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RESUMEN

Los alacranes son considerados como “foésiles vivientes” que han conservado
caracteristicas anatdmicas ancestrales, se han adaptado a numerosos hébitats y cuentan con
caracteristicas fisiologicas que los hacen Gnicos dentro de los animales. Sin embargo, la
diversidad de su microbiota intestinal y las posibles funciones de ésta no se han estudiado.
El objetivo de este estudio ha sido caracterizar la microbiota bacteriana de dos especies de
alacran, Vaejovis smithi y Centruroides limpidus, con técnicas moleculares independientes
de cultivo. Para analizar la diversidad de las comunidades bacterianas a través de
diferentes tratamientos alimenticios, se realizaron librerias de genes 16S rRNA. Se
encontr6 que el factor de la especie influye en mayor grado que el de la dieta en la
composicion de la microbiota intestinal, inclusive se podria definir en que estas
comunidades en conjunto son especificas de especie de alacran. La privacion de alimento
disminuyd la diversidad en la comunidad bacteriana. Ademas, los andlisis filogenéticos del
gen 16S rRNA revelaron linajes bacterianos nuevos, los cuales estan restringidos a la
especie de alacran.

Para establecer las posibles funciones de estas comunidades bacterianas, se realizd una
prediccion bioinformética de funciones basada en los resultados de las librerias del gen
16S rRNA. Los perfiles funcionales revelaron un grupo comuin y abundante de vias
metabdlicas en las dos especies. Este grupo estaba conformado principalmente por vias



relacionadas al metabolismo de aminodacidos, carbohidratos y cofactores. Adicionalmente,
las comparaciones entre los perfiles funcionales mostraron que las vias de degradacion de
compuestos tdxicos eran significativamente mas abundantes en la microbiota de los
alacranes recién capturados de la especie C. limpidus.

A manera de comprobacién de las predicciones, se realizaron secuenciaciones
metagendmicas de tipo “shotgun” de alacranes de las dos especies en estado de privacion
de alimento. En V. smithi aproximadamente el 50% de los genes predichos eran
bacterianos y en C. limpidus fue menor del 1%, sugiriendo que la abundancia de bacterias
0 DNA bacteriano en relacion con el hospedero es menor en C. limpidus que en V. smithi.
Con el set de genes del microbioma de V. smithi se compararon las abundancias de vias
metabdlicas con la prediccion funcional, se encontré que de las 41 vias comunes, solo 2
estaban subrepresentadas en el set “shotgun” y no hubo ninguna diferencia significativa en
la comparacion de abundancias en todas las vias predichas contra las de la secuenciacion.
Este estudio provee la primera aproximacion al conocimiento de la microbiota bacteriana
de los alacranes y de igual manera consolida un punto de referencia para estudios futuros
en la microbiota intestinal de otras especies de aracnidos.

ABSTRACT

Scorpions are considered “living fossils” that have conserved ancestral anatomical
features, have adapted to numerous habitats and possess unique physiological features
among animals. However, their gut microbiota diversity and their possible function have
not been studied. The aim of this study was to characterize the bacterial microbiota of two
scorpion species, Vaejovis smithi and Centruroides limpidus, with non-cultivable
techniques. The gut bacterial diversity was analyzed through different diet treatments
creating 16S rRNA clone libraries. We found that scorpion species variable influences
more bacterial composition than diet. Scorpion gut microbiota is species-specific and food
deprivation reduces bacterial diversity. 16S rRNA gene phylogenetic analysis revealed
novel bacterial lineages showing a low level of sequence identity to any known bacteria.
Furthermore, these novel bacterial lineages were each one restricted to a scorpion species.
To determine the possible functions of this bacterial communities, we generate a
bioinformatics prediction of the functional profiles based on the 16S rRNA clone libraries
results. We found that the predicted metagenomic profiles revealed a core set of pathways

that were highly abundant in both species and mostly related to amino acid, carbohydrate,



and cofactor metabolism. Additionally, comparisons between predicted metagenomic
profiles showed that toxic compound degradation pathways were more abundant in
Centruroides limpidus recently captured scorpions.

To corroborate the functional predictions, we did metagenomic shotgun sequencing from
food-deprived scorpions of both species. From the total gene-calling prediction, 50% of the
genes were from bacterial origin in V. smithi and only <1% in C. limpidus, suggesting that
bacterial load or bacterial/host DNA ratio were less in C. limpidus than in V. smithi.
Bacterial genes from V. smithi microbiota were compared with the predicted functional
profile. We found that only two pathways from the 41 of the total “core” set were
underrepresented in the shotgun sequencing. And there was not a significant difference in
the pathway abundance comparison between prediction and shotgun sequencing.

This study gives a first insight into the scorpion gut microbiota and provides a reference
for future studies on the gut microbiota from other arachnid species.

INTRODUCCION

Alacranes

Los alacranes son artropodos pertenecientes a la clase Arachnida. Hasta la fecha se
han descrito mas de 2000 especies, distribuidas en todos los continentes - excepto en la
Antértica - (Savory, 1977; Prendini, 2011; Rein, 2012) y han radiado a diferentes habitats;
desde areas desérticas, bosques, sabanas, selvas e inclusive nevados con més de 5 500 m.
de altitud (Polis, 1990).

Los alacranes son los ardcnidos méas antiguos que se han fechado, se originaron en
el Sildrico hace aproximadamente 430 millones de afios. (Dunlop, 2010). Ademas, resulta
sorprendente que desde su origen, a traves de su historia evolutiva sobre la tierra no han
modificado gran parte de sus caracteristicas morfolégicas (Hoffman, 1993), por lo que se

consideran fosiles vivientes.

En la actualidad los alacranes han sido objeto de estudio debido a la toxicidad de su
veneno Y el riesgo que representa hacia el humano, sin embargo los alacranes poseen otras
caracteristicas fisioldgicas interesantes que resaltan sobre las de otros artrépodos. Una
caracteristica relevante para la colonizacion diferentes habitats es la adaptacion a
condiciones extremas de temperatura, existen especies que pueden sobrevivir en

temperaturas cercanas al congelamiento durante semanas y recuperarse en pocas horas. Las



especies Hadrurus arizonensis (Norte América), Centruroides sculpturatus (Norte
América), Leiurus quinquestriatus (Africa) y Buthotus minax (Africa) que habitan en los
desiertos, logran soportar temperaturas méas altas que la mayoria de los otros artropodos
que ahi habitan (Hadley, 1974).

Los alacranes también tienen un uso muy eficiente del agua. (Hadley, 1970).
Excretan productos de desecho nitrogenados insolubles, como guanina, &cido Urico y
xantina. Son tan eficientes, que logran sobrevivir al obtener el agua de forma indirecta de

su comida.

Dentro de las caracteristicas sobresalientes de los alacranes se ha reportado la
existencia del fendmeno de partenogénesis como forma de reproduccién, la cual es asexual
dado que los gametos de una hembra se desarrollan a embriones, sin la necesidad de que el
macho la fertilice. Estos casos se han reportado en las especies Tityus serrulatus (Toscano-
Gadea, 2004) y Liocheles australasiae (Yamazaki, et al., 2004). Se ha demostrado que esta
forma de reproduccion asexual es inducida por la bacteria Wolbachia en avispas
parasitarias de huevos, como Telenomus Hawai (Arakaki, et al., 2000) y Leptopilina
clavipes (Pannebakker, 2005), las dos pertenecientes al orden Himenoptera. Este tipo de
reproduccion inducido por Wolbachia se ha reportado en el acaro Bryobia praetiosa,
perteneciente a los aracnidos (Weeks, et al., 2001). Sobre la presencia de Wolbachia en
alacranes, existen dos reportes; el primero en especies de alacranes del género
Opistophtalmus del sur de Africa (Baldo, et al., 2007), en el cual las cepas encontradas
pertenecen al clado F de Wolbachia. Las cepas de este clado se encuentran en artrépodos y
nematodos, incluyendo termitas (Microcerotermes sp. and Kalotermes flavicollis),
nemétodos filariales (Mansonella spp.), un gorgojo (Rhinocyllus conicus) y dos grillos
(Orocharis saltator y Hapithus agitator) (Panaram, et al., 2007). El segundo caso
reportado es en Tityus serrulatus (Buthidae), en el que encuentran una secuencia similar a
las que estan presentes en Drosophila innubila y Hymenopteros como Nasonia longicornis
y Nasonia giraulti (Suesdek-Rocha et al., 2006).

Como un antecedente directo a este estudio esta la busqueda de endosimbiontes en
alacranes de la familia Vaejovidae (Bryson, 2014). En este caso de estudio, no lograron
obtener amplicones de 16S rRNA con “primers” especificos para endosimbiontes
“canonicos” como: Wolbachia, Cardinium, Spiroplasma y Rickettsia.

Para el presente estudio se escogieron dos especies de alacranes con una amplia
distribucion y abundancia en el estado de Morelos. Estas no presentan una estacionalidad



marcada (Cordova, 2005), por lo que se tuvo acceso a ellas durante todo el afio. Estas dos

especies son:

- Centruroides limpidus (Karsch, 1879). Pertenece a la familia Buthidae y su distribucion

en México se concentra en los estados de Michoacan, Guerrero, México, Morelos, Puebla
y Oaxaca (Fet, et al., 2000). Estos alacranes miden entre 5.8 y 7.1 cm. de longitud; son de
coloracion amarilla (por lo cual se conocen junto con otras especies de la familia Buthidae,
con el nombre popular de alacranes “giieros”) con un patron de 4 lineas longitudinales. Las
hembras suelen ser mas grandes que los machos. El nimero de dientes pectinales en las
hembras varia de 19 a 23 y en los machos de 22 a 26. (Hoffman, 1932). Se distingue de
otros Centruroides spp. de la depresion del Balsas por el patrén de pigmentacion del
caparazén cefalotorécico Esta especie tiene un gran impacto en la salud pablica, ya que son
responsables de la mayoria de los casos de alacranismo en la ciudad y en la entidad. Las
toxinas de esta especie tienen una dosis letal media (LD50) de 1.72 mg/Kg (Padilla et al.,
2003) y se encuentra dentro de las especies mas peligrosas para el humano en México.

—->Vaejovis smithi (Pocock, 1902). Esta especie pertenece a la familia Vejovidae y su

distribucion se concentra nicamente en el estado de Morelos, México. (Fet, et al., 2000).
Son alacranes que miden entre 4.5y 7.0 cm de longitud. Se caracterizan por una coloracion
parda, con diferentes patrones de manchas longitudinales en el dorso del mesosoma. Las
hembras son significativamente més grandes que los machos, tienen entre 16 y 19 dientes
pectinales; mientras que los machos, tienen de 22 a 25. Principalmente se encuentran en
las zonas altas de la ciudad de Cuernavaca (su rango de distribucién en el estado de
Morelos, es de los 1,930 a 2,480 msnm.). Se encuentra bajo piedras y troncos, no presenta

estacionalidad y se ha colectado junto con C.limpidus y C. margaritatus.

Sistema digestivo de los alacranes

Morfoldgicamente el sistema digestivo de los alacranes se caracteriza por ser un
tracto sencillo que no presenta diferenciaciones a lo largo del cuerpo (figura 1), desde el
aparato bucal hasta el ano. Sin embargo, se puede dividir en 3 partes: estomodeo,
mesenteron y proctodeo.

a) Estomodeo: Consiste de la faringe bucal y el es6fago. La digestion inicia en la cavidad
preoral, donde las secreciones de las glandulas maxilares empiezan el proceso

digestivo y antes de que los jugos alimenticios de la presa entren a la faringe, son



filtrados por un cepillo maxilar. La faringe es un pequefio compartimiento, que se ha
modificado para convertirse en un érgano succionador (Polis, 1990).

b) Mesenterdn: Consiste en el estdbmago, intestino y hepatopancreas. El estbmago, es un
pequefio segmento dilatado entre el es6fago y el diafragma, ubicado en el cefalotérax.
El intestino es el segmento mas largo del sistema digestivo y se extiende desde el
diafragma, hasta el cuarto segmento del metasoma. El intestino se puede dividir en dos
partes: anterior y posterior. El anterior se encuentra en el mesosoma y el posterior en el
metasoma (cola). El intestino anterior se conecta con el hepatopancreas. El
hepatopancreas es la principal glandula digestiva y ocupa la mayoria de la cavidad del
mesosoma, consta de células digestivas (que producen enzimas) y de absorcion, cuando
las células de absorcidn se llenan de desecho, este es regresado al intestino en forma de
granulos. EIl hepatopancreas también tiene funcién de almacenamiento y esto permite
que los alacranes puedan sobrevivir por largos periodos sin comer. El intestino
posterior es un tubo de pared delgada de epitelio cilindrico y uniforme (Polis, 1990).

c) Proctodeo: consiste del intestino trasero y el ano. El intestino trasero se ubica en el
quinto segmento del metasoma. La apertura anal se encuentra entre el quinto segmento

del meta soma y el telson (Polis, 1990).

Hepatopancreas

Tracto Digestivo

Figura 1.- Anatomia de los alacranes y 6rganos relevantes. A) Vista ventral. Op, opistosoma; Ms,
mesosoma; Mt, metasoma. B) Vista transversal. Se sefialan algunos 6rganos relevantes. (Polis, G. A.
1990)

Dieta y habitos alimenticios de los alacranes
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Los alacranes son depredadores generalistas. Dentro de la amplia gama de animales
que pueden cazar se encuentran insectos y otros aracnidos (inclusive, otros alacranes). Pero
también pueden incorporar a su dieta isopodos, gasterépodos e inclusive algunos
vertebrados pequefios como lagartijas (Polis, G. A. 1990).

Los alacranes son animales de habitos nocturnos, sin embargo la mayoria de las
especies adoptan por esperar en sus madrigueras a que sean las presas quienes caigan en el
lugar donde estan con el fin de ahorrar energia. Este comportamiento adhiere una variable
maés; lo inconstante de los periodos de alimentacion, la cual bajo condiciones ambientales
de pocas presas podria causar grandes etapas de inanicion. Estos largos intervalos de
tiempo sin alimento son compensados con la capacidad de bajar sus tasas metabolicas. De
hecho, junto con algunas arafias, los alacranes comparten el record de las tasas metabdlicas
maés bajas dentro de los artropodos (Lighton et al., 2001).

Microbiota intestinal

El término microbiota se utiliza para definir una comunidad de microorganismos
que habitan en diferentes tejidos de animales y que han desarrollado una relacion estrecha
con el hospedero.

En lo que respecta a la microbiota intestinal de artropodos, la mejor estudiada es la
comunidad de bacterias que se encuentran en los intestinos de las termitas. Esto se debe a
que esta comunidad bacteriana, tiene la capacidad de usar la celulosa como fuente de
alimento. La celulosa es un polisacérido compuesto por cientos de unidades de D-glucosa
y es el componente estructural de las plantas. EI humano no es capaz de digerir la
celulosa, pero las termitas y los animales rumiantes si, debido a las bacterias simbidticas
que habitan el intestino de estos grupos de animales (Dillon, et al., 2004). A partir de estos
descubrimientos, se ha generado un gran interés biotecnoldgico por las comunidades de
bacterias intestinales de los insectos. Aun asi, los reportes de anélisis independientes de
cultivo, son escasos en los insectos y casi nulos en otros artrépodos.

Esta falta de estudios en los intestinos de los artrépodos hace dificil establecer la
importancia de las diferentes variables como la dieta, especie, localizacion geogréfica o
fisiologia del intestino, sobre la comunidad microbiana. Sin embargo - de los pocos
estudios en artropodos que se han realizado - se ha establecido que un factor determinante
en la naturaleza de la comunidad intestinal, es el tipo de dieta del hospedero (Broderick,
et al., 2004).
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Dentro de las aportaciones de la microbiota intestinal a la parte nutricional de los
artrépodos, se encuentran: mejorar la habilidad de sobrevivir con dietas subdptimas,
mejorar la eficiencia de la digestion, adquirir enzimas digestivas y proveer vitaminas y
aminoacidos (Dillon, et al., 2004). Sin embargo, se ha propuesto que la microbiota
intestinal no solo tenga una funcién nutricional sino también tenga funciones importantes
en la fisiologia del hospedero, tales como: la maduracion del sistema inmune (Masmanian
et al., 2005) y la influencia en el comportamiento del hospedero (Rochellys et al., 2010).

