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Resumen

México es una de las principales areas de diversidad de cactaceas e insectos del mundo.
Destacan, los insectos del género Dactylopius Costa (Hemiptera: Dactylopiidae), las cochinillas y
sus plantas hospederas de la subfamilia Opuntioideae (Cactaceae), endémicos del continente
Americano y que poseen un estrecha relacion con la historia de los pueblos mexicanos. México
cuenta con 83 a 104 de las cerca de 200 especies de opuntias que han sido reportadas en el mundo
y aproximadamente la mitad son endémicas de este pais. 20 especies de opuntias son cultivadas,
poseen diferentes grados de domesticacion, son usadas principalmente como alimento, ensilaje y
en la fabricacion de medicamentos; y tienen una amplia distribucion en México, principalmente
en las zonas aridas y semiaridas del pais.

El género Dactylopius incluye nueve especies, cinco de las cuales ocurren de manera natural
en México y solo la especie domesticada D. coccus, es utilizada para la produccion comercial de
colorante. Son pocos los trabajos acerca de la distribucion de Dactylopius en México y se
enfocan principalmente en aspectos taxondmicos y etnobiol6gicos del insecto, la mayoria son
catdlogos o listas que incluyen una o varias especies. EI numero limitado de caracteres
morfoldgicos de Dactylopius dificulta su reconocimiento y estudio. La informacion sobre
Dactylopius y sus hospederos carece de descripciones especificas de su patron de distribucion, las
caracteristicas de sus habitats y no consideran la identificacion de los insectos usando caracteres
quimicos o moleculares. Por ello, la presente investigacion doctoral plantea cuatro objetivos que
que dieron lugar a las cuatro partes en que se divide este trabajo:

La primera parte tuvo como objetivo hacer una revision historica, cultural, geogréfica, y
ecoldgica de la informacion de los géneros Opuntia y Dactylopius y su distribucion en México.
Por ello, se document6 el uso de ambos géneros desde la época prehistdrica, y el uso y cultivo de
la cochinilla desde el siglo XI hasta la actualidad. Durante el periodo colonial y hasta mediado
del siglo X1X, México fue el primer productor de grana cochinilla y su colorante. Actualmente,
Dactylopius y Opuntia poseen una distribucion mundial, siendo México el principal productor de
nopal verdura y tuna de Opuntia. Sin embargo, el cultivo de la cochinilla es escaso y se conserva
bajo el rescatado sistema tradicional indigena. Se reconoce que establecer en forma combinada
estrategias in situ para la conservacion, el reestablecimiento del uso y la produccion de cochinilla,

permitirian generar politicas de conservacién para rescatar esta actividad.



En la segunda parte, el objetivo fue analizar el patron de distribucion del género Dactylopius
y sus plantas hospederas, para evaluar la especificidad de esta asociacion y describir las
caracteristicas de sus hébitats en México. Para esto, se recolectaron y georreferenciaron
especimenes de insectos de 208 poblaciones de 120 localidades, de 14 estados de la Republica
Mexicana de 2005 a 2007. Los datos de recolecta permitieron establecer las areas de distribucion
y las caracteristicas de los habitats de Dactylopius y de sus hospederos de los géneros Opuntia
Miller sensu stricto, Nopalea Salm-Dyck y Cylindropuntia (Engelm.) F.M. Knuth. Esta
informacion se complement6 con la revisién exhaustiva de 367 preparaciones de especimenes de
Dactylopius de la Coleccion Nacional de Insectos de la Universidad Nacional Autonoma de
México y 262 plantas de los herbarios Nacional de México (MEXU) y de Guadalajara (IBUG).
Los insectos tienen una distribucién continua y guardan correspondencia con sus hospederos. Se
registraron las cinco especies de Dactylopius, principalmente en el altiplano central y norte y el
sureste de México. Los insectos descritos en este trabajo sugieren que el nimero de especies de
Dactylopius en México es superior a lo registrado hasta ahora y es posible que estén ocurriendo
nuevos procesos de hibridacion entre las especies nativas y las especies introducidas.

La tercera analiza el perfil metabolico del colorante de los insectos Dactylopius por
cromatografia liquida de alta eficiencia (CLAE) para determinar si la composicion del colorante
permite diferenciar a las especies y si todas las especies de insectos son fuente potencial de
colorante. Se analizaron los pigmentos de las cinco especies de Dactylopius provenientes de 35
poblaciones recolectadas en 13 estados de México y 2 de Argentina. Las cinco especies de
Dactylopius analizadas fueron diferenciadas por sus perfiles metabolicos. La presencia de acido
carminico como componente mayoritario en todos los Dactylopius hace de estos insectos una
fuente potencial de este colorante.

