /.'xpression is diffúently 
modified by acylhomoserine lactones from pathogenic or symbi
otie bacteria (1 44). In tUfI1, plant products may act like quorum
sensing signals in bacteria (1 45 ). In recent years, specific regula
to ry roles of N-acylhomoserine lactones ha ve become apparent, 
because plants responded with either a systemic resistance re
sponse or a hormonal reglllated growth response to the presence 
of AHL-producing bacteria colonizing the root surface. Also in the 
animal/human systems, a specific perception ofAHL compounds, 
produced by Gram-negative, mostly pathogenic bacte ria, was 
found in many tissues, induding the gut system, leading to immu-
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nomodulatoryeffects (1 46). 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). 
P]ants lTlay 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 ofrhizobia 
0 1' Nod factors (1 48 ). 

Control of microbiotas. A Drosopllila mutant with increased 
levels of antimicrobial peptides showed deregulated balances of 
gllt populations (149), with smaller numbers of COllllllensalibacter 
intestini (an acetic acid bacterium present in normal gut) bacteria 
(1 50) and increased numbers of Glllconohacter morbiIer cells that 
caused gut cell apoptosis and early insect death ( 149). It is inter
esting to note that C. illles/ilJi antagon izes G. morbiIer, which is a 
normal gut m/.'mber, but with d/.,trimental /.'ffects when present in 
large numbers; thus, C. intestilli contributes to gut homeostasis 
and host fitness (1 51 ). Similarly, among root microbiotas, there 
are plant -pathogenic bacteria that normally wouId not affecl the 
plants when kept in low numbers by other plant comml1nity 
strains or plant antimicrobials. Lipopolysaccha ride Rhizobilllll 
mutants that were more sensitive to maize antimicrobial benzox
azinones had reduced rhizospheric colonization (1 52). Antimi
crobial peptides constitute a line ofdefense in plants as effectors of 
innale immunity and regulate not only bacteria but also metha
nogenic archaea in guts (153). Gut imlllun itydetermines bacterial 
composition; reciprocally, bacteria modulate host immllnity in 
guts (1 54, 155). Carbohydrate binding proteins (lectins) from 
gllts and roots bind bacteria, form aggregates, and may have anti
bacterial effects (156, 157) . 

In add ition to bacterillm-host interactions, bacterium-bacte
rium interactions may determine communitycomposition and its 
fl1nction (1 58). Those that occur in the mouth (1 59) may guide 
research in gut and root symbioses. In Rhizobiul1l, mutants in 
quorum sensing are affected in rhizosphere colonization (1 60). 
Acylhomoserine lactones may be degraded by rhizospheri c bacte
ria (allsing interference with quorum signals that regulate gene 
expression in other bacteria (1 61 ). This may have a role in pro
tecting plants from pathogens but may also affect mutllalistic in
teractions. 

EVOLUTIONARY PATHWAYS 

Lateral gene transfer in guts and roots. In roots, root nodules, 
and guts, lat/.'ral transfer ofgenetic material between different bac
teria has been evidenced (2, 162, 163 ), seemingly promoted by 
c10se contacts in high-density populations. The presence of simi
lar catabolic or antibiotic resistance genes in various gllt bacterial 
genera has been explained as acquisitions by lateral gene transfers 
(91). 11 has been sllggested that starch catabolism genes have been 
transferred from gut to bacter ia ( 164). 

There are many more phages than bact/.'ria in th/.' gut ( 13), and 
some may be involved in lateral gene transfer among gut bacteria 
(165). Lateral transfer of genetic material is mediated by plasmids 
0 1' genomic islaml mobilization in rhizobia and other rhizospheric 
bacteria (54, 166), but phages may ha ve a role as well. 

Specialized symbiont evolution fram root and gut bacteria. 
11 has been suggested tha t gut bacteria gave rise to endosymbiotic 
bacteria in insects (167) based on similarities of gut bacteria and 
imect endosymbionts (168). Correspondingly, rhizospheric bac
teria may have preceded nodule and endophytic bacteria in plants 
(1 69). Insect endosymbionts and nodule rhizobia are selected 
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symbionts that occupy intracdlularly host-specialized structures 
ami attain high numbers with a determined functional role. I-Ienv
ever, transmission modes of plant- and insect-specialized symbi
onts (reviewed in reference 46) and their genome si zes (rh izobial 
genome sizes reviewed in references 12 1 and 170) are di fferent. 

CONCLUSIONS 

The comparison of plant and gllt 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. Tnterested readers are referred to recen! literature 
( 171 - 175). Pl ants use their "guts" (roots) ouhvards, and th is sim
plifles their studr in comparison to studr ofanimal guts. Gut and 
root microbiotas significantly impact health, dcvclopment, and 
fitness of thci r respective hosts. 
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