Los artropodos son el grupo mas diverso de animales sobre la tierra (Jdegard,
2000) y lo mismo se refleja en los distintos tipos de sus dietas. Dentro de éstas, podemos
encontrar artrépodos hematéfagos, fitéfagos, omnivoros y carnivoros. Por lo tanto, se
espera que dentro de la diversidad de los artropodos, encontremos una amplia diversidad
de relaciones simbidticas de comunidades bacterianas asociadas a los tractos digestivos.

HIPOTESIS

Dado que los alacranes tienen una dieta generalista, existira una gran variacion
individual en la composicién de la microbiota, sin embargo habra un grupo comun de
bacterias a través de las especies y tratamientos que pudieran establecer una relacion
estrecha con el epitelio intestinal.

OBJETIVO GENERAL

Determinar la composicion bacteriana de la microbiota intestinal de los alacranes

Centruroides limpidus y Vaejovis smithi y establecer su posible funcién.

OBJETIVOS PARTICULARES

* Analizar la variacion de la microbiota intestinal de las dos especies de alacranes bajo
diferentes dietas: dieta homogenizada en el laboratorio a base de larvas de tenebrio

(rica en lipidos y carbohidratos), privacion de alimento y la dieta original no controlada
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de los individuos recién capturados, en busca de un grupo comudn que pudiera tener

una relacion estrecha con el epitelio intestinal de los alacranes.

* Analizar la posicidn filogenética de nuevos linajes bacterianos.

» Secuenciar y analizar los genomas que constituyan el microbioma intestinal de las
especies de alacran C. limpidus y V. smithi.
CAPITULO |

Analisis_de la variacion de la diversidad de bacterias mediante _un_enfoque no
cultivable del tracto digestivo a través de diferentes tratamientos alimenticios:
Colecta peridoméstica, dieta homogenizada con larvas de Tenebrio (Tenebrio molitor)
y privaciéon de alimento

En este primer capitulo se aborda uno de los ejes principales de esta investigacion;
el analisis de la variacion de la microbiota intestinal bajo diferentes dietas y especies de
alacranes. Las principales preguntas a responder son: a) ¢Qué factores son maés
importantes para la composicion de la microbiota en los alacranes? b) ¢Existe una bacteria
0 un grupo comun de bacterias presentes en varias condiciones que podamos definir como
la microbiota nativa?

Mediante un método no cultivable, que involucra: la extraccion de DNA total de los
intestinos de los alacranes, amplificacion del gen 16S rRNA de las bacterias con “primers”
generales, clonacion de los amplicones y secuenciacion de los mismos; se analizd la
composicion de la microbiota en las dos especies de alacranes C. limpidus y V. smithi.
Adicionalmente se analizd la variacion de las comunidades bacterianas a través de

diferentes condiciones alimenticias, las cuales son:

1. Colecta Peridomestica: Este grupo lo componen los alacranes que han sido

colectados en diferentes lugares de la ciudad de Cuernavaca, mayormente en casas Yy
jardines. La extraccion de DNA total se hace maximo dos dias después de capturados, por
lo cual no tenemos ninguna informacion a priori de su alimentacion, pero reflejard que
bacterias estan presentes naturalmente en los alacranes. En este grupo esperamos una gran

diversidad individual y una mayor cantidad de filotipos de bacterias.

2. Dieta homogenizada con larvas de tenebrio: Este grupo lo componen los alacranes

que han sido colectados de la misma forma que los de la colecta peridoméstica, pero a
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diferencia de los anteriores, estos se mantienen en el laboratorio con una dieta controlada
que consiste de un tenebrio cada siete dias durante un mes. La extraccion de DNA total se

realiz6 6 dias después de que comieron el ultimo tenebrio.

3. Privacion de alimento: Este grupo lo componen las librerias de los genes 16S rRNA

de alacranes que han sido colectados de la misma forma que los de la colecta
peridoméstica, pero a diferencia de estos, los especimenes estuvieron en el laboratorio sin
ningun tipo de comida durante 31 dias (solo suministrando agua a través de algodones
estériles). Pasados los 31 dias de privacion de alimento se realizaron las extracciones de
DNA total de los intestinos.

Definir a la microbiota nativa y diferenciarla de la transitoria no ha sido fécil en
ningdn modelo, sin embargo en insectos se han propuesto algunos criterios como son:
presencia en todos los individuos de la poblacién, que tengan una persistencia temporal y
que la tasa de crecimiento en un nicho particular del intestino sea igual o mayor a la tasa de
eliminacién del mismo (Dillon, et al., 2004). Extrapolando estos criterios a los aracnidos y
aunado a la propuesta de otro criterio en este trabajo, que es: la presencia de las bacterias a
través de diferentes variantes de la dieta (sobretodo en animales generalistas donde las
fluctuaciones en la composicion de la microbiota pueden ser més drésticas) determinamos
los factores que influyen en la composicion de bacterias en el intestino de los alacranes y

se propone un grupo de bacterias que podrian considerarse como la microbiota nativa.

1.1 Colecta e identificacion de alacranes
La colecta se realiz en diferentes puntos de la ciudad de Cuernavaca y Oaxtepec,

mayormente en casas, jardines y terrenos con escombro. Los alacranes de la especie
V.smithi se localizaron principalmente en 3 puntos geogréficos, los cuales se encuentran en
zonas altas de la ciudad de Cuernavaca con coordenadas: a) 18.950291,-99.268942 b)
18.985032,-99.240425 c¢) 1.970382,-99.23624. Los especimenes de C. limpidus se
colectaron mayormente en 2 puntos, uno en la ciudad de Cuernavaca con coordenadas
18.870067,-99.208131 el cual es limitrofe con el municipio de Emiliano Zapata y en
Oaxtepec 18.885011,-98.981752.

1.1.1 Identificacion morfoldgica y genética de los alacranes colectados

La identificacion taxondmica se realizé a través de claves dicotomicas sobre

especies de alacranes presente en el estado de Morelos (Athanasiadis 2005). Se escogieron
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los alacranes pertenecientes a las especies C. limpidus y V. smithi. Sin embargo en las
colectas se identificaron también C. margaritatus, V. mexicanus y C. balsasensis, los
cuales fueron descartados para esta fase del proyecto.

En la tabla 1 (anexo 1) se muestra la cantidad de alacranes de cada especie que
fueron sujetos directamente a la diseccion y extraccion de DNA total (colecta
peridoméstica) y los que fueron sujetos a tratamiento en el laboratorio. Los alacranes
mostrados no representan el total de la colecta, representan aquellos de los cuales se logrd
obtener una cantidad adecuada de DNA para amplificar el gen 16S ribosomal de bacterias
para la creacion de librerias y en algunos individuos la amplificacién de un marcador
mitocondrial que posteriormente sirvio para corroborar la identificacion taxonémica.

El marcador mitocondrial es un espacio intergénico entre los genes 12S y 16S
rRNA, cuyos “primers” se anclan en el 12S y 16S respectivamente y tiene una longitud
esperada de aproximadamente 1500 pares de bases. En un estudio previo (Bolafios, 2010)
se usaron amplicones del 18S rRNA cromosomal de los alacranes, los cuales, dado su alto
nivel de conservacion entre especies e inclusive géneros de alacranes no tienen una sefial

filogenética que pudiera servir para identificacion, por lo que se descartaron.

1.1.2 Arboles filogenéticos basados en la region intergénica 12S-16S mitocondrial

Con las secuencias obtenidas de la region intergénica mitocondrial y el mismo
segmento obtenido de la secuenciacion de mitocondrias de otras especies de alacranes; se
realizaron arboles filogenéticos de méxima verosimilitud con mil réplicas de bootstrap y
enraizados con las secuencias obtenidas de dos mitocondrias secuenciadas de la arafa
marina Ammothea carolinensis y la arafia Habronattus oregonensis

Es de destacar que las secuencias obtenidas de los diferentes individuos de cada
especie son 99% idénticas entre si mismas. Aungue no existe reportado algun porcentaje de
identidad usado como corte para definir especies, en el arbol filogenético se observan
caracteristicas claras para soportar la identificacion de la especies como: la formacién de
clados definidos monofileticamente y el alto porcentaje de similitud (en los marcadores no
se distingui6 alguno que fuera divergente de los demas). Los individuos de estudio estan
identificados adecuadamente, soportando la evidencia morfolégica con evidencia
molecular (figura 2).
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Figura 2.- Arbol filogenético de secuencias de la region intergénica 12S-16S mitocondrial de los alacranes.
PhyML con 1000 réplicas de bootstrap y modelo de sustitucion GTR G+1.

1.2 Resultados: La especie de alacran es un factor de mayor influencia que la dieta en
la composicion de la microbiota intestinal de los alacranes.

1.2.1 Descripcién de las librerias
Se analizaron en total 34 librerias de los productos de PCR del gen 16S rRNA de

intestinos individuales de C. limpidus y V. smithi en las 3 diferentes condiciones: colecta
peridoméstica, homogenizacion de la dieta y privacion de alimento. De las librerias se
obtuvieron un total de 1365 clones categorizadas mediante un andlisis de restriccion de
DNA ribosomal amplificado (ARDRA, por sus siglas en ingles), de estas se secuenciaron
180 cuyos amplicones eran secuencias casi completas del gen 16S rRNA (~1400 pb.).

Después de filtrar las quimeras, secuencias de baja calidad y repetidas idénticas, se obtuvo
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un conjunto de datos de 114 secuencias. Se definieron 55 unidades operacionales
taxondmicas (OTUs, por sus siglas en inglés) con una distancia de 0.03.

Los OTUs se clasificaron al nivel taxonémico de clase de la siguiente manera:

23.63%, 16.36% y 18.18% del total correspondian a Alpha, Beta y Gammaproteobacteria,
respectivamente. Bacilli y Clostridia (Firmicutes) representaron 12.72% y 7.27%,
respectivamente; seguidos por Actinobacteria (12.72%), Mollicutes (3.63%) vy
Spirochaetes (1.81%). No fue posible clasificar 2 OTUs: OTU 4 con una identidad del
90% con Spiroplasma veloscicrescens y OTU 1 con una identidad de 79% con
Spiroplasma lampyridicola; esta la designamos como Scorpion Group 1 (SG1).
Comparaciones pareadas entre los indices de diversidad Chaol de cada grupo mostraron
que la microbiota de los alacranes V. smithi en dieta homogenizada y en privacion de
alimento es significativamente menor que la de los recién capturados (p<0.05). En los
individuos C. limpidus, aquellos en privacion de alimento tienen un indice de diversidad
significativamente menor que los otros dos grupos (p<0.05).
De los 55 OTUs, solo 8 se encontraban presentes en las dos especies de alacran. En
C.limpidus se encontraron 6 OTUs con presencia en méas de un tratamiento y 7 en V.smithi.
Esto indica que hay una alta variacion de bacterias entre los diferentes grupos. Dentro de
los OTUs comunes en méas de un grupo, se encuentran secuencias relacionadas con los
géneros  Streptococcus,  Methylobacterium,  Agrobacterium,  Stenotrophomonas,
Pseudomonas y Ochrobactrum. Notablemente, diferentes bacterias relacionadas a estos
géneros se han reportado como colonizadoras de los tractos intestinales de diferentes
artrépodos, mayoritariamente insectos (Engel & Moran, 2013; Yun et al., 2014).

Cuatro OTUs destacaron entre los demas por su presencia y baja identidad con
secuencias de la base de datos. La presencia del OTU que denominamos “Scorpion Group
1” 0 SG1 se encontrd totalmente sesgado a estar presente en V. smithi sin importar el
tratamiento (94.4% de los alacranes) y no se encontrd en ningun C. limpidus. Este filotipo
tiene un 79% de identidad con la secuencia mas cercana en la base de datos nr del Centro
Nacional de Informacién Biotecnoldgica (NCBI por sus siglas en inglés), la cual es
Spiroplasma lampyridicola.

Otros dos OTUs distribuidos ampliamente son OTU2 y OTU3, a los que nos
referiremos como MVs y MCI (Mycoplasma-like) de V. smithi y C. limpidus
respectivamente. MVs estuvo presente en 14% de los individuos recién capturados, 16%
en los de dieta homogenizada y 80% en aquellos que estuvieron en privacion de alimento,
de los alacranes V. smithi. MCI, estuvo presente en el 50% de los individuos recién

capturados, 20% en los de dieta homogenizada y 80% en los privados de alimento de los
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alacranes C. limpidus y en un espécimen de V. smithi de los capturados recientemente. Las
secuencias de MVs y MCI tienen una identidad de 93.5% entre ellos y de 86% con
Mycoplasma hyorhinis GDL-1, que es la secuencia méas cercana en la base de datos.

1.2.2 Analisis de las librerias
Para responder la pregunta ;Qué factor (especie o tratamiento) explica més la

variacion en la composicion de la microbiota de los alacranes? Se realizaron dos analisis:
Agrupamiento por distancias euclidianas y por distancias filogenéticas. El agrupamiento
jerarquico por distancias euclidianas revel6 que la especie de alacréan es el factor principal
que divide los grupos, seguido por los tratamientos. Esta forma de agrupamiento solo
considera la presencia/ausencia de los OTUs, por lo que se realizé un analisis en el cual se
considerd también las posiciones filogenéticas de las secuencias que conformaban los
grupos. Se realizd el analisis tomando en cuenta la abundancia de las clonas y sin
considerarla. El anélisis de coordenadas principales basado en distancias filogenéticas
reveld que las muestras se agrupaban preferencialmente por la especie de alacran. Si las
muestras eran etiquetadas por el tipo de tratamiento no se creaba ningun patrén distintivo
de agrupamiento. (Anexo 1 figuras 1,2)

Estos resultados sugieren que la especie de alacran explica mayormente la
variacion e influye més que el tratamiento en determinar la composicion bacteriana del

intestino.

1.3 Analisis de las comunidades intestinales en alacranes durante los primeros dos
estadios.

Dado que existen muchos ejemplos de trasmision vertical de bacterias en

artrépodos, se realizd una exploracion de las bacterias presentes en los dos primeros
estadios de los alacranes.

Todos los alacranes son viviparos a diferencia de los demé&s aracnidos. Los
alacranes emergen de la madre a través del opérculo genital e inmediatamente después las
crias suben al dorso de la madre y se establecen ahi. Estos alacranes permanecen en el
dorso hasta su primera muda (fin del primer estadio) y posteriormente bajan de la madre y
se dispersan. Durante el primer estadio en el dorso de la madre, los alacranes juveniles no
se alimentan, en cambio, absorben la reserva de nutrientes con la que nacen y adquieren
agua a través de la madre y el ambiente himedo que se forma (la cuticula es permeable).
Dadas estas caracteristicas fisiologicas y la vulnerabilidad de los alacranes juveniles en el

primer estadio, es importante conocer si estdn heredando alguna bacteria 0 comunidad de
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bacterias que establezcan algun tipo de simbiosis basado en los beneficios funcionales que
el alacran pudiera adquirir de estas, como: proteccién contra patdgenos mediante la
produccion de antibidticos, produccion y metabolismo de nutrientes mediante la fijacion de
nitrogeno, degradacion de polimetros o produccion de vitaminas o aminoacidos, entre
otros.

En una primera aproximacion para establecer las bacterias presentes en los
primeros estadios de los alacranes y la comparacion de estas con las presentes en los
alacranes adultos, se realizaron dos librerias del gen 16S rRNA de dos individuos V.
smithi, uno en el primer estadio y otro en el segundo estadio (1 dia después de bajar del
dorso de la madre). En las dos librerias aproximadamente el 40% de los amplicones del
16S rRNA correspondian a un filotipo con una identidad del 99% a una secuencia de
Streptomyces sp. Otra secuencia presente en las dos muestras en alta abundancia
(aproximadamente 20% de las librerias), tiene una identidad del 99% con Brevibacterium
sp. J3. Estos dos filotipos en total componen aproximadamente el 60% en cada una de las
muestras, y los dos pertenecen al phylum Actinomycetales (Fig. 3). Resulta interesante que
los filotipos dominantes en los primeros dos estadios juveniles pertenezcan a los
Actinomycetales, ya que es ampliamente reconocido que este phylum de bacterias se
caracteriza por su capacidad de sintesis de compuestos antibioticos. En este caso, quizas se
estén seleccionando filotipos que confieran algln tipo de defensa a patdgenos dada la
inmadurez del sistema inmune y en general de los alacranes. Hasta el momento estos son
datos preliminares y un mayor muestreo en individuos y estadios seran necesarios para
determinar la composicion y posible funcion de la microbiota en etapas juveniles de los

alacranes.