La cuarta parte fue la reconstruccion filogenética de las cinco especies de Dactylopius
mexicanos secuenciando sus genes mitocondrial 12S rRNA y nuclear 18S rRNA de los insectos y
16S rARN bacterial para identificar los endosimbioentes presentes en los insectos y generar
informacion que apoye la identificacion taxondmica de Dactylopius. Se obtuvo la secuenciacion
de las cinco especies de Dactylopius mexicanas, a partir de insectos recolectados en cinco
localidades de cinco estados de México. La ultima parte del trabajo es la discusion de la
integracién de los resultados ecoldgicos, morfoldgicos, quimicos y moleculares y su importancia

en el estudio sistematico de Dactylopius y sus especies hospederas.



Abstract

Mexico is one of the world’s main areas of diversity of cacti and their mutualist insects. In
particular, the association between the species of the genus Dactylopius Costa (Hemiptera:
Dactylopiidae) and their host plants of the subfamily Opuntioideae (Cactaceae), both endemic to
the American Continent, have had a great significance to Mexican human cultures. A total of 200
Opuntia species have been worldwide reported, 83 to 104 ocurred in Mexico where nearly half of
them are endemic. 20 Opuntia species have been recognized as cultivated, showing various
degrees of domestication, mainly used as food, ensilage and medicine. The opuntioids have a
large distribution in Mexico, mainly in the arid and semiarid zones of this country.

The genus Dactylopius includes nine species; five of them occur naturally in Mexico. D.
coccus is the only domesticated species used for commercial colorant production. Few works
deal with the distribution of Dactylopius in Mexico; they are mainly focused on taxonomic and
ethno-biologic aspects of the insects. Most of the works are catalogs or listings reporting on one
or several species of Dactylopius, which includes records of the five Mexican, reported insect
species and their localities. Dactylopius possess very limited morphological characteristics,
making their taxonomic identification difficult. Besides, information available on Dactylopius
and their hosts lacks precise descriptions of their distribution pattern and characteristics of their
habitats and does not considered chemical or molecular information for the insect species
identification. Because of these, the present work stablished four objectives that are presented in
the following four parts of this doctoral investigation:

The first chapter aims to review historical, cultural, geographical, and ecological information
about the genera Opuntia and Dactylopius and their distribution in Mexico. To reach this
objective, the information on their origin, diversity and distribution of Dactylopius and their hosts
was exhaustivelly reviewed, as well as aspects of their conservation were discussed. Opuntia
species were among the main components of human diet during pre-agricultural times. Cochineal
was used and probably cultivated at least from the 11™ century. During the colonial period,
Mexico was the world’s first producer of insects and dyes until the mid 19" century. Today,
Dactylopius and Opuntia have worldwide distribution, Mexico is the main producer of Opuntia
cladodes and prickly pear, but cochineal cultivation is marginal and only maintained in traditional
indigenous systems. Strategies for in situ conservation combined with re-established use and

cochineal production may enhance conservation policies.



The second chapter aims to analyze the distribution pattern of species of the genus
Dactylopius in relation to the distribution of their corresponding host plants, in order to in order
to evaluate the specificity of their association in the Mexican territory, as well as described the
characteristics of their habits. To reach this objective, specimens of insects and their hosts were
collected and georeferenced in 14 states of Mexico from 2005 to 2007. The distribution area,
maps, and habitat characteristics of Dactylopius, Opuntia Miller sensu stricto, Opuntia (Nopalea
Salm-Dyck) and Cylindropuntia (Engelm.) F.M. Knuth was determined on the basis of field
collections. This information was complemented with that from exhaustive examination of 367
microscope slides of the CNI-IB-UNAM and 262 plants from the National Herbarium of Mexico
(MEXU) and the herbarium of the University of Guadalajara (IBUG). It was found that the
current distribution of the genus Dactylopius is continuous according to their hosts, broader than
recognized hitherto. New georeferenced records of the five Mexican Dactylopius species are
reported, mainly in the central and northern plateau and southeast of Mexico. These records
suggest that the number of Dactylopius species in Mexico could be higher than that considered
until now or that possible new processes of hybridization between native and introduced species
may be occurring.