Secuencia mas cercana en la base Figu ra 3.- Frecuencia
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1.4 Conclusiones
La especie de alacran tiene un mayor efecto en la composicién de la microbiota que

los diferentes tratamientos que se analizaron en este estudio.

El estado de privacion de alimento disminuye significativamente la diversidad
bacteriana en relacion con los otros dos tratamientos.

Se encontraron linajes bacterianos especificos de cada especie con identidades
bajas a las secuencias reportadas en la base de datos (en el proximo capitulo se
profundizara mas en el aspecto filogenético de estos).
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CAPITULO Il

Mycoplasma spp. y SG1 como posibles simbiontes de alacranes.

En el capitulo anterior, uno de los resultados més relevantes fue encontrar lo que al
parecer es un nuevo phylum de bacterias muy divergente a lo reportado en la literatura y en
las bases de datos al cual hemos denominado SG1. Este nuevo phylum tiene un sesgo a
encontrarse en la especie V.smithi, dado que el 95% de los especimenes estudiados sin
importar el grupo del tratamiento al que pertenecian, lo tenian, al contrario de lo que
sucedid en C. limpidus donde solo se encontrd en un individuo del total de analizados.

Otro resultado importante es haber encontrado dos secuencias que forman un nuevo
clado dentro del género Mycoplasma, las cuales por identidad de secuencia no solo podrian
ser un nuevo clado, si no un nuevo género de bacterias dentro de los Mollicutes. Este
nuevo grupo de bacterias, no solo resulta interesante por su posicién filogenética o lo
novedoso dentro de los micoplasmas, si no que al parecer cada integrante del clado es
especifico a cada especie de alacran. A partir de esta nueva idea estas secuencias adquieren
una gran importancia y abren nuevas preguntas como: a) De ser simbiontes de los
alacranes ¢Que funcion podrian estar cumpliendo estas bacterias? b) ¢En que parte del
intestino estan localizadas? c¢) ¢Podrian ser bacterias intracelulares? y d) El hecho de que
de las especies analizadas, cada una tenga su propio Mycoplasma sp., ¢Se podria extrapolar
a otras especies de alacranes y que exista algun efecto de coespeciacion ancestral?

A continuacion se describen los resultados de los analisis filogenéticos de estos
OTUs divergentes.

2.1 Andlisis filogenéticos de los nuevos linajes relacionados al phylum Tenericutes
asociados a alacranes

Se realizaron reconstrucciones filogenéticas basadas en el gen 16S rRNA

determinar la posicion de los nuevos linajes dentro del phylum Tenericutes y en el dominio
de las bacterias (anexo 1, figura 3a 'y 3b).

En lo que respecta a la posicion filogenética de estos nuevos linajes dentro de los
Tenericutes, SG1 es posicionado como un clado hermano del grupo Pneumoniae de los
micoplasmas. Sin embargo, es importante considerar que este filotipo se encuentra en una
rama larga con bajo soporte de bootstrap, lo cual indica una alta divergencia o evolucion
acelerada con respecto a los demas grupos del phylum por lo que se necesita una

aproximacion con secuencias mas lejanas para determinar si este fendmeno es real o podria
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ser una fendmeno de atraccion por rama larga.

Por otro lado, los micoplasmas especie especificos MCIl y MVs son posicionados
como un clado hermano al grupo Hominis de los micoplasmas. El soporte de la
divergencia de este clado es alta (>60) y es clara la posicion como linajes diferentes en un
mismo clado dentro de los Tenericutes.

Con la intencion de explorar la posicion filogenética de SG1 en relacion a otros
phyla y determinar si se agrupa con los Tenericutes o como un phylum nuevo, se realizé la
reconstruccion filogenética de estos linajes nuevos en el contexto del dominio de las
bacterias. Esta reconstrucciéon dio como resultado el posicionamiento de SG1 como una
rama basal del phylum Tenericutes y de igual forma que en la anterior reconstruccion este
filotipo se caracteriza por formar una rama larga. Dada la divergencia y la nula existencia
de secuencias con mayor parentesco a este filotipo resulta impreciso determinar si SG1
esta formando un nuevo phylum o pertenece a los Tenericutes.

Dentro de la historia evolutiva de los Tenericutes se profundizara mas en el
proximo subindice en el fendmeno de los grandes intervalos de identidad de los genes 16S
rRNA que rompen con los promedios generales calculados para bacterias que establecen
umbrales de identidad para determinar especies, géneros o phyla basados en estos

marcadores.

2.2 Revision de los genomas secuenciados del género Spiroplasma
En los ultimos afios el avance en las tecnologias de secuenciacion masiva de &cidos

nucleicos ha permitido tener un mayor conocimiento de bacterias endosimbiontes no
cultivables o que son extremadamente dificiles de cultivar dada su dependencia casi total
del hospedero. El analisis de los genomas de estas, ha permitido proponer funciones,
conocer de manera mas profunda las bases de las relaciones simbidticas que se establecen
y proponer posibles origenes evolutivos de estas. Dentro de los géneros que han despertado
mayor interés en los insectos dada la gran gama de relaciones simbidticas que establecen,
los spiroplasmas han sido poco estudiados desde el punto de vista gendmico. No fue hasta
el 2010 que se realiz6 el primer “draft” de un genoma de spiroplasma, Spiroplasma citri. A
partir de esa fecha tan solo 10 genomas mas se han secuenciado.

Dado que la secuencia més cercana en las bases de datos con respecto a SG1 fue un
Spiroplasma, se decidio realizar una revision sobre las relaciones simbioticas artropodo-
Spiroplasma en el contexto del conocimiento generado a partir de los primeros genomas
secuenciados de este género de bacterias (Anexo 2).
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Un punto importante que se encontrd en esta revision y que afecta de manera
directa la interpretacion de nuestras reconstrucciones filogenéticas, es el hecho de que los
spiroplasmas no satisfacen los umbrales establecidos para determinar los cortes entre
niveles taxonémicos (especie, geéero, phylum, etc.). El intervalo de identidades entre
especies de este género de bacterias es desde el 91% hasta el 99.9%, cuando el umbral
propuesto para considerar a los filotipos de la misma especie es del 97%. Lo mismo pasa a
nivel gendmico con los calculos de ANIs y DDHHs. Esto sugiere que los diferentes linajes
de Spiroplasma han divergido mucho entre ellos a nivel de secuencias genémicas, pero
conservando las caracteristicas bioquimicas comunes al género. Por lo tanto, dados los
valores de identidad de los nuevos filotipos encontrados (en especial SG1), es aln mas
complicado entender su posicién evolutiva y taxonémica con respecto a las secuencias

relativamente cercanas.

2.3 Conclusiones
Nuevos linajes especie-especificos se encontraron formando parte de la comunidad

de bacterias intestinales de los alacranes. Estos linajes estan relacionados con el phylum
Tenericutes. Claramente dos filotipos MCI y MVs estdn formando un clado hermano el
grupo Hominis de los micoplasmas.

SG1, cuya presencia esta sesgada completamente a los alacranes de la especie V.
smithi, forma una rama larga cuya posicion en el &rbol del dominio bacteriano parece que
es un grupo basal de los Tenericutes. Sin embargo al solo tener el gen 16S rRNA no
podemos establecer una filogenia con un mayor soporte de este filotipo altamente
divergente a las secuencias descritas en las bases de datos.
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CAPITULO llI

Prediccion metagendmica basada en los resultados de las librerias de 16S rRNA.

3.1 Introduccion y fundamento de las predicciones funcionales
Hacer perfiles de comunidades bacterianas con base en el gen 16S rRNA es una

técnica que se ha usado exhaustivamente y ha sido clave para la descripcion de nuevos
linajes bacterianos que no se han logrado cultivar en el laboratorio. Sin embargo la
informacion que se obtiene de estos estudios se limitaba a conocer la composicion
taxondmica de la comunidad.

A partir del auge de la secuenciacion masiva de acidos nucleicos, una nueva forma
de estudiar las comunidades microbianas fue el uso de la metagenémica, la cual tiene como
objetivo hacer un muestreo amplio de todo el ADN de una muestra compuesta de varios
organismos para poder tener acceso a las capacidades funcionales de los diferentes
filotipos y no solo de la composicion de la comunidad basada en un gen marcador. Sin
embargo al estudiar las comunidades mediante esta aproximacion no cultivable se tienen
dos grandes retos: la complejidad de las muestras y la poca representacion de datos
genomicos comparables de filotipos nuevos.

En lo que respecta a las muestras complejas, podemos establecer que mientras
mayor diversidad de filotipos tengamos va a ser mas compleja la muestra. Mientras mas
compleja sea una muestra tendremos una mayor cantidad de genomas diferentes y se
necesitara una cobertera de secuenciacion alta, lo cual incrementa los costos y el poder de
computo necesario para obtener buenos ensambles y por lo tanto una buena aproximacion
a las funciones. No solo la cantidad de filotipos es una fuente de complejidad, también el
como estan distribuidas las proporciones de abundancia de estos filotipos en una
comunidad, si se tiene una diferencia muy alta entre las proporciones de organismos muy
abundantes y no abundantes, necesitariamos tener una cobertura exponencialmente alta
para poder aproximarnos a determinar las funciones de estos grupos minoritarios.

Desde el punto de vista de la bioinformatica, el reto consiste en hacer ensambles de
novo, esto quiere decir sin ninguna referencia. En una analogia sencilla es como si
quisiéramos armar varios rompecabezas en los que se tienen las fichas mezcladas sin tener
como marco de referencia las iméagenes de estos armados. Por lo tanto mientras méas

genomas haya secuenciados de organismos filogenéticamente muy cercanos a los que
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componen la comunidad se podran separar mejor las piezas que los componen y serd mas
facil ensamblarlos.

Dados estos retos, en los dltimos afios se han hecho varios intentos de desarrollar
un sistema de prediccion de funciones con base en el marcador 16S rRNA y en la
abundancia de genomas filogenéticamente cercanos a estos genes marcadores. Langille et.
al. en el afio 2013 desarrollaron un método en el que se aprovecha la gran cantidad de
genomas secuenciados en los dltimos afios. Este método se materializo en una tuberia de
algoritmos bioinformaticos (Anexo 1 materiales y Métodos) cuyo componente principal es
el programa PICRUST (Langille et al., 2013) que hace una reconstruccion del ancestro
comun de los genomas cercanos a el gen 16S rRNA y por métodos de inferencia se calcula
la probabilidad de que cierto gen se encuentre en el organismo del que provino ese 16S
rRNA.

Este método puede darnos una aproximacion para superar al primer reto en cuanto
a la complejidad de la muestra. Sin embargo, el segundo reto de comparacion
bioinformatica con genomas ya secuenciados no se aborda desde esta perspectiva. Si
tomamos en cuenta la posicion filogenética de algun 16S rRNA en el que no haya genomas
secuenciados cercanos, este organismo no se considera en la prediccion. Por otra parte, es
interesante destacar que mientras mas genomas secuenciados cercanos tengamos a los
organismos de donde provienen los genes marcadores, se tendrd un mayor soporte en la
probabilidad de que cierta funcion este presente o no.

A manera de tener una primera aproximacion a las funciones de las comunidades
bacterianas y como varian estas en los diferentes tratamientos, realizamos una prediccion
con la “tuberia” desarrollada por Langille et al. A continuacion se muestra el resumen de
resultados obtenidos. Las Alpha y Gamma proteobacterias componen el 95.5% de los
ORFs bacterianos de V. smithi. Y dentro de las funciones mas abundantes el metabolismo
de aminoacidos y carbohidratos componen el 24.5 % de las asignaciones.

3.2.1 Resultados: Existencia de un grupo comun y abundante de funciones
metabdlicas
Se definié6 un grupo de funciones comunes y que estaban abundantemente

representadas en los 6 grupos. (Fig. 4a anexo 1). 41 vias metabolicas cumplieron la
abundancia y presencia en los 6 grupos, dentro de estas se encuentras vias relacionadas con
la sintesis y degradacion de vitaminas, carbohidratos y aminoacidos. Ademas, otras vias
presentes estan relacionadas con la fijacion de carbono, biosintesis de estreptomicina y
degradacion de cloroalquenos.
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Estas funciones, serian potencialmente la contribucion de las bacterias a la

comunidad y al hospedero.

3.2.2 Resultados: Abundancia significativa de vias metabdlicas de degradacion de
compuestos toxicos en los alacranes C.limpidus recién capturados.
Por otro lado, se determinaron las funciones cuya abundancia es significativamente

diferente entre los 6 grupos (Fig. 4b anexo 1). Sobre las predicciones se realizd una prueba
no paramétrica de suma de rangos de Wilcoxon seguido de un andlisis de discriminacion
lineal. Dentro de las diferencias por cada grupo que se trato, es notable la cantidad de vias
metabdlicas relacionadas con la degradacién de compuestos toxicos en C. limpidus
provenientes de la colecta peridoméstica (recientemente capturados). Entre este conjunto
de vias se encuentran aquellas en las que se degradan limoneno, pineno, bisfenol,
naftaleno, DDT e hidrocarburos arométicos policiclicos. De manera interesante en este
grupo de C. limpidus se encontré diferencialmente abundante la biosintesis de hormonas
esteroides.

Este sesgo de abundancia de funciones hacia el grupo de los alacranes C. limpidus
de la colecta peridoméstica, realza una posible diferencia entre la biologia de las dos
especies de alacran, en la que V. smithi podria no ser tan susceptible a estos compuestos
toxicos por tener ciertas capacidades metabdlicas propias que C. limpidus no tiene y por lo
tanto se seleccionan bacterias en el tracto digestivo que tengas estas capacidades de

degradacion.

3.3 Conclusiones
Mediante predicciones de las capacidades funcionales de las comunidades

previamente descritas por el gen 16S rRNA, se analizaron las vias metabolicas
comunmente abundantes en los 6 grupos de alacranes y aquellas que tenian una abundancia
diferencialmente significativa entre los grupos. Se encontré que existe un grupo de
funciones comunes relacionadas a la sintesis y degradacion de vitaminas, carbohidratos y
aminoacidos.

Por otro lado se encontr6 que en C. limpidus de la colecta peridoméstica existe una
abundancia significativamente mayor en vias metabdlicas relacionadas a la degradacion de
compuestos toxicos.

Estos resultado a partir de las predicciones es una aproximacion para entender el
potencial metabolico de las comunidades bacterianas y como se ve afectada por la
variacion taxondmica, dada por el gen 16S rRNA, entre los diferentes grupos.
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CAPITULO IV

Secuenciacion y analisis metagendmico del intestino de alacranes C. limpidus y V.
smithi en estado de privacion de alimento.

4.1 Andlisis del metagenoma del intestino de los alacranes

Se realiz6 el metagenoma de individuos deprivados de alimento de las dos especies
con dos plataformas de secuenciacion 454 GS FLX Titanium e lllumina HiSeq 1000 72x72
ambos con lecturas pareadas.

La secuenciacion se realizd con 3 objetivos principales: acceder al potencial
funcional de la comunidad de los alacranes en estado de privacion de alimento, comparar
los resultados de las predicciones con la secuenciacion y obtener la mayor cantidad posible
de secuencias que pudieran pertenecer a los nuevos linajes descritos por el gen 16S rRNA.
En cuanto al dltimo punto, cabe resaltar que es en el estado de privacion de alimento donde
hay una abundancia relativa mayor de los nuevos linajes, al parecer estos se enriquecen en
las muestras al disminuir la cantidad de otros filotipos.

Los resultados de la secuenciacion se encuentran en Materiales y Métodos del
Anexo 1. Se generaron ensambles independientes para cada plataforma de secuenciacion y
solo se tomo el set de contigs bacterianos de las dos muestras para el analisis.

Para V. smithi se obtuvieron 9,048 marcos de lectura abierta (ORFs) de origen
bacteriano, en contraste para C. limpidus solo 28. Este primer resultado, sugiere una
cantidad de células bacterianas significativamente menor en C. limpidus que en V.smith en
el tratamiento de privacion de alimento. (Fig. S3 Anexol)

Dada esta gran diferencia de genes, no se pudo hacer una comparacion entre ellos y
solo se usd el set de V. smithi para los siguientes analisis.

El set de contigs bacterianos de V. smithi estd dominado por Alpha y Gamma
proteobacterias. Y las funciones dominantes son el metabolismo de aminoacidos y
carbohidratos, donde el 24.5% de los ORFs predichos caen en estas categorias.

4.2 Comparacion de los metagenomas con las predicciones basadas en las librerias de
16S rRNA

Se comparé la abundancia de las funciones del metagenoma de V. smithi con las

predicciones (Fig. 4a anexol). De las 41 categorias metabdlicas conservadas que
definimos como comun en los 6 grupos, el patrén de estas funciones en el metagenoma de

V. smithi se asemejaba mucho a las predicciones, no hubo diferencias significativas en las
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abundancias y solo 2 de las categorias no alcanzaron el umbral impuesto para pertenecer a
este grupo: degradacion de lisina y transportadores ABC.

Se agrego la informacion del metagenoma al set de datos para comparar si habia
alguna diferencia significativa en cuanto a la abundancia de alguna funcion en este con
respecto a las 6 predicciones, sin embargo no existio ninguna categoria significativamente

mas abundante.

4.3. Microscopia de homogenizados del intestino de alacran muestra una cantidad
significativamente menor de bacterias en C. limpidus que en V. smithi.

Finalmente, con el fin de comprobar si la diferencia en la cantidad de contigs

bacterianos en los ensambles metagendémicos era un fendmeno real de menor abundancia
bacteriana y no algun artefacto de la secuenciacién o ensamble; se realiz6 un conteo de
células bacterianas de homogenizados de intestino de las dos especies de alacran por medio
de microscopia confocal (Fig. 5 anexo 1).

Los resultados muestran una cantidad significativamente menor en las 3 muestras
de C. limpidus comparadas con las de V. smithi. Inclusive si se extrapola la cantidad de
bacterias por tejido, el conteo de bacterias es casi un orden de magnitud menor en C.

limpidus.

4.4 Conclusiones
Hay menor cantidad de bacterias en el intestino de C. limpidus en relacion con V.

smithi. Por lo que para obtener una buena muestra representativa de las funciones en C.
limpidus se tendria que hacer una secuenciacion de mayor cobertura o buscar otros
métodos que no sea la secuenciacion de la muestra compleja (con DNA del hospedero).
Las predicciones funcionales correlacionaron ampliamente con lo que se obtuvo de la
secuenciacion metagendmica de V. smithi. Es importante destacar que por la poca
cobertura bacteriana en C. limpidus no se pudo hacer esta comparacion con las
predicciones.
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DISCUSION

Los alacranes han sido objeto de estudio por varias razones como: las diversas
caracteristicas fisiologicas que sobresalen de la mayoria de artropodos, los pocos cambios
morfoldgicos que han tenido desde su origen como colonizadores terrestres o el potencial
biotecnoldgico de los diferentes péptidos que componen su veneno. Sin embargo, hasta el
momento no habia estudios sobre posibles simbiontes bacterianos en los alacranes. Dados
los beneficios que se pueden adquirir de establecer relaciones simbidticas con otros
organismos, es importante conocer si los alacranes han debido algo de su éxito evolutivo a
organismos simbiontes.

La mayoria de los estudios de la microbiota intestinal de artropodos se han dirigido
a la clase de insectos. S6lo unos pocos estudios han comenzado a dilucidar la composicién
y las propiedades funcionales de la microbiota intestinal de los aracnidos (Narasimhan et
al., 2014).

En este estudio analizamos como varia la microbiota intestinal de los alacranes en 3
diferentes tratamientos alimenticios. Se encontré que la diversidad individual es baja, de 1
a 9 filotipos. Esta diversidad bacteriana relativamente baja se ha observado anteriormente
en otras comunidades microbianas del intestino de artrépodos (Koch & Schmid-Hempel,
2011), con la excepcidn de algunas termitas (Warnecke et al., 2007). Del total de OTUs
encontrado en las bibliotecas de clonas, casi el 60% pertenecia a un par de clases dentro de
las proteobacterias. Esta dominancia de las proteobacterias en la microbiota intestinal es
extendida en los artropodos (Engel & Moran, 2013). Ademas, se encontraron secuencias
relacionadas a los Tenericutes en la mayoria de los alacranes estudiados. Estas secuencias
del gen 16S rRNA tienen una muy baja identidad con cualquier otra reportada en las bases
de datos y una podria representar un nuevo phylum de bacterias. EIl hallazgo de estos
linajes bacterianos novedosos en solo dos especies de alacranes garantiza méas estudios
para develar mas de la probable diversidad bacteriana que se encuentre en la microbiota
intestinal de otras especies de alacranes. Ademas, se necesita una caracterizacion mas
completa de esta nueva diversidad bacteriana mediante la secuenciacién de sus genomas y
pruebas bioquimicas de posibles aislados en medios de cultivo.

La privacion de alimentos causd una reduccion significativa en la diversidad

bacteriana en el intestino de ambas especies de escorpion. Esto no era completamente
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inesperado, ya que se ha demostrado previamente que, en otros artropodos, la condicion de
privacion de alimento reduce la diversidad bacteriana intestinal (Dillon et al., 2010). Por
otro lado, este tratamiento produjo el enriquecimiento de algunos taxones. Por ejemplo,
hemos observado un aumento proporcional de las secuencias tipo Mycoplasma en ambas
especies. Creemos que este efecto puede ser debido a una reduccién en el nimero de
bacterias transitorias y la persistencia de los micoplasmas bajo condiciones de estrés.

Las predicciones funcionales bacterianas muestran un considerable nimero de vias
principalmente relacionados al metabolismo de amino&cidos, carbohidratos y vitaminas.
Sin embargo, encontramos una abundancia diferencial en los diferentes grupos de
tratamiento. Las vias metabdlicas para la degradacion de compuestos tdxicos fueron mas
abundantes en C. limpidus recientemente capturados, lo que sugiere que esto podria ser una
funcion importante de la microbiota en el entorno natural de esta especie. Se sabe que
algunos compuestos como los terpenoides son tdxicos para algunos insectos (Tripathi et
al., 2003). Las plantas producen terpenoides tales como limoneno y pineno. Estos estan
involucrados en repeler plagas y patdgenos de insectos; ademas, son atractores de insectos
para el control herbivoro, la polinizacién y dispersion de semillas (Rodriguez et al., 2011;
Pontin et al., 2015). Otras sustancias como el benzoato y naftaleno, y algunos
hidrocarburos aromaticos policiclicos también estan presentes en las plantas y tienen
propiedades similares (Dudareva et al., 2004; Wall et al., 2013;. Piskorski et al., 2011).
Asi que esperamos que muchos insectos que se alimentan de plantas pueden albergar estos
compuestos tdxicos; y como los alacranes se alimentan de estos insectos, puede ser que se
estén seleccionando las bacterias que son capaces de degradar estos compuestos. En lineas
con nuestros hallazgos, se ha demostrado que la microbiota intestinal ayuda a degradar
estos compuestos (Adams et al., 2011). El abuso y el uso excesivo de insecticidas
distribuidos en el medio ambiente pueden conducir también a la seleccion de bacterias
capaces de degradar estos compuestos toxicos en C. limpidus escorpiones. El hecho de ser
significativamente mas abundantes estas vias en C. limpidus que en V.smithi, sugiere que
los alacranes V. smithi podrian contar con genes propios que tuvieran funciones de
detoxificacion.

La disminucion de la cantidad de bacterias en alacranes C. limpidus privados de
alimento podria ser una estrategia para conservar energia y nutrientes, ademas de bajar las
tasas metabdlicas en periodos largos de privacion de alimento. Hemos observado que los
alacranes C. limpidus son méas propensos a morir en este estado de privacion de alimento.

Ademas los alacranes C. limpidus son menos activos en esta condicion de privacion de
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alimento, por lo tanto parecen ser menos tolerantes a estos periodos de inanicion y esto
afecta negativamente a su microbiota.

En general, nuestro estudio proporciona una caracterizacion inicial de la microbiota
intestinal de escorpion que establece un punto de referencia para otros estudios sobre la
microbiota intestinal de los escorpiones y otras especies de aracnidos.

PERSPECTIVAS

A manera de perspectiva se ha propuesto secuenciar los genomas de los nuevos
linajes mediante técnicas de secuenciacion a partir de células individuales. En dado caso de
tener los genomas de estas bacterias, serd una herramienta fundamental para entender su
ecologia y evolucion.

Dado que los nuevos linajes bacterianos son especie especificos, se ha propuesto un
estudio de exploracion en otras especies y analizar como han radiado las bacterias en los
hospederos. Inclusive se ha propuesto que este muestreo se podria generalizar a otros
aracnidos. Teniendo los marcadores moleculares de bacterias y alacranes se podria hacer
un estudio filogenético para revisar si ha habido coespeciacion de estos nuevos linajes de
las bacterias con los alacranes e inclusive trazar perdidas, ganancias y el posible origen de

esta relacién simbidtica.
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Summary

Scorpions are considered ‘living fossils’ that have
conserved ancestral anatomical features and have
adapted to numerous habitats. However, their gut
microbiota diversity has not been studied. Here, we
characterized the gut microbiota of two scorpion
species, Vaejovis smithi and Centruroides limpidus.
Our results indicate that scorpion gut microbiota is
species-specific and that food deprivation reduces
bacterial diversity. 16S rRNA gene phylogenetic
analysis revealed novel bacterial lineages showing a
low level of sequence identity to any known bacteria.
Furthermore, these novel bacterial lineages were
each restricted to a different scorpion species. Addi-
tionally, our results of the predicted metagenomic
profiles revealed a core set of pathways that were
highly abundant in both species, and mostly related
to amino acid, carbohydrate, vitamin and cofactor
metabolism. Notably, the food-deprived V. smithi
shotgun metagenome matched almost completely the
metabolic features of the prediction. Finally, compari-
sons among predicted metagenomic profiles showed
that toxic compound degradation pathways were
more abundant in recently captured C. limpidus scor-
pions. This study gives a first insight into the scor-
pion gut microbiota and provides a reference for
future studies on the gut microbiota from other arach-
nid species.
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Introduction

Scorpions are among the oldest animals on Earth
(Dunlop, 2010) and are considered to be living fossils.
To date, over 2000 species of scorpions have been
described, and these colonize a worldwide range of habi-
tats (Prendini, 2011; Rein, 2012). Normally, scorpions
feed on insects, small vertebrates or other scorpions, and
are able to tolerate different stresses, such as food (Polis,
1990) and water deprivation (Hadley, 1970), and extreme
temperatures (Hadley, 1974). Scorpions are efficient
predators and have the ability to consume a large amount
of food in one meal (Polis, 1990). In nature, two important
aspects of scorpions feeding behaviour are the variability
in prey types and the inconstancy of the time intervals
between each feeding period.

In Mexico, there are more than 200 described species
(Gonzéalez-Santillan, 2001; Francke, 2014). Vaejovis
smithi (Pocock, 1902) and Centruroides limpidus (Karsch,
1879) scorpions are found in the state of Morelos, located
in South-Central Mexico, and have different geographical
distributions, with V. smithi occurring in more temperate
and higher areas. As far as their venoms are concerned,
that of C.limpidus is highly toxic with an LDs, of
1.72mgkg™? in mice (Padilla etal., 2003), whereas
V. smithi belongs to a non-neurotoxic genus (Rowe et al.,
2011).

Symbiotic bacteria are commonly found in arthropods
and affect reproduction (Werren etal., 2008; Sharon
et al., 2010), behaviour (Ridley et al., 2012), longevity and
immunity of their hosts (Guo etal.,, 2014). Therefore,
symbionts are recognized as key elements driving the
evolution and adaptation of arthropods (Klepzig et al.,
2009). Clearly, arthropod gut microbiota are involved in
many important and diverse physiological processes,
such as host peritrophic membrane integrity maintenance
(Narasimhan et al., 2014), polysaccharide degradation
(Brune and Ohkuma, 2011; Lee etal., 2014), nitrogen
fixation and recycling (Ohkuma, 2008; Morales-Jiménez
et al., 2013), toxin degradation (Kikuchi et al., 2012), and
protection against pathogens (Gonzalez-Ceron etal.,
2003; Dillon et al., 2005; Cirimotich et al., 2011). Remark-
ably, gut bacterial community composition in arthropods is
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Table 1. Statistical analysis of 16S rRNA gene clone libraries.

Vaejovis smithi

Centruroides limpidus

Recently Laboratory- Food- Recently Laboratory- Food-
captured fed deprived captured fed deprived
No. of individual libraries 7 6 5 6 5 5
Accession numbers KM978218- KM978244- KM978266- KM978281- KM978306- KM978325-
KM978243 KM978265 KM978280 KM978305 KM978324 KM978331
Statistics
Mean of clones per library 47.1+25.2 385177 39.4+154 38.8+17.7 35.4+9.86 39.4+6.7
No. of unique representative sequences 26 22 15 25 19 7
No. of OTUs? 18 15 1 20 16 4
Diversity index and measure
Chaol 53 37 29 375 355 7
Faith’s PD 1.40158 1.13899 0.89077 1.23759 1.34444 0.40619

a. OTUs were defined at 97% sequence identity.

influenced by the host diet (Huang et al., 2013), develop-
mental stage (Vasanthakumar et al., 2008; Wong et al.,
2011), geographical location (Corby-Harris et al., 2007;
Adams et al.,, 2010) and species (Schloss et al., 2006;
Tang et al., 2012; Wong et al., 2013).

To assess the gut microbiota of scorpions, we used a
culture-independent approach to analyse the taxonomic
diversity and metabolic capabilities from recently captured
V. smithi and C. limpidus specimens. Furthermore, we
compared these results to food-deprived and laboratory-
fed scorpions to better understand the dynamics of the
scorpion’s gut microbiota and to analyse the effects of
starvation and a homogeneous type of diet on it.

Results

Gut microbiota are species-specific and food deprivation
reduces bacterial diversity

To study the gut bacterial diversity from the scorpion
specimens, we created 16S rRNA libraries. First, a total of
34 libraries were constructed with 16S rRNA polymerase
chain reaction (PCR) products from individual guts of
both scorpion species under three different treatments:
recently captured, laboratory-fed and food-deprived. Out
of a total of 1365 clones categorized by amplified riboso-
mal DNA restriction analysis (ARDRA), 180 almost full-
length 16S rRNA genes (~ 1400 bp.) were sequenced.
We removed 16 chimeric, 10 low-quality sequences
and identical sequences from each library. Identical
sequences were considered for the clone count in further
analysis. The total set of 16S rRNA was composed of 114
sequences, and the source and characteristics of these
sequences are shown in Table 1. Using this dataset, we
defined 55 operational taxonomic units (OTUs) at a 0.03
distance. We used the Ribosomal Database Project to
classify these OTUs and found that 23.63%, 16.36% and
18.18% of the total OTUs corresponded to Alpha-, Beta-

and Gammaproteobacteria, respectively. Bacilli and
Clostridia (Firmicutes phylum) represented 12.72% and
7.27%, respectively, followed by Actinobacteria (12.72%),
Mollicutes (3.63%) and Spirochaetes (1.81%). Two OTUs
could not be classified: OTU4 with 90% identity to
Spiroplasma veloscicrescens and OTU1 with 79% identity
to Spiroplasma lampyridicola; we designated the latter as
Scorpion Group 1 (SG1).