The third chapter aims to analyze the variations in the metabolic profiling of Dactylopius
colorant content using high-performance liquid chromatography (HPLC) with a photodiode array
detector, to establish the difference in the colorant composition according to the insect species,
their geographical origin and hosts. For this, 35 populations, collected from 13 states of Mexico
and 2 from Argentina were analysed. This analysis allowed each species to be identified on the
basis of differences in their metabolic profiles. For all species, carminic acid was the major
compound present in significant amounts, making all five species potential sources of colorant.

Finally, the forth chapter aims to make the phylogenetic analyses of the five Mexican
Dactylopius species by the sequence of the 12S rRNA mithocondrial and 18S rRNA PCR nuclear
amplified insect gene and the 16S rARN Dactilopius bacterial gene. The five Dactylopius
Mexican species, recollected from five localities, in five states of this country was sequenced.
The last part of this work was the discussion of the integration of ecological, chemical and
phylogenetic anylisis and its importance in the systematic study of Dactylopius species and their
host.



Introduccion general

Los insectos del género Dactylopius Costa (Hemiptera: Dactylopiidae), conocidos como
“cochinillas” y las cactaceas que son sus hospederas, de la subfamilia Opuntioideae (Cactaceae),
son endémicos del continente Americano (Britton y Rose, 1963; Bravo-Hollis y Sanchez-
Mejorada, 1978; Brummitt y Powell, 1992, Anderson, 2001). El aprovechamiento de la
interaccion entre insectos y sus plantas hospederas esta estrechamente relacionado con la historia
de los pueblos precolombinos de mesoamérica quienes incluian a las cactdceas como parte
fundamental de su dieta desde hace 12,000 a 14,000 afios (Smith, 1967; MacNeish, 1992) y a las
cochinillas como fuente de colorante (Martin del Campo 1957; MacGregor, 1976; Pifia, 1977,
Anderson, 1981; Colunga et al., 1986; Bravo-Hollis y Scheinvar, 2002; Casas y Barbera, 2002;
Reyes-Agtiero et al., 2005a).

En México, la produccion del colorante de la cochinilla data del siglo X1 (Pifia 1977) y existen
documentos sobre este proceso (Cortés, 1981; Diaz del Castillo, 2005; Dahlgren 1990; Butler,
2006). Durante el periodo colonial, la produccién de grana cochinilla lleg6 a representar grandes
beneficios para los colonizadores espafioles que usaban las especies de Dactylopius spp., lo que
aumentaba sustancialmente la cantidad de insecto y colorante que producian (Humboldt, 2006).
México llego a ser el primer productor de grana cochinilla y su colorante durante la colonia y
hasta mediados del siglo XIX (Dahlgren, 1990; Humboldt, 1966). Desafortunadamente, tras la
guerra de independencia y la exitosa expansion del cultivo en otros paises, México perdié esta
posicion (Thiéry de Menonville, 1787; Humboldt, 2006; Balaram-Tolat, 2002; Butler, 2006).

Actualmente, Dactylopius y sus hospederos han sido registrados en los cinco continentes (De
Lotto, 1974), México es el principal productor de nopal verdura y tuna de Opuntia, pero la cria
de cochinilla, bajo el rescatado sistema tradicional indigena, genera una escasa produccién
(Pérez-Sandi, 1999; Campos-Figueroa y Llanderal-Céazares, 2003). Hace falta desarrollar
estrategias que permitan reestablecer esta actividad combinando politicas de conservacion de
estos recursos genéticos y el uso de tecnologia sustentable para su aprovechamiento.

El género Opuntia incluye 250 especies de acuerdo con Britton y Rose (1963), 181 especies de
acuerdo con Anderson (2001), mientras que Hunt y Taylor (2002) describen 195 especies, todas
registradas como especies nativas del continente Americano. En México, se ha registrado un total

de 104 especies de Opuntia de acuerdo con Bravo-Hollis y Sanchez Mejorada (1978), y 83 de



acuerdo con Guzman et al. (2003), de las cuales cerca de la mitad son endémicas de este pais
(Britton y Rose 1963; Anderson 2001). Un total de 20 especies han sido reconocidas como
cultivares (Reyes-Agliero et al., 2005a), poseen diferentes grados de domesticacion y son usadas
principalmente como alimento, ensilaje y en la fabricacion de medicamentos (Frati et al., 1991,
Ferndndez et al., 1992). En conjunto, las opuntias y sus cultivares han sido nombradas con méas
de 900 nombres (Britton y Rose 1963; Kiesling 1998; Anderson 2001; Casas y Barbera 2002;
Griffith 2004; Reyes-Aguero et al. 2005a), que se asocia a la gran variaciéon morfoldgica,
fisiologica y genética (Colunga et al., 1986; Anderson 2001; Hunt y Taylor 2002; Reyes-Agliero
et al. 2005c).