Recently captured specimens from V.smithi and
C. limpidus had the most diverse microbiota with a total of
18 and 20 OTUs, respectively (Table 1). Pairwise com-
parisons between the Chaol diversity indexes showed
that microbiota from V. smithi laboratory-fed and food-
deprived scorpions were significantly less diverse than
that from the recently captured group (chi-square test,
P <0.05). In C.limpidus, bacteria from food-deprived
scorpions were significantly less diverse than bacteria
from laboratory-fed and the recently captured scorpions
(chi-square test, P < 0.05), while the comparison of bac-
teria from laboratory-fed and recently captured scorpions
was not statistically significant (chi-square test,
P =0.842). To further understand the bacterial diversity,
we calculated the Faith’s phylogenetic diversity (i.e. the
sum of all the branches on a phylogenetic tree of a group
of organisms) for the six groups (Table 1). Food-deprived
scorpions of both species had lower measures relative
to the other groups, with food-deprived C. limpidus being
the lowest of the six groups (0.4062). The remaining
four groups (laboratory-fed and recently captured of
both species) had relatively similar measures with no
statistical difference between them (chi-square test,
P-value = 0.9985). Rarefaction curves showed great vari-
ance in the number of OTUs present among treatments
independently of how deeply the library was sampled.
However, in food-deprived individuals, the maximum
numbers of phylotypes were four and two in V. smithi and
C. limpidus, respectively (Fig. S1). Taken together, these
results imply that, for both species, the recently captured

© 2015 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology



and laboratory-fed specimens had a more diverse
microbiota. A possible explanation is that transient
gut bacteria might have been eliminated under food
deprivation.

We analysed the number of OTUs that are shared
between the two species, regardless of the treatment. Of
the 55 total OTUs, only eight were shared between both
scorpion species. Six and seven OTUs were found in
more than one treatment in C. limpidus and V. smithi,
respectively. Evidently, this indicates that there is a great
bacterial variation among species and among treatments.
However, SG1 (related to the phylum Tenericutes) was
found in 94.4% of the V. smithi scorpions regardless of the
treatment. Clearly, the presence of this sequence is not
affected by the treatment, and its absence in C. limpidus
could suggest a strong association with V. smithi. Two
other widely distributed OTUs were also related to the
Mollicutes class. OTU2, here referred to as Mycoplasma-
like from V.smithi (MVs), was present in 14% of the
recently captured individuals, 16% of laboratory-fed
specimens and 80% of food-deprived V. smithi scorpions.
OTU3, here referred to as Mycoplasma-like from C.
limpidus (MCI), was present in 50% of the recently cap-
tured specimens, 20% of laboratory-fed individuals, 80%
of food-deprived C. limpidus scorpions and in one speci-
men of V. smithi that was recently captured. The MV and
MCI sequences have an identity of 93.5% between them.
The identity to the closest match in the National Center
for Biotechnology Information non-redundant database
was 89% and 88% to Mycoplasma hyorhinis GDL-1 for
MVs and MCI, respectively. Seemingly, each species
of scorpion has its own Mycoplasma-like lineage that
persists across the treatments and even when scorpions
are food-deprived (Fig.1). Other frequently observed
OTUs, present in more than one treatment group,
are those related to Streptococcus, Methylobacterium,
Agrobacterium, Stenotrophomonas, Pseudomonas and
Ochrobactrum. Notably, all of them have been reported to
colonize the intestinal tracts of many arthropods
(Vasanthakumar et al., 2008; Geib et al., 2009; Shelomi
etal., 2013).

We evaluated which of the two factors (scorpion
species or diet treatment) has the major influence on the
bacterial composition of the gut microbiota. Hierarchical
clustering of the OTUs revealed that scorpion species is
the main factor that divides the groups, followed by diet
treatment (Fig. 1). Weighted and unweighted principal
coordinate analysis (PCoA), based on UNIFRAC distances
also show that samples are clustered preferentially by
scorpion species (Fig. 2A). Principal coordinate analysis
in which samples were tagged by treatment did not create
a distinctive clustering pattern of recently captured,
laboratory-fed or food-deprived scorpions (Fig. 2B).
These results indicate that scorpion species explains
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most of the variation, and this is more influential than diet
treatment in determining gut bacterial composition,
although food deprivation reduces bacterial diversity.

Phylogenetic analysis reveals novel bacterial lineages

To gain further information on SG1 and the other previ-
ously unreported OTUs, we used segmatch from the
Ribosomal Database Project and BLAST searches against
Greengenes database to classify the novel bacterial
sequences that would correspond to SG1, Mycoplasma-
like sequences and OTU4. The 16S rRNA of these novel
lineages showed low levels of sequence identity to
any other known bacteria in public databases and a
distant relationship with the Mycoplasmatales and the
Entomoplasmatales orders in Tenericutes phylum. There-
fore, we conducted a phylogenetic analysis using type
strain sequences of the 16S rRNA gene from the
main taxa of the Tenericutes along with the novel
sequences (Fig. 3A). SG1 is placed as a sister clade of
the Pneumoniae group on a rather long branch that pre-
cludes a finer phylogenetic affiliation. The scorpion
species-specific Mycoplasma-like MCI and MVs were
placed as a new sister clade to the Hominis group, while
OTU4 seems to have a common origin and diverged from
them. MCI and MVs were well differentiated from one
another and even more so from OTUA4. Finally, in order to
determine if SG1 represents a new bacterial phylum or
just a basal member of the Tenericutes, we constructed a
16S rRNA gene phylogenetic tree of bacteria with avail-
able sequences from 54 bacterial phyla (including MCI,
MVs, and SG1) and using archaeal sequences as an
outgroup (Fig. 3B). Regardless of the high sequence
divergence of the SG1, 16S rRNA phylogeny placed SG1
as a basal long branch in the Tenericutes phylum and not
as an isolated branch representing a new phylum. The
placement as a new basal long branch in the Tenericutes
phylum tree and the sequence divergence supports the
consideration of SG1 as a new bacterial lineage. Regard-
ing the phylogenetic placement of the Mycoplasma-like
sequences, they form a subclade within Tenericutes, rep-
resenting a new lineage in this phylum. In summary, our
phylogenetic analysis clearly demonstrates the presence
of previously not described bacterial diversity within our
dataset.

Conservation of functional capabilities and
overrepresentation of toxic compound degradation
pathways in recently captured C. limpidus scorpions

We carried out a functional analysis to test whether the
microbial composition of each treatment group provided
different metabolic capabilities to the scorpions. Notably,
over the last years, there have been attempts to predict

© 2015 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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Fig. 1. Relative abundance heat map for the operational taxonomic units (OTUs) across treatment groups from both scorpion species. The
range of colours indicates the OTUS' relative abundance for each group: from light blue (presence in 0% of specimens) to dark blue (presence
in 100% of specimens). The 55 OTUs phylogenetic tree (RAXML 100 bootstrap replicates) is shown on the left hand side; the tip of the
branches indicates the name of the closest sequence in the database and their identity. Euclidian distance clustering dendrogram is shown on
top of the graph. Cl, C. limpidus; Vs, V. smithi; RC, recently captured; LF, laboratory-fed; FD, food-deprived.

the genomic diversity based on the ribosomal diversity
(Zaneveld et al., 2010). For instance, Langille and col-
leagues recently developed PICRUST, a method to predict
functional profiles from 16S rRNA sequences (Langille
et al., 2013). We used this approach and extrapolated the
presence of gene content and metabolic pathways from
the genomes sequences of related taxa based on the 16S
clone library analysis (see Experimental procedures).
The PICRUST programme was used to calculate KEGG
orthologue gene abundance by a hidden state prediction
algorithm based on the phylogenetic position of the 16S
rRNA gene and the available sequenced genomes in the
clade. The whole dataset takes into account the abun-

dance of clones of the treatment groups. It is important to
highlight that sequences that did not fall in any OTU
referenced in the Greengenes database with at least 97%
identity were excluded from the prediction; therefore SG1,
OTU4, MCI and MVs were not included. Comparison of
the predicted gut microbiome of recently captured, food-
deprived and laboratory-fed scorpions showed no signifi-
cant differences at the gene metabolic categorization
(Fig. S2A and B); this was true for both scorpion species.
The more abundant functional gene categories across the
different treatments in both scorpion species were mem-
brane transport, amino acid metabolism and carbohydrate
metabolism.

© 2015 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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Fig. 2. Principal coordinate analysis of the 16S rRNA gene clone libraries. The ordination was constructed using weighted and unweighted
UNIFRAC distances. Only the first two principal components are shown. Samples tagged for scorpion species (left panels): clone libraries from
C. limpidus are shown in red squares and those from V. smithi in blue circles. Samples tagged for treatment group (right panels): recently
captured group in red squares, laboratory-fed group in blue triangles and food-deprived group in green circles: (A) unweighted PCoA; (B)

weighted PCoA.

The abundance of the orthologous gene families was
used to reconstruct whole pathways using the MinPath
approach (Ye and Doak, 2009) implemented in HUMANN
(Abubucker et al., 2012). We define the core cluster of
pathways from scorpion gut microbiota prediction profiles
as follows: we considered a pathway to be a core pathway
when its relative abundance was over 0.01 and was
present in the six groups. Forty-one metabolic pathways

were considered as core and mainly composed of path-
ways related to amino acid, carbohydrate, vitamin and
cofactor metabolism (which together accounted approxi-
mately for 68% of core pathways). Among the remaining
pathways, we found functions such as chloroalkane and
chloroalkene degradation for detoxification, streptomycin
biosynthesis, terpenoid backbone biosynthesis, and
carbon fixation in prokaryotes (Fig. 4A).
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Fig. 3. Maximum likelihood phylogeny of the 16S rRNA gene sequences. Phylogenetic trees define the position of the novel lineages in the
Tenericutes phylum and the bacteria domain.

A. Phylogenetic tree of the Tenericutes phylum constructed with 171 different species and the new lineages found in the scorpions. SG1
forms a long branch and shares a common ancestor with the pneumoniae group. MCI and MVs form a new sister clade to the Hominis group.
Streptococcus pneumoniae and Bacillus subtilis were used as outgroups.

B. Phylogenetic tree of bacteria with three to five representative sequences for each phylum rooted with five archaeal sequences. The filled
circle indicates the origin of the Tenericutes phylum. The star denotes the SG1 group, which forms a basal long branch of the Tenericutes
phylum. MCI, MVs and OTU4 form the scorpion Mycoplasma-like clade (a pentagon) within the Tenericutes phylum.
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Fig. 4. Relative abundance heat map for the core pathways across treatments groups of both species. The range of colours indicates the
average pathway relative abundance for each group: from light yellow (0.01) to dark red (0.022).

A. Set of pathways determined as the core cluster of metabolic pathways present in all the groups with a relative abundance greater than
0.01. The heat map is divided between predictions (left) and the shotgun metagenome from food-deprived scorpions (right). White colour
(blank space) indicates that the pathway has a relative abundance below 0.01.

B. Linear discriminant analysis (LDA) of the pathways’ relative abundance between diet-species groups. Degradation of toxic compounds such
as bisphenol, limonene, pinene, naphthalene, dichlorodiphenyltrichloroethane and polycyclic aromatic hydrocarbons were more abundant in
the recently captured C. limpidus scorpions. Only pathway categories meeting an LDA significant threshold of 2.0 are shown.

To determine which metabolic pathways are signifi-
cantly more abundant under each treatment and species,
we applied a non-parametric Wilcoxon sum-rank test,
followed by a linear discriminant analysis (LDA) to
assess the effect size of each of the differentially abun-
dant pathway with the LEfSe programme (Segata et al.,
2011). Comparisons between the metabolic pathway pro-
files of the six groups revealed that some degradation
pathways for toxic compounds (bisphenol, limonene,
pinene, naphthalene, dichlorodiphenyltrichloroethane and

polycyclic aromatic hydrocarbons) and steroid hormone
biosynthesis were more abundant in the recently captured
group of C. limpidus scorpions compared with the other
groups (Fig. 4B). The carbon fixation pathways not only
were among the most abundant in all groups (present in
the core pathways), but also were overrepresented in the
laboratory-fed C. limpidus.

We did not find significant differences in gut bacterial
metabolic functions between groups as far as the func-
tional classification at gene level is concerned. However,
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Fig. 5. Total bacteria quantification in food-deprived scorpions counted with confocal microscopy. (A) Total bacteria per field in each scorpion
gut tissue. Three samples of each species were quantified. (B) Comparison between V. smithi and C. limpidus food-deprived groups. The
average of the total counts (average of the fields) from the three samples is plotted. C. limpidus specimens have significantly reduced bacterial
cell counts. Error bars represent standard deviations. Cl, C. limpidus; Vs, V. smithi.

at a pathway level, the presence of overrepresented path-
ways was biased to the C. limpidus species. The differ-
ence in the bacterial composition between scorpion
species resulted in significant differential abundance of
some pathways related to toxic compound degradation,
hormone biosynthesis and carbon fixation. The defined
core cluster of pathways was enriched in amino acid,
carbohydrate, vitamin and cofactor metabolism, suggest-
ing that these functions are conserved features in the
gut microbiota regardless of species or treatment. Among
the latter capabilities, the category of synthesis and
degradation of ketone bodies is overrepresented in
the core cluster. These results imply that although
species and treatment influence the bacterial taxonomic
composition, some gut microbiota functional capabilities
are conserved. Nevertheless, species and treatment
affect some traits, like enrichment of toxic compound deg-
radation pathways in the recently captured C. limpidus
scorpions.

Shotgun metagenomic sequencing of food-deprived
scorpions and the dominance of Proteobacteria in the
V. smithi microbiome

In order to infer and compare the gut microbiomes
from both scorpion species in a food-deprived state
and to validate the functional prediction, whole shotgun
metagenomic sequencing was performed. Independent

assemblies of data generated by 454 GS FLX Titanium
and Illumina technologies together yielded 12 138 contigs
for V.smithi (N50=1553) and 12042 contigs for
C. limpidus (N50 =513). Both sets of contigs were
restricted to have a minimal length of 250 bp. Gene
predictions on the contigs estimated 18 009 open reading
frames (ORFs) for V.smithi and 11803 ORFs for
C. limpidus. We obtained a similar number of contigs for
both species, although N50 and ORF predictions indi-
cated that C. limpidus dataset was underrepresented.
Then, in order to focus exclusively on bacterial gene con-
tents, we conducted BLASTP searches (of the predicted
ORFs in MEGAN taxonomic classifier) and discarded all the
ORFs that had a match with eukaryotic sequences. We
kept 9048 predicted bacterial ORFs for V. smithi and only
28 for C. limpidus (Fig. S3A); therefore, there were much
fewer bacterial reads in C. limpidus than in V. smithi
metagenomes from the food-deprived samples. This
might suggest that there were fewer bacteria in
C. limpidus guts. To corroborate this, we quantified the
bacterial cells from those samples via confocal micros-
copy. Notably, there were considerably less bacterial
cells inside the guts from C.limpidus than
in V. smithi food-deprived scorpions (chi-square test,
P-value < 2.2e-16, the difference is almost one order of
magnitude Fig. 5B). Of note, we found homogeneous
bacterial load within the different individuals of each
species (Fig. 5A). Thus, the low number of bacterial reads
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detected in C. limpidus very likely is due to the consider-
ably lower number of bacteria in C. limpidus compared
with V. smithi.

Alpha- and Gammaproteobacteria accounted for 95.5%
of the bacterial ORFs in the V. smithi dataset (Fig. S3B).
In each of the classes, only one genus was the major
contributor; for example, Stenotrophomonas accounted
for 90.2% of the ORFs in the Alphaproteobacteria,
whereas Brevundimonas explained 75.5% of the ORFs
in the Gammaproteobacteria. A total of 4292 predicted
bacterial ORFs from the V.smithi metagenome were
associated with KEGG pathways, where carbohydrate
metabolism and amino acid metabolism accounted for the
24.5% of the assignations (Fig. S3C).

To validate the functional predictions, we compared the
V. smithi deprivation shotgun metagenome ORFs with the
predicted functional profile of that group. We recon-
structed whole metabolic pathways using the MinPath
approach in HUMANN based on the BLASTP results of the
bacterial ORFs. First, we compared the abundance of
the ‘core’ pathways determined from the predictions with
the abundance of the same 41 pathways in the shotgun
metagenome. From the shotgun metagenome set, only
two categories — lysine degradation and ABC transporters
— have lower abundance than 0.001 (Fig. 4A). This sug-
gests that the core cluster of pathways determined from
the predictions is a good proxy to determine the con-
served metabolic features. As a second approach to vali-
date the metagenome predictions, we conducted an LDA
of pathway abundance between V. smithi food-deprived
predicted metagenome and the shotgun sequencing. The
analysis showed no significant differences in any of the
pathway categories (the threshold on the logarithmic LDA
score was 2.0).