El género Dactylopius comprende nueve especies D. ceylonicus Green, D. coccus Costa, D.
confusus Cockerell, D. opuntiae Cockerell y D. tomentosus Lamarck, registradas para América
del Norte (Mann, 1969; De Lotto, 1974; MacGregor y Sampedro, 1984; Pérez-Guerra y
Kosztarab, 1992; Portillo, 2005) y D. austrinus De Lotto, D. ceylonicus, D. coccus, D. confusus,
D. confertus De Lotto, D. salmianus De Lotto, D. tomentosus y D. zimmermanni De Lotto,
descritas para América del Sur (De Lotto 1974; Pérez-Guerra y Kosztarab 1992; Claps y de Haro
2001; Diodato et al. 2004; Portillo, 2005). Algunos autores también reconocen a la especie D.
bassi (Ben-Dov y Marotta 2001) pero no se ha llegado a un consenso sobre ello.

Los insectos del género Dactylopius se alimentan exclusivamente de cactaceas. A nivel
mundial se cuenta con registros de su asociacion con especies de la subfamilia Opuntioideae,
particularmente con los géneros Cylindropuntia, Grusonia, Maihueniopsis, Opuntia (que incluye
a Nopalea), Tacinga, Tephrocactus y Tunilla; y otros géneros como Cereus, Cleistocactus,
Denmoza, Echinopsis, Gymnocalycium, Harrisa, Maihuenia, Mammillaria, Pilosocereus y
Selicereus. Sin embargo, el 60% de los hospederos pertenecen al género Opuntia (Mann, 1969;
De Lotto, 1974; MacGregor y Sampedro, 1984; Pérez-Guerra y Kosztarab, 1992; Portillo y
Vigueras-Guzman, 2003). En Meéxico el nimero de hospederos se restinge sustancialmente al
género Opuntia (Mann, 1969; De Lotto, 1974; MacGregor y Sampedro, 1984; Pérez-Guerra y
Kosztarab, 1992; Portillo y Vigueras-Guzman, 2003). La condicidn sésil de las hembras adultas y
la limitada movilidad de los machos adultos los hace totalmente dependientes de sus hospederos
(Mann 1969; Gullan y Kosztarab 1997).

Hasta antes del presente trabajo, las especies de Dactylopius norteamericanos habian sido

registradas en 24 especies y tres variedades de opuntioides hospederos, en 8 y 24 estados de



México, respectivamente (Mann, 1969; De Lotto, 1974; MacGregor y Sampedro, 1984; Pérez-
Guerra y Kosztarab, 1992; Portillo y Arreola-Nava, 1994; Gonzélez et al., 2001, Portillo, 2005).
Muy pocos trabajos (De Lotto, 1974; Pérez-Guerra & Kosztarab, 1992) indican la distribucion
real de los insectos Dactylopius en México. La mayoria se enfocan principalmente en su
taxonomia y etnobiologia. Los registros de la distribucidn de estos insectos y sus hospederos, son
en su mayoria catalogos o listas de registros de uno o varias especies de insectos y los estados
donde se localizan (Pérez-Guerra & Kosztarab, 1992; Portillo & Zamarripa, 1992; Miller, 1996).
Por ejemplo, Miller (1996) registr6 a D. coccus en Oaxaca, D. confusus en Durango, Guerrero,
Jalisco, Morelos, Nuevo Leon, Puebla, Sonora, D. opuntiae en Baja California, Distrito Federal,
Durango, Hidalgo, Estado de Meéxico, Michoacan, Morelos, Oaxaca y Tamaulipas, y D.
tomentosus en Baja California, Chihuahua y Oaxaca. Pérez-Guerra y Kosztarab (1992) observo a
D. coccus, D. confusus y D. tomentosus en Oaxaca sobre O. tomentosa, O. pumila y O.
acanthocarpa, respectivamente.

El catadlogo de coccidios mexicanos de la familia Dactylopiidae de MacGregor y Sampedro
(1984) es la publicacién mas detallada del género, incluye registros de (1) D. ceylonicus sobre O.
ficus-indica en Jalisco y sobre Opuntia sp. y Nopalea sp. en Hidalgo, México, Morelos, Oaxaca y
Veracruz, (2) D. coccus sobre O. ficus-indica y O. hyptiacantha, y Opuntia sp. en Oaxaca y
Puebla, (3) D. confusus sobre Opuntia sp., Nopalea sp. y Cactus sp. en Chihuahua, Distrito
Federal, Guanajuato, Guerrero, Jalisco, Morelos, Oaxaca, Puebla y Tamaulipas, (4) D. opuntiae
sobre O. ficus-indica y O. tomentosa en Oaxaca y sobre Opuntia sp., Nopalea sp. y Cactus sp. en
Aguascalientes, Baja California, Chiapas, Distrito Federal, Durango, Guerrero, Hidalgo, Jalisco,
México, Michoacan, Nayarit, Nuevo Le6n, Oaxaca, Puebla, Querétaro, Veracruz y Zacatecas, y
(5) D. tomentosus sober O. megacantha y N. Karwinskiana en Baja California, sobre O. vulgaris
en Coahuila, y sobre Opuntia sp. y Cactus sp. en el Distrito Federal, Guanajuato y Nuevo Ledn.
Sin embargo, carece de datos precisos sobre los patrones de distribucion y caracteristicas de sus
hébitats.

En cambio, la distribucion de las plantas hopederas de los generos Opuntia, Grusonia y
Cylindropuntia conocida hasta ahora es mucho mayor que la de los insectos y se ha descrito que
su localizacion esta comprendida principalmente en las zonas aridas y semiéridas de México
(Britton y Rose, 1963; Bravo-Hollis y Sanchez-Mejorada, 1978; Anderson, 2001, Reyes-Aglero
et al., 2005a).



Los insectos del género Dactylopius poseen un limitado nimero de caracteres morfoldgicos
que dificulta su identificacion y estudio. Miden entre 1 a 6 mm de largo, poseen un cuerpo rojo
cubierto de una capa conspicua blanca, de secrecion grasa (Mann, 1969; Pérez-Guerra y
Kosztarab, 1992). El pigmento representa entre el 10 al 25% del peso seco de las hembras adultas
y esta compuesto de un colorante soluble en agua cuyo principal componente es el acido
carminico (CxH21013) (Venkataraman y Rama Rao, 1972; Yamada et al., 1993). Estudios del
acido carminico permiten suponer que potencialmente podria usarse como antibacteriano,
antiviral, e insecticida (Palma de la Cruz, 2008; Food and Drug Administration, 2009).
Actualmente, D. coccus es la Unica especie que se usa para la produccion comercial de colorante,
por presentar una mayor concentraciéon y calidad de colorante (MacGregor, 1976). Las otras
especies del género tienen limitaciones para usarse con este proposito, por su reducido tamafio y
su menor concentracion de colorante (MacGregor, 1976). Se necesita estudiar la composicion de
las especies silvestres para reestablecer su potencial como una fuente alternativa de colorante y
sus derivados.

El perfil metabdlico es el arreglo cuidadoso de la secuencia ordenada y organizada de la
informacion de la distribucion de los compuestos secundarios en diferentes especies o géneros de
organismos; su aplicacién ha resultado de gran utilidad para los taxébnomos de plantas que
realizan estudios sistematicos (Gottlieb, 1982). El perfil metabdlico de las plantas se utiliza como
una herramienta para identificar plantas que contienen compuestos quimicamente activos, con
diferencias en la composicion de su metabolitos secundarios; esto ha permitido diferenciar entre
especies de plantas que contienen compuestos activos de utilidad, de aquellas que no los
contienen, determinar su origen y reconocer su importancia como fuente de medicamentos
(Cardoso-Taketa, et al., 2008).

Para determinar la composicion de quimica de las especies de Dactylopius se han utilizado
técnicas de cromatografia liquida de alta eficiencia (CLAE), combinadas con espectrometria de
masas (EM) y resonancia magnética nuclear (RMN) para el analisis de colorantes naturales
derivados de hidroxiantraquinonas (Venkataraman y Rama Rao, 1972). Ha resultado efectivo su
empleo para determinar el origen, la composicion y las caracteristicas estructurales de sus
componentes. Mas auln, estas técnicas se han usado para identificar la presencia de acido
carminico en alimentos (Yamada et al., 1993; Lancaster y Laurence, 1996) y materiales textiles

antiguos (Wouters, 1985; Wouters y Verheeken, 1989), para optimizar las condiciones de



extraccion del pigmento insectos cochinilla (Gonzélez et al., 2002), y para determinar su calidad
(Méndez et al., 2004; Maier, 2004). También ha sido posible diferenciar muestras de la especie
D. coccus de acuerdo con su origen geografico, mediante la combinacién técnicas estadisticas
como el analisis de agrupamiento y el analisis de componentes principales al analisis de los datos
cromatograficos (Méndez et al., 2004). Sin embargo, hasta el momento no se ha estudiado la
variacion del perfil metabdlico de las especies de género Dactylopius, en general, ni se han
analizado las diferencias cuantitativas de la concentracion de acido carminico entre las especies
de insectos, ni su variacion de acuerdo con su origen geografico u hospedero, combinando datos
obtenidos por CLAE y andlisis multivariado.