Our analysis of the shotgun metagenomic sequencing
of food-deprived scorpions reveals a lower bacterial
abundance in C. limpidus, compared with V. smithi, and
a high frequency of Proteobacteria in the V.smithi
microbiome. Furthermore, the food-deprived V. smithi
shotgun metagenome matched almost completely the
metabolic features of the prediction, suggesting that pre-
dictions based on 16S rRNA sequences are a practical
and reliable approach to determine the metagenomic pro-
files of the scorpion gut microbiota.

Discussion

Although scorpion species have evolved to survive in a
wide variety of environmental conditions and have a clear
medical importance, their gut microbiota had not been
studied. Clearly, the majority of the studies of arthropod
gut microbiota have targeted the insect class. Only few
studies have started to elucidate the composition
and functional properties of arachnid gut microbiota
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(Narasimhan et al., 2014). Thus, the main aim of this
study was to characterize the gut microbiota of scorpions.

Notably, our 16S rRNA clone library analysis revealed
great variation among individual samples; the number of
OTUs within the libraries ranged from 1 to 8. This rela-
tively low bacterial diversity has been previously observed
in many other gut microbial communities of arthropods
(Koch and Schmid-Hempel, 2011), with the exception of
some termites (Warnecke et al., 2007). Of the total OTUs
found in the 16S rRNA clone libraries survey, almost 60%
belonged to just a few classes within the Proteobacteria
(Alpha, Beta, Gamma), whereas the remaining OTUs
belonged to the Firmicutes, Actinobacteria and
Spirochaetes phyla — all these are known to be common
colonizers of insect guts (Engel and Moran, 2013; Yun
et al.,, 2014). The bacterial diversity, however, does not
seem to be the same for the two scorpion species. We
found that each scorpion species gut microbiota has a
differential bacterial species composition. For instance, a
novel bacterial lineage, namely SG1, was only found in
the microbiota of V. smithi scorpions, present in approxi-
mately 94% of the specimens. Remarkably, this lineage is
only 79% identical to the closest sequence (Spiroplasma
lampyridicola) in the NCBI nr database. Furthermore, it
could be the case that this lineage might not even be a
member of the phylum Tenericutes, as SG1 sits on a long
branch in the phylogenetic tree and has a basal position.
Thresholds used to describe new bacterial lineages pro-
posed that a 16S rRNA sequence with an identity equal or
lower than 75% with another known type should be con-
sidered a different bacterial phylum and 95% a different
genus (Yarza et al., 2014). However, it is known that some
Tenericutes, such as Spiroplasma and Mycoplasma, dis-
satisfy these cut-offs (Bolafios et al., 2014). Although SG1
might constitute a new bacterial phylum, more gene
markers — or even complete genome sequences — along
with biochemical characterization are needed to firmly
establish the taxonomic level of these novel bacteria.
Additionally, we found another putative novel clade of
bacteria belonging to the Mollicutes class. The proposed
clade contains two different lineages, each one found in
only one of the two different scorpion species. MVs and
MCI are approximately 89% and 88% identical to
Mycoplasma hyorhinis GDL-1, respectively, and are a
sister clade to the Hominis group. Mollicutes bacteria are
found in insects, and we are starting to elucidate the
symbiotic interactions with non-insect arthropods. For
instance, Candidatus Hepatoplasma crinochetorum colo-
nizes the hepatopancreatic gland of Porcellio scaber
isopod (Wang etal.,, 2004). Furthermore, ‘Candidatus
Hepatoplasma’ group seems to be common in many ter-
restrial isopods (Fraune and Zimmer, 2008). The finding of
these novel bacterial lineages in just two scorpion species
warrants further studies to unveil more of the bacterial
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diversity likely to be found in the gut microbiota of other
scorpion species. Additionally, a more comprehensive
characterization of this novel bacterial diversity by next-
generation sequencing and biochemical tests for cultiva-
ble isolates is needed to better understand how this
unreported bacterial diversity is organized.

Food deprivation caused a significant reduction in
bacterial diversity in the gut of both scorpion species.
This was not completely unexpected, as it has been
shown previously that, in locusts, starvation reduced
gut bacterial diversity (Dillon et al., 2010). On the other
hand, this treatment produced the enrichment of some
taxa. For instance, we noted a proportional increase of
Mycoplasma-like sequences in both species. We think
this effect may be due to a reduction in the number of
transient bacteria and the persistence of some taxa (in the
case of the Mycoplasma-like bacteria) under stressful
conditions. The fact that these novel Mycoplasma-like
organisms were still found under the starvation condition
could indicate a stable relationship with scorpions.

Functional bacterial predictions show a considerable
number of core pathways; mainly related to amino acid,
carbohydrate, vitamin and cofactor metabolism. However,
we found a differential abundance of categories in the
different treatment groups. Pathways for toxic compound
degradation were more abundant in recently captured
C. limpidus scorpions, suggesting that this could be an
important function of the microbiota in this species’ natural
environment. It is known that some compounds, such as
terpenoids, are toxic to some insects (Tripathi et al., 2003).
Plants produce terpenoids, such as limonene and pinene.
These are involved in repelling insect pests and patho-
gens; in addition, they are attractors to insects for herbivore
control, pollination and seed dispersal (Rodriguez et al.,
2011; Pontin etal.,, 2015). Other substances, such as
benzoate and naphthalene, and some polycyclic aromatic
hydrocarbon are also present in plants and have similar
properties (Dudareva et al., 2004; Piskorski et al., 2011;
Woll et al., 2013). So, we expect that many insects that
feed on plants may harbour them, and as scorpions feed on
these insects they need bacteria that are able to degrade
these compounds. In line with our findings, it has been
shown that gut microbiota help degrade these compounds
(Adams et al., 2011). The abuse and overuse of insecti-
cides spread in the environment may lead also to the
selection of bacteria capable of degrading these toxic
compounds in C. limpidus scorpions.

Shotgun metagenomic sequencing of samples from
food-deprived specimens showed a lower bacterial
abundance and diversity in C. limpidus compared with
V. smithi. Bacterial contigs from C. limpidus were scarcely
found and were not included in the analysis to determine
the metabolic pathway abundance comparison. Micros-
copy cell counts showed a very low abundance of bacteria

in food-deprived C. limpidus, which would explain the
scarcity of reads in its metagenome. We observed that
C. limpidus scorpions had a larger mortality rate after
capture and in the food-deprived treatment compared with
V. smithi (data not shown). Additionally, C. limpidus scor-
pions are less active after food deprivation; thus, they
seem less tolerant to the deprivation treatment, which
seemingly affects negatively their gut microbiota. The
decrease of bacterial loads in C. limpidus could be a
strategy to conserve energy or nutrients and decrease
metabolic rates for long food deprivation periods.

Shotgun metagenome of V.smithi matched almost
completely the core pathways abundance and showed no
significant difference of pathways abundance compared
with the metagenome prediction.

On the whole, our study provides an initial characteri-
zation of the scorpion gut microbiota that sets a point of
reference for further studies on the gut microbiota of scor-
pions and other arachnid species.

Experimental procedures
Scorpions, feeding treatments and dissection

C. limpidus and V. smithi specimens (16 and 18, respectively)
were collected in the urban area of Cuernavaca, Morelos.
The specimens of each species were split into three groups:
recently captured scorpions, food-deprived and laboratory-
fed. The groups are as follows: six recently captured individu-
als, five food-deprived and five laboratory-fed individuals for
C. limpidus; and seven recently captured scorpions, five
food-deprived and six laboratory-fed individuals for V. smithi.
Recently captured scorpions were dissected 1 or 2 days after
being sampled; food-deprived scorpions were kept individu-
ally isolated in the laboratory without any food for 30 days,
and the laboratory-fed group was kept in the laboratory with
one Tenebrio molitor larvae every 7 days for 30 days. Scor-
pions were anaesthetized by placing them in closed contain-
ers with chloroform, and surface was disinfected by rinsing it
with three cycles of 70% ethanol-sterile water rinses. Gut
dissections were performed under sterile conditions, during
which the hepatopancreatic gland was removed.

DNA extraction

Each gut tissue (lacking the hepatopancreatic gland) was
placed in 100 pul of sterile PBS. The tissue was macerated
with sterile polypropylene micro pestle inside a 1.5 ml tube.
The tubes were centrifuged at low speed to pellet the mac-
erated of gut tissue. DNA from the pellets was extracted using
the UltraClean Microbial DNA Isolation Kit (MoBio Laborato-
ries, Solana Beach, CA, USA) according to the manufactur-
er's directions. DNA was observed in a 0.8% agarose gel
(90 V, 35 min).

PCR amplification and 16S rRNA gene clone libraries

DNA extracted from each tissue was used as template for
PCR amplification of community 16S rRNA using the uni-
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versal primers fD1 and rD1 (Weisburg etal., 1991). Final
concentrations for 20 ul PCR reactions were as follows: 1 pl
DNA (25 ng ul™), 0.2nM of each primer, 0.2 mM dNTPs,
5U of Tag DNA Polymerase (Invitrogen, Carlsbad, CA,
USA), 1X Tag polymerase buffer and 1.5 mM MgCI. The
reaction conditions were 94°C for 3 min, 30 cycles at 94°C
for 50 s, 56°C for 1 min, 72°C for 2 min and a final exten-
sion at 72°C for 10 min. Near full-length (approximately
1400 bases) 16S rRNA gene sequences were amplified in
triplicate. PCR products were cloned into pCR 4-TOPO
(Invitrogen) cloning vector and transformed in Escherichia
coli DH50. competent cells. Transformed cells were plated
on Luria—Bertani agar with carbenicillin 100 ug mli** and
kanamycin 30 ug mlI™*, and incubated overnight at 37°C.
Inserts from transformed colonies were amplified with M13R
and M13F primers. Correct size amplicons were subjected
to an ARDRA using restriction enzymes Rsal (10 U) and
Hindlll (10 U) (New England Biolabs, Ipswich, Massachu-
setts, USA). Finally, representative isolates from each
ARDRA pattern were sequenced.

16S rRNA sequence analysis

Sequences were checked for chimeras using Bellerophon
(Huber et al., 2004) and manually inspected for quality. After
chimera filtering, the remaining sequences were aligned
using CLUSTALW (Thompson et al., 1997) with the default
settings. Sequence alignment was used to construct a dis-
tance matrix with the DNADIST programme from the PHYLIP
package (Felsenstein, 1989). The distance matrix was
the input for the MOTHUR programme (Schloss et al., 2009),
with which sequences were clustered at a distance of 0.03
in order to define the OTUs. Diversity indexes and rarefac-
tion curves of each group of scorpions were evaluated.
Additionally, we used SPLITSTREE4 programme (Huson and
Bryant, 2006) to calculate the phylogenetic diversity (Faith,
1992).

BLASTN (Altschul etal., 1990) and the Ribosomal Data-
base Project (Maidak et al., 2001) were used to classify the
16S rRNA gene sequences that were deposited in the NCBI
GenBank database under accession numbers KM978218-
KM978331. An un-rooted tree generated by PHYML
(Guindon et al., 2010) from OTUs and a chart for their rela-
tive abundance in the six scorpion groups were used as
input to generate a heat map in the web page of Interactive
Tree of Life, iTol (Letunic and Bork, 2007). A clustering
cladogram — using Euclidian distances — of the scorpion
groups based on the absence/presence of bacterial OTUs
was constructed with HeatMap R package (R Core Team,
2014). Clustering cladogram was merged to the iTol
phylogenetic heat map. Weighted and unweighted PCoA
were conducted with the UNIFRAC online server (Lozupone
and Knight, 2005) using as input a rooted tree file generated
by the neighbour programme, which constructs neighbour-
joining trees, of the PHYLIP package (Felsenstein, 1989)
and an environment file that links each sequence to a clone
library.

Phylogenetic analysis

Representative sequences of the denominated SG1,
Mycoplasma amplified from V. smithi (MVs), Mycoplasma
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amplified from C. limpidus (MCI) and OTU4 were used to
construct a Tenericutes phylogeny. Additionally, a bacterial
domain phylogeny was assembled with the above repre-
sentative sequences except OTU4. The set of sequences to
generate the Tenericutes phylogenetic tree was created from
the Ribosomal Database Project and was composed of 171
species. Bacillus subtilis and Streptococcus pneumoniae 16S
rRNA sequences were used as outgroup. The sequences
were < 1200 bp, type strains and good quality. The set of
sequences to generate the bacterial domain was created in
the Greengenes database (DeSantis et al., 2006). The set
consisted of 194 bacterial and archeal species, three to five
representative sequences from each bacterial phylum and
five archeal sequences that were used to root the tree. For
both sets, sequences were aligned using CLUSTALW.
Tenericutes phylogenetic tree was constructed with PHYML
(Guindon et al., 2010) with NNI + SPR searches and 100
bootstrap replicates. Bacterial domain phylogenetic tree was
constructed on RAXML (Stamatakis etal., 2008) using
maximum likelihood and the GTR + y model of evolution with
100 bootstrap replicates. Tenericutes tree was visualized and
edited with the MEGA6 (Tamura et al., 2013). The bacterial
domain tree was visualized in the iTol web page.

Metagenome predictions from 16S rRNA surveys and
functional analysis

Metagenomic predictions of each of the three treatment
groups of both species were made taking as input the clone
abundance of previously predicted OTUs. The dataset that
consisted of the total six sets was inputted to QME (Caporaso
et al., 2010) using a ‘closed-reference’ OTU picking protocol.
Sequence search was done against the Greengenes refer-
ence collection at 97% identity. The biom-formatted OTU
table obtained from QUME was used as input to PICRUST
(Langille etal., 2013), which estimates the gene families
content of bacteria for which no genome sequence is avail-
able, using their sequenced relatives as a reference. The
OTU table was normalized and used to create the final
metagenomic functional predictions. We used QIIME to plot
the functional categories collapsing the PICRUST predictions to
the hierarchical KEGG levels 2 and 3. Downstream pathway
coverage prediction from the KEGG orthologue datasets of
the predictions and the shotgun metagenomic sequencing
was done with HUMANN version 0.99 (Abubucker et al.,
2012) and visualized with GraPhlAn (Asnicar et al., 2015).
HUMANN predicted pathways were subjected to a differential
abundance analysis with LEfSe (Segata et al., 2011). For the
factorial Kruskal-Wallis test among classes and the pairwise
Wilcoxon test between subclasses, we used a significance
level (alpha) of 0.05. The threshold on the logarithmic LDA
score to discriminate significantly abundant pathway catego-
ries was 2.0.

Shotgun metagenomic sequencing

Total DNA from 10 pooled guts of food-deprived V. smithi and
C. limpidus was extracted, sheared and sized to produce
DNA whole-genome shotgun library according to the manu-
facturer’s protocol (GS FLX Titanium General Library Prepa-
ration Kit Roche Applied Science, USA). DNA sequencing
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was performed on a 454 GS FLX Titanium platform according
to manufacturer’'s instructions (Roche 454 Life Sciences,
USA) by a sequencing provider (Macrogen, Korea). One-
eighth plate corresponded to a sample’s 3 kb mate pair. The
V. smithi and C. limpidus samples yielded a total of 87 373
and 141 214 reads, respectively. The total pooled DNA
extracted from three V. smithi and three C. limpidus guts
were sequenced by means of an lllumina HiSeq 1000 plat-
form (lllumina, USA) 72 x 72 bp paired-end reads in multi-
plex, one sixth of lane per sample, at the sequencing unit
of the National Autonomous University of Mexico. The
V. smithi sample yielded a total of 15 511 990 reads and the
C. limpidus sample 12 860 650 reads.

Filtering, assembly, annotation and analysis of shotgun
metagenomic sequences

Filtering analysis was performed with PRINSEQ (Schmieder
and Edwards, 2011) for 454 and lllumina reads. After filtering
the 454 GS FLX datasets, we kept 81 279 and 134 812
reads from V. smithi and C. limpidus, respectively, and for
the lllumina data 12 931972 reads from V.smithi and
10 351 398 from C. limpidus.

Metagenomic de novo assembly was generated indepen-
dently for each dataset — lllumina and 454 reads — with
IDBA-UD (Peng et al., 2012) with a minimum contig length of
250 bp. Validation of contigs was achieved by mapping the
reads against the contigs with Bowtie (Langmead etal.,
2009) for lllumina paired-end reads and NEwBLER 2.5 for
454 reads. Gene calling of contigs was performed with
FragGeneScan 1.18 (Rho etal., 2010). Taxonomic assign-
ment of the putative coding genes was performed via BLASTP
searches against the NCBI protein nr database with an
e-value of 1 x 107, Annotation results for BLASTP against the
NCBI nr database were loaded into the MEtaGenome
ANalyzer 4 (MEGAN 4) software (Huson etal., 2011). We
selected only the contigs that contained predicted coding
genes, which align with bacterial sequences. A function-
based classification was determined using KEGG and COG
identifiers, according to the parameters for the lowest
common ancestor algorithm (maximum number of match per
coding sequence: 10; min support: 5; min score: 50; and top
per cent: 10). Bacterial BLASTP results were used as
HUMANN input with a contig-reads alignment to predict full
pathway abundance in the dataset and compare it with the
metagenome predictions. Shotgun bacterial metagenomic
sequence data have been deposited at the NCBI under
Bioproject PRINA266890.

Quantification of bacterial loads in
food-deprived scorpions

A cultivation-independent method was used to quantify the
bacterial loads in the gut tissue of food-deprived scorpions
from both species. Filtered samples enriched with bacteria
cells and stained with DAPI (4’,6-diamidino-2-phenylindole)
were screened and counted under a confocal microscope.
Whole gut tissues from three V.smithi and three
C. limpidus scorpions in food-deprived treatment were dis-
sected and homogenized in PBS (as previously described).

The homogenized samples containing scorpion and bacterial
cells were centrifuged and then re-suspended in 500 pl
of a fixative solution with 4% formaldehyde in PBS for
2 h. Samples were re-suspended in 500 ul of PBS. Fixated
samples were passed through a 5 um filter, enriching the
samples with bacterial cells. Of each sample, 15 ul was
stained with 2.5 ul of DAPI (300 nM). As a positive control for
bacterial DAPI staining, we used a swab from E. coli DH5q,
and the negative control was the PBS used during the bac-
terial enrichment steps. We chose randomly four fields from
each slide, using a 60x objective mounted onto an FV100
confocal microscope (Olympus, Japan) in the National Labo-
ratory of Advanced Microscopy, UNAM Campus Morelos
facility. Total bacterial cells were counted manually in each
field using IMAGEJ image analysis programme (Abramoff
et al.,, 2004). Auto-fluorescence scorpion gut debris (non-
uniform particles) was selectively discarded with the support
of bright-field images. The average of bacterial cells per field
was used to estimate the total bacterial count per sample with
the next formula: Bacteria/sample = (bacteria averagef/field
volume) x 60 pl. Bacterial cells per field values for each indi-
vidual and total sample bacterial counts comparison between
food-deprived V. smithi and C. limpidus were analysed (chi-
square goodness-of-fit test) and graphed with R package.
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Fig. S1. Rarefaction curves of the 16S rRNA clone libraries
from the treatment groups of each scorpion species. Rarefac-
tion analysis was performed under an OTU threshold of 97%
identity of the representative clone sequences for each indi-
vidual library.

Fig. S2. KEGG gene categorization of the predicted profiles.
The gene metabolic functions of microbiome predictions
show a high consistency across samples, suggesting that
they are not affected by diet treatment or scorpion species.
No significant differences between the groups could be iden-
tified at different categorization levels. (A) Relative abun-
dance of genes clustered in KEGG level 2 categories. (B)
Relative abundance of the 20 most abundant gene clusters in
KEGG level 3 categories.

Fig. S3. Shotgun metagenomic description of the assem-
bled contigs for food-deprived scorpions. (A) Distribution of
bacterial and non-bacterial contigs in each dataset. (B) Taxo-
nomic distribution of the bacterial contigs in V. smithi bacterial
fraction. Gamma- and Alphaproteobacteria, accounting
for = 95%, dominate the dataset. (C) Open reading frames
from V. smithi shotgun metagenome assigned to KEGG
metabolic categories. Carbohydrate and amino acid metabo-
lism comprised the main fraction (24.5%) as in the predicted
metagenomes.
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One Sentence Summary: MiniReview focused in Spiroplasma-Arthropod symbiosis in the context of the bacterial sequenced genomes and the

elucidation of functional and evolutionary traits shaping these relationships.

Editor: Gerard Muyzer

ABSTRACT

The genus Spiroplasma comprises wall-less, low-GC bacteria that establish pathogenic, mutualistic and commensal
symbiotic associations with arthropods and plants. This review focuses on the symbiotic relationships between Spiroplasma
bacteria and arthropod hosts in the context of the available genomic sequences. Spiroplasma genomes are reduced and
some contain highly repetitive plectrovirus-related sequences. Spiroplasma’s diversity in viral invasion susceptibility,
virulence factors, substrate utilization, genome dynamics and symbiotic associations with arthropods make this bacterial
genus a biological model that provides insights about the evolutionary traits that shape bacterial symbiotic relationships

with eukaryotes.

Key words: Spiroplasma; symbiosis; comparative genomics

INTRODUCTION

The Spiroplasma genus consists of cell-wall-less, helical, low-GC
bacteria belonging to the class Mollicutes. Spiroplasmas are de-
scribed as facultative anaerobes that exhibit a wide range of
growth temperatures between 5 and 41°C (Konai et al., 1996).
These bacteria establish symbiotic associations mainly with
arthropods. Associations with dipteran and coleopteran insect
orders are frequent and have been largely reported (Wedincamp
et al., 1996). Other insect orders where spiroplasmas have been
isolated are Hemiptera, Homoptera, Hymenoptera, Lepidoptera
and Odonata (Hackett and Clark 1989; Hackett et al., 1990; Watan-
abe et al., 2014). Also, spiroplasmas have been isolated from
non-insect arthropods and plants (Davis, Lee and Worley 1981;
Saillard et al., 1987; Wang et al., 2004; Goodacre et al., 2006).

The majority of Spiroplasma species described as insect sym-
bionts have no effect on the hosts and are considered as com-
mensal bacteria (Gasparich 2010). In some hosts like shrimp
(Nunan et al.,, 2004), honeybees (Clark 1977), and mosquitoes
(Phillips and Humphery-Smith 1995), spiroplasmas have been
characterized as pathogens. Pathogenicity is related to the ca-
pacity to cross the midgut lumen barrier, hemolymph invasion
and therefore colonization of other host tissues, that lead in
some cases to host death (Nunan et al., 2005).

A significant effect on hosts like Drosophila (Williamson et al.,
1999) and other insects (Tabata et al., 2011) is the male-killing
phenotype, where maternally inherited Spiroplasma kill host
male offspring in early stages of development.

Spiroplasma as mutualistic symbionts can be found in
Drosophila and aphids providing host protection against
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Table 1. General features of the sequenced Spiroplasma genomes.

S. chryso- S. syrphy- S. melli- S. melli- S. dimi- S. taiwa- S. culici- S. sabau-
picola dicola S. citri ferum ferum nutum nense S. apis cola diense
DF-1 EA-1 GlI3-3X IPMB4A KC3 CUAS-1T cr-1T B31T AES-1T Ar-1343T
Arthropod Chrysops sp. E. arbustorum  C. haema- Apis- A. Mellifera  Culex- C. tritaeni- A. Mellifera  Aedes- stricticus/
host toceps Mellifera annulus orhynchus sollicitans A. vexans
Symbiotic Commensal ~ Commensal  Commensal* Pathogenic Pathogenic ~Commensal Pathogenic Pathogenic Pathogenic ~Commensal
relationship
Genome 1123 322 1107 344 1525 756 1098 846 1260 174 945 296 1075 140 1160 554 1175131 1075 953
Size (bp)
Chromo- 1 1 39 24 4 1 1 1 1 1
somal contigs
G+C 28.8 29.2 25.9 27.5 27 25.5 23.9 28.3 26.4 30.2
content (%)
TRNA operon 1 1 1 1 1 1 1 1 2
tRNA 29 29 29 29 29 29 29 29 30
Number of 0 0 7 4 0 1 0 0 0
plasmids
Protein- 1009 1006 1170 920 858 991 997 1071 924

coding genes

*Commensal: insect is used only as a vector to infect plants.

parasitoid wasps (Xie, Vilchez and Mateos 2010), nematodes
(Jaenike et al., 2010; Cockburn et al., 2013) and fungal pathogens
(Lukasik et al., 2013). Spiroplasma kunkelii increases the survival
rate of the leafhooper Dalbulus maidis during cold and dry
periods when the leafhopper’s host plant is not accessible
(Ebbert and Nault 1994).

Spiroplasma symbiotic associations with arthropods can be
considered as biological model systems to study molecular
mechanisms and evolutionary traits that shape contrasting
bacterial-host interactions.

In this review, we will focus on arthropod-associated Spiro-
plasma species with complete genome sequences, the biological
implications of harboring this bacteria and the information that
genomic sequences provide towards understanding of symbiotic
relationships between arthropods and spiroplasmas.

GENERAL FEATURES OF Spiroplasma GENOMES

It was not until 2010 that the first draft genome sequence of
S. citri became available (Carle et al., 2010). Currently, there
are 10 genomes deposited in either draft or complete assem-
bly in the NCBI genome database. Four sequenced strains are
associated with mosquitoes. Spiroplasma culicicola AES-1 and
S. taiwanense CT-1T are known pathogens that produce tissue
damage and increased mortality in their respective mosquito
host (Humphery-Smith et al., 1991). Infections by the sequenced
strains of S. sabaudiense Ar-1343 and S. diminutum CUAS-17T show
no significant effects on mosquitoes and are considered com-
mensal bacteria (Abalain-Colloc et al., 1987; Williamson et al.,
1996). Three other Spiroplasma genomes correspond to honeybee
pathogens, including two S. melliferum strains and one strain of
S. apis (Bové et al., 1983). Further, S. chrysopicola DF-1 and S. syr-
phydicola EA-1 strains are considered commensals of the deerfly
Chrysops sp. (Whitcomb et al., 1997) and the syrphyd fl yEristalis
arbustorum (Whitcomb et al., 1996), respectively. Finally, the se-
quenced strain of S. citri Gl13-3X is the causal agent of citrus stub-
born disease in plants and is transmitted by leafhoppers that
feed from phloem nutrients. In this case, the insect host actas a
vector of the plant pathogen (Bové et al., 2003). It is important to
highlight that no genome sequences for mutalistic Spiroplasma
genomes have been published or released to public repositories.

Spiroplasma genome features are summarized in Table 1.
Their genome size ranges from 780 to 2220 kb. This range of

genome sizes is wider than those of other mollicutes such as
Mycoplasma (Carle et al., 1995). G + C content of the sequenced
genomes ranges from 23.9% of S. taiwanense CT-1T to 30.2% of
S. sabaudiense Ar-1343. All the sequenced genomes have one
rRNA operon and 29 tRNA genes, except S. sabaudiense, which
has two complete and identical rRNA operons and 30 tRNA
genes with an extra copy of tRNA-Ser gene. Only few spiroplas-
mas have plasmids. Spiroplasma citri Gl13-3X has seven plasmids,
the largest being pSci6 (35.3 kb) and the shortest pSciA (7.8 kb)
(Saillard et al., 2008). Spiroplasma melliferum IPMB4A has four plas-
mids of 4.7, 5.6, 9.86 and 14.45 kb (Alexeev et al., 2011). Spiro-
plasma taiwanense CT-1T has only one plasmid of approximately
11 kb (Gasparich and Hackett 1994).

Spiroplasmas have small genomes with large variations in
gene content. For example, in the Citri-Chrysopicola-Mirum, the
two strains of S. melliferum share 864 genes representing 78.4%
of the total genes. If this comparison is made with more phylo-
genetically distant species like S. citri, the amount of common
genes decreases to 51.7% of the total genes (Lo et al., 2013a). In
the Apis clade, S. diminitum and S. taiwanense share 59% of their
genes. Comparisons between genomes of different clades re-
sulted in lower values of common genes. Spiroplasma melliferum
shares 38.84% of its genes with S. diminitum and only 34.5% with
S. taiwanense (Lo et al., 2013b). Recently, it has been proposed
that ‘a prokaryotic genus can be defined as a group of species
with all pairwise percentage of conserved proteins values higher
than 50%’ (Qin et al., 2014). In this context, the above-mentioned
set of common genes between the S. melliferum strains and
S. citri is on the borderline limit, even when they belong to the
Citri-Chrysopicola-Mirum clade. Furthermore, the shared genes
between spiroplasmas of different clades are lower than the
proposed threshold which belong to the same genus. Reduced
genome size is a common feature in spiroplasmas, but gene con-
servation seems to depend on host selective pressures.

Spiroplasma GENOME SEQUENCES AND THEIR
PHYLOGENOMIC RELATIONSHIPS

The Entomoplasmatales order is composed of four clades:
Mycoides-Entomoplasmataceae, Apis, Citri-Chrysopicola-
Mirum and Ixodetis. Mycoplasma, Mesoplasma and Entomoplasma
genera are restricted to Mycoides-Entomoplasmataceae clade.
Spiroplasma species are distributed in the other three clades.



Bolanos et al.

1.00pCP005077 Spiroplasma chrysopicola DF-1
2, *CP005078 Spiroplasma syrphidicola EA-1
AMGI01 Spiroplasma melliferum IPMB4A
AGBZ01 Spiroplasma melliferum KC3
1.008AM285301 Spiroplasma citri GI13-3X

=]

Citri-Chrysopicola-Mirum

00

1.00
1.00

00

1.00k=1.43967 Mycoplasma genitalium G37
CP000896 Acholeplasma laidlawii PG-8A
NC_022588 Candidatus Phytoplasma solani 284/09

CP006934 Spiroplasma sabaudiense Ar-1343
0.99g=CP005076 Spiroplasma diminutum CUAS-1
1.00f=CP005074 Spiroplasma taiwanense CT-1
CP006681 Spiroplasma culicicola AES-1
CP006682 Spiroplasma apis B31
00pJAGWOI1 Entomoplasma luminosum ATCC 49195
JADHO1 Entomoplasma lucivorax ATCC 49196
JAGVOI1 Entomoplasma somnilux ATCC 49194
JAEDO1 Mesoplasma seiffertii ATCC 49495
JMKVO] Mesoplasma syrphidae ATCC 51578
Y eJAEIO] Mesoplasma chauliocola ATCC 49578
IMKXO01 Entomoplasma melaleucae ATCC 49191

1.00}

Apis

CP003021 Mycoplasma putrefaciens KS|1
ANFUO1 Mycoplasma feriruminatoris G5847
FQ377874 Mycoplasma mycoides 95010

1.008CP000123 Mycoplasma capricolum ATCC 27343
| Hepatoplasma group

0.994
& 1.00
1| 2',(0 CP006778 Mesoplasma florum W37
1 o0 100 AE017263 Mesoplasma florum L1
1.00BBX293980 Mycoplasma mycoides PG1
}Jgg CP002108 Mycoplasma leachii PG50
1.004 CP006932 Candidatus Hepatoplasma crinochetorum Av

CP002170 Mycoplasma hyorhinis HUB-1
AE017332 Mycoplasma hyopneumoniae 232
FP236530 Mycoplasma hominis ATCC 23114
CU179680 Mycoplasma agalactiae PG2
CP001184 Ureaplasma urealyticum ATCC 33699
AE015450 Mycoplasma gallisepticum R
U00089 Mycoplasma pneumoniae M129

Hominis group

Pneumoniae group

CU469464 Candidatus Phytoplasma mali AT AAA group

AMWZO01 Peanut witches'-broom phytoplasma NTU2011

ewsejdondg

ewsejdodApy ewsejdosapy/ewseidowojugyy

| 3

dnoa3 sajejewsejdowojury

AL009126 Bacillus subtilis 168
AEQ016877 Bacillus cereus ATCC 14579

A
2.0 estimated number of changes
per site for a unit of branch length

Figure 1. Topology of a phylogenomic analysis showing the predicted evolutionary relationships of sequenced Spiroplasma strains within the Mollicutes. The tree
was reconstructed with PhyloPhlAn using a multisequence alignment of 388 conserved proteins. PhyloPhlAn performs individual alignments from each protein set
recovered from the Mollicutes input genomes. PhyloPhlAn then concatenates the most discriminative positions in each protein alignment into a single long sequence
to reconstruct a phylogenetic tree using FastTree. Spiroplasma strains are shown in bold in the tree. Accession numbers are indicated for all sequenced genomes.
Mollicutes groups are indicated in the tree. Two Bacillus strains were used as outgroup. Numbers at the branch points represent SH-like local support values (based on
1000 resamples). The scale bar represents the estimated number of amino acid changes per site for a unit of branch length.

Based on the 16S rRNA gene phylogeny, the genus Spiroplasma
is not monophyletic (Gasparich 2002).

Spiroplasma strains with available genome sequences corre-
spond to representative members from the Citri-Chrysopicola-
Mirum and Apis clades. No Spiroplasma genome from the
Ixodetis clade is yet available. A phylogenomic approach using
multiple amino acid markers (Segata et al.,, 2013) clearly dis-
tinguishes the Citri-Chrysopicola-Mirum clade from the Apis
clade, which seems to share a common ancestor with the
Entomoplasma/Mesoplasma and Mycoplasma groups (Fig. 1).

Average Nucleotide Identity (ANI) and DNA-DNA Hy-
bridization (DDH) pairwise comparisons between Spiroplasma
genomes are congruent with the phylogenomic tree. ANI and
DDH values highlight the genomic divergence between the
Citri-Chrysopicola-Mirum clade from the Apis clade. Species
with highest ANI and DDH values are S. syrphidicola and

S. chrysopicola in the Apis clade and S. citri with both strains of
S. melliferum in the Citri-Chrysopicola-Mirum clade. Spiroplasma
sabaudiense has relatively low values compared with all other se-
quenced spiroplasmas, but is more closely related to the Apis
clade (Tables S1 and S2, Supporting Information). 16S rRNA gene
pairwise alignments also revealed striking differences between
both clades as they share approximately 90% sequence identity
over the entire marker gene (Table S3, Supporting Information).
It has been suggested that a cutoff of 94.9% =+ 0.4 should define
genus boundaries based on 16S rRNA gene sequence identities
(Yarza et al., 2008, 2010). The wide range of Spiroplasma identi-
ties has a minimum of 90.08% and a maximum of 99.67%, which
also supports the great divergence between the different species
in the genus. Even more revealing is the difference between
the highest identities of some Apis clade species against those
of the Citri-Chrysopicola-Mirum clade, similar to the observed
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ANI and DDH values. For example, both strains of S. melliferum
are 97.15% identical, and different Apis clade species such as
S. chrysopicola and S. syrphidicola, which are 99.67% identical.

PLECTROVIRAL SEQUENCES

One of the most striking features of some Spiroplasma genomes
is the presence of a great amount of plectroviral sequences. Plec-
troviruses are bacteriophages that infect exclusively cell-wall-
less bacteria. Genomes of plectroviruses are present in multiple
regions of bacterial genomes (Rakonjac 2012). The presence of
plectroviral sequences was detected since the first report of the
S. kunkelii 85 kb genomic sequence (Zhao et al., 2003). Plectrovi-
ral sequences have been found in other Spiroplasma genomes.
In S. citri, S. melliferum IPMB4A and S. melliferum KC3, repetitive
plectroviral sequences and proteins of viral origin were found
distributed all over their chromosome. The absence of plectro-
viral sequences in the genomes of the Chrysopicola and Apis
clades seems to indicate that susceptibility of viral invasions
may be restricted only to the Citri clade. Spiroplasma chrysopi-
cola and S. syrphidicola genomes do not have any trace of plec-
troviral sequences (protein-coding or non-coding) unlike the
Citri clade genomes. This may be in relation to the presence of
antiviral systems in these strains, such as clustered regularly in-
terspaced short palindromic repeats and type 1 and 2 restric-
tion/modification (R/M), which were found in S. syrphidicola and
S. chrysopilica, respectively (Ku et al., 2013). However, the type 1
R/M system is truncated in S. citri.

Ku et al. (2013) proposed a model for Spiroplasma evolution in
relation to viral susceptibility. Allegedly, the common ancestor
of Chrysipicola and Citri clades had an active antiviral system
or systems and therefore was resistant to the virus, similar to
S. chrysipicola and S. syrphiciola. The Chrysipicola clade diverged
and the ancestor of the Citri clade lost its antiviral system(s)
and began to accumulate viral fragments. The consequences of
these viral infections were the increase in genome sizes and
higher homologous recombination rates due to the copies of vi-
ral fragments, and even non-viral DNA acquisition. Concomi-
tantly, there should be a counterbalance of genomic acquisitions
with loss of old fragments as new viral sequences were inserted.
The rearrangement effect of the old fragments seems to be un-
traceable from the present distribution of the viral fragments.

Viruses can help to horizontally transfer virulence re-
lated genes among bacteria (Moore and Lindsay 2001). The
genomes susceptible to viral infections are those from Spiro-
plasma pathogenic to bees and plants from the Citri clade.
Pathogenicity genes were probably acquired by lateral transfer
mediated by virus; thus, a correlation of viral infections with
pathogenic lifestyle of spiroplasmas has been proposed (Ku et al.,
2013). Genome plasticity emerges from constant sequence ac-
quisitions and losses under strong selective pressures. This plas-
ticity may have led Spiroplasma to develop mechanisms that al-
low it to be undetected by the host immune system (Anbutsu
and Fukatsu 2010; Herren and Lemaitre 2011).

The recA gene is truncated in strains of S. citri and S. mel-
liferum MC3 (Marais, Bove and Renaudin 1996). RecA medi-
ates homologous recombination, essential for maintaining ge-
nomic integrity and generating genetic diversity (Chen, Yang
and Pavletich 2008). Spiroplasma melliferum IPMB4A genome lacks
the machineries for mismatch repair and homologous recombi-
nation, recA included (Lo et al., 2013a). The loss of a functional
RecA in these species seems to be a relatively recent event. It
is suggested that genome instability occurred before recA loss
(Ku et al., 2013).

PATHOGENICITY FACTORS

Spiroplasma pathogenicity in arthropods has been correlated
with the ability of the bacteria to cross the epithelial gut lumen
barrier. After trespassing the gut tissue, bacteria infect other
host tissues via the hemolymph (Kwon, Wayadande and Fletcher
1999). To accomplish this task, pathogens need a set of molecu-
lar tools with different specialized functions. Genomic sequenc-
inghas provided insights into possible genes associated with the
gradual steps of host tissue invasion.

Chitin degradation genes including chitinase A (chiA) and a
putative chitin deacetylase were proposed to be used for the
first step of invasion, which is the permeabilization of bacte-
rial load through the epithelial barrier. The discovery of the pro-
tein product of chitin deacetylase gene in the S. melliferum KC3
proteome provides evidence that this gene is being expressed
(Alexeev et al., 2011). Chitin is a structural biopolymer of various
insect cuticles including the gut lumen (Merzendorfer and Zi-
moch 2003). Chitin degradation causes permeation of structural
components of the peritrophic matrix of the gut epithelium.
However, chiA and putative chitin deacetylase homologues are
found in commensal S. chrysopicola and S. syrphidicola, and not in
pathogenic S. taiwanense. Chitin is also present in the cell walls of
fungi; it remains to be elucidated if Spiroplasma chitinases could
have an effect on fungal gut microbiota, and consequently on
hosts.

Another proposed mechanism of transmissibility and in-
vasion of insect cells is receptor-mediated endocytosis (Ozbek
et al., 2003; Ammar et al., 2004). Spiralin has been proposed as
a protein for intestinal epithelium receptor recognition, along
with P89, P58, sc76 and P32 (Ye, Melcher and Fletcher 1997; Yu,
Wayadande and Fletcher 2000; Boutareaud et al., 2004; Killiny
et al., 2006). Spiralin genes are present among the sequenced
Citri-Chrysopicola-Mirum Spiroplasma genomes and the gene
products account for up to 30% of the total protein mass of
spiroplasmas (Wroblewski et al., 1977). Protein sequence pair-
wise comparisons between spiralins revealed low identities be-
tween species. The highest protein identity is 99% between both
strains of S. melliferum. Spiroplasma citri strain identities range
from 92.7 to 99% (Khanchezar et al., 2014) . The lowest identity
among thefi ve sequenced species is 38% between S. chrysopi-
cola and both strains of S. melliferum. The highest interspecies
identity is 71% between S. citri and S. melliferum KC3. These val-
ues support that spiralin is a highly divergent protein (Foissac
etal., 1996; Meng et al., 2010). In vitro, spiralin binds glycoproteins
from its insect vector (Killiny, Castroviejo and Saillard 2005);
although it is not important for pathogenicity in plants, it is es-
sential for S. citri infection (Duret et al., 2003). Regularly, spiralin
is distributed along the cell. During adhesion of S. citri with Cir-
culifer haematoceps cells, spiralin relocates to the space of contact
and acts as an adhesin, which allow further internalization of
bacterial cells into the insect cell (Duret et al., 2014).

Once the intestinal lumen has been crossed, spiroplasmas
reach hemolymph, where they start to proliferate. It has been
suggested that proliferation is limited by the availability of nu-
trients, specifically hemolymph lipids (Herren et al., 2014).

Spiroplasma citri (Gaurivaud et al., 2000) and S. melliferum
(Chang and Chen 1983) can ferment trehalose, the main sugar
and carbon source in insect hemolymph. TreB is a transporter
involved in the uptake of trehalose and TreA is the enzyme that
converts trehalose-6P to glucose-6P. Both genes are present in
S. melliferum, S. citri and S. diminutum (non-pathogenic). Spiro-
plasma taiwanense lacks treA and treB, so it may have alternative
metabolic capacities to survive in its host hemolymph.



Genomic comparisons of pathogenic and commensal spiro-
plasmas of mosquitoes indicated that L-e-glycerophosphate
oxidase (GlpO) might be a virulence factor. GlpO converts
sn-glycerol 3-phosphate + O, to glycerone phosphate + H,0,
(Chang et al., 2014). Previously, it was found that GlpO plays a
central role in virulence of Mycoplasma mycoides due to the pro-
duction and translocation of H,0, into the host cell (Bischof,
Vilei and Frey 2009). In Spiroplasma, the two pathogenic species
S. culicicola and S. taiwanense share a copy of glpO, along with
the transporter genes ugpA, ugpC and ugpE, which allow the
sn-glycerol 3-phosphate uptake and a glycerol kinase for glyc-
erol phosphorylation (glpK) (Chang et al., 2014). In contrast, the
mosquito commensals S. diminutum and S. sabaudiense lack these
genes. Interestingly, glpO is conserved in the commensal species
S. chrysopicola and S. syrphidicola from deerfl ies and syrphidflies.
These two species also have an ugpA ortholog annotated as a hy-
pothetical protein, but no tissue damage in their hosts has been
reported.

COMPARATIVE GENOMICS AND METABOLISM

Spiroplasmas have some common biochemical characteristics
such as glucose fermentation, arginine hydrolysis and inability
to hydrolyze urea, and the majority require an external source
of sterols (Regassa and Gasparich 2006). Like other Mollicutes,
spiroplasmas have very limited biosynthetic capabilities (Petzel
and Hartman 1990) and are considered fastidious organisms due
to the complex nutritional requirements needed to grow in cul-
ture. They lack almost all of the genes required for amino acid
synthesis. In contrast, they conserve a set of genes that encode
transporters like the arginine/ornithine antiporter present in
S. sabaudiense, S. citri and S. syrphidicola among other amino acid
permeases. But the putative main system to acquire amino acids
from the media is the oligopeptide transport system, which is
conserved among all the Spiroplasma genomes (oppA, oppB, oppC,
oppD, oppF).

Other important conserved permeases among all the
genomes are those for the transport of glucose (ptsG) and
fructose (fruA). Besides the transporters, spiroplasmas have
the complete set of genes involved in glycolysis. Furthermore,
S. diminutum has genes for sucrose uptake (scrA), and its conver-
sion to glucose-6P (scrB) or fructose-6P (scrK). It is important to
note that the presence of genes does not necessarily mean that
they are expressed. Future transcriptomic analyses are required
to confirm the functionality of these genes.

Among the few common biosynthetic capabilities of
spiroplasmas are the non-mevalonate pathway for isopen-
tenyl pyrophospate synthesis and the pathway for nucleotide
biosynthesis. The non-mevalonate pathway for isopentenyl
pyrophospate (I-PP) is composed of seven genes (dxr, dxs, ispD,
ispE, ispF, ispG and ispH). This pathway takes as input pyruvate
to produce I-PP, a precursor for the biosynthesis of terpenes. For
numerous microbial pathogens, the non-mevalonate pathway
is the only source of terpenoids (Rohdich et al., 2002). However,
spiroplasmas have no annotated genes involved in the next
steps of terpenoid biosynthesis, but only the intermediate
uppS gene. This gene transforms farnesyl pyrophosphate into
undecaprenyl pyrophosphate. Spiroplasmas apparently lack
the enzyme that converts I-PP into farnesyl-PP: this missing
gene should link both pathways and challenges whether
the spiroplasmas can produce undecaprenyl pyrophosphate
terpene.
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SEX-RATIO DISTORTION MECHANISM

Spiroplasma is widely recognized because of the male-killing
phenotype induction in Drosophila flies. These bacteria are
vertically transmitted maternally and kill male eggs before
gastrulation (Counce and Poulson 1962). Several strains of
male-killing Spiroplasma have been isolated from different
species of Drosophila (Williamson and Poulson 1979; Pool, Wong
and Aquadro 2006), butterflies (Jiggins et al., 2000) and la-
dybird beetles (Tinsley and Majerus 2006), in addition to
other strains that do not express male-killing phenotype in
their hosts (Kageyama et al., 2006). The molecular mecha-
nisms underlying this phenotype have begun to be elucidated.
Recently, two mechanisms have been described: apoptosis-
dependent epidermal cell death and apoptosis-independent
neural malformation. Drosophila embryos infected with male-
killing spiroplasmas develop a remarkable neural malformation.
Additionally, Drosophila embryos with Spiroplasma show an up-
regulated, male-specific apoptotic pathway mainly targeted to
embryonic epithelial cells (Martin, Chong and Ferree 2013). The
two mechanisms seem to be independent because even if the
host apoptotic pathway is disrupted, the male-specific neural
malformation occurs (Harumoto, Anbutsu and Fukatsu 2014).

An important observation in the study of the male-
apoptosis-dependent epidermal cell death mechanism is that
Spiroplasma abundance is not the factor responsible for the
phenotype. The signal that triggers these effects on male em-
bryos should be Spiroplasma-derived factor(s) that act(s) selec-
tively. Unfortunately, currently there are no genomic sequences
of Spiroplasma isolated from Drosophila hosts. Transcriptomic
studies with male-killing and non-male-killing strains may un-
veil Spiroplasma factors produced in the presence of Drosophila
embryos.

CONCLUSIONS

The presence of repetitive phage sequences hampered the com-
plete assembly of Spiroplasma genomes. Despite the difficul-
ties, Spiroplasma genome sequencing projects have elucidated
important information on metabolism, pathogenicity and
genome dynamics. Other biological aspects such as the molec-
ular male-killing mechanisms or the possible genes involved
in mutualistic symbiosis functions have not been revealed by
comparative genomics. Hypothetical proteins account for ap-
proximately 40% of the total protein coding genes and the ma-
jority of the species-specific genes across genome comparisons
are annotated as hypothetical. Species-specific genes could
be the most important elements to understand the intimate
and unique associations that Spiroplasma establishes with their
hosts. Ongoing Spiroplasma genome sequencing projects will en-
rich phylogenomic and comparative genome analyses. Parallel
studies of in vivo transcriptomic or proteomic analysis should
be done to understand the gene expression dynamics of Spiro-
plasma genes and proteins in the presence of the host. Further-
more, the creation of mutant banks from these strains could
help elucidate functions for novel, hypothetical or unknown an-
notated Spiroplasma genes.
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