El andlisis molecular es una herramienta importante en el estudio sistematico de los insectos
(Cook et al., 2002). En el caso del género Dactylopius, Unicamente se ha publicado la filogénia
para la superfamilia Coccoidea basada en la secuencia 18S rARN, en la que Dactylopiidae se
localiza en un clado cercano a E1 que corresponde a Eriococcidae (Cook et al., 2002), pero no se
ha estudiado la filogenia molecular de las cinco especies mexicanas del genero Dactylopius.
Ademas, existen dos publicaciones de analisis moleculares de las especies de Dactylopius que
describen marcadores genéticos que permiten identificar poblaciones y migraciones del parasito
del nopal Dactylopius sp. (Garcia, et al., 2001), y han detectado el polimorfismos en el DNA
usando RAPD-PCR y comparando las species Dactylopius coccus y Dactylopius spp. (Garcia, et
al., 2001), pero incluyen un reducido nimero de especies.

Adicionalmente, ha sido publicada una topologia con caracteres morfolégicos de Dactylopius,
que incluye cinco species del género (Rodriguez et al., 2001); El dendograma presentado por
Rodriguez et al. (2001) fue construido usando algunas de las caracteristicas morfologicas de
Dactylopius que describe De Lotto (1974). Sus resultados muestran que D. confusus y D.
opuntiae forman un grupo cercano a D. coccus y D. ceylonicus; mientras que D. austrinus
pertenece a otro grupo aparte de D. confusus y D. opuntiae, sin explicar la razon de estas
agrupaciones. El escaso nimero de caractéres morfoldgicos de los insectos Dactylopius dificulta
el estudio sistematico del género, por lo que algunos autores han manifestado la necesidad de
realizar analisis moleculares de Dactylopius para comprender la taxonomia de estos insectos
(Portillo y Vigueras, 2006).

Por otra parte, en el orden Hemiptera, se han observado insectos que albergan bacterias

simbidticas en su aparato digestivo o en bacteriocitos que son células especializadas capaces de



alojan bacterias (Baumann, 2005; Moran, 2006). Las bacterias endosimbiontes proveen de
nutrientes a estos insectos que estan limitados al floema de la savia de las plantas, el cual
generalmente es deficiente de aminoacidos esenciales y vitaminas (Baumann, 2005; Moran,
2006). Algunos endosimbiontes pueden sintetizar compuestos bioactivos que después pueden ser
usados por los insectos como sustancias de defensa contra sus predadores, parasitos y
microorganismos patégenos (Moran, 2006). Como los endosimbiontes se transmiten de manera
vertical, sus secuencias de ADN pueden usarse para trazar la filogenia de los insectos (Baumann,
2005). Dentro de Coccoidea, se han registrado endosimbiontes en las familias Pseudococcidae
(Thao et al., 2002), Diaspididae, y Margarodidae (Gruwell et al., 2007). La diversidad de
endosimbiontes en Dactylopius spp. no ha sido reportada hasta el momento, excepto para la
bacteria del género Wolbachia presente en huevecillos de Dactylopius sp. (Pankewitz et al.,
2007).

Con base en lo precedente, los objetivos del presente trabajo fueron:

1. Hacer la revision histérica, cultural, geogréfica, y ecolégica de la informacion de los
géneros Opuntia y Dactylopius y su distribucion en México.

2. Determinar el patron de distribucién de Dactylopius en México en relacion con la
distribucion de sus hospederos Opuntia, Grusonia y Cylindropuntia, describiendo las
caracteristicas mas importantes de sus hébitats (altitud, vegetacion, tipo de suelo y clima).

3. Analizar la variacion en el perfil metabélico del colorante de los dactilépidos por
cromatografia liquida de alta eficiencia (CLAE), comparando las cinco especies de México
con una especie sudamericana en comuin con México.

4. Hacer la reconstruccion filogenética de las cinco especies de Dactylopius presentes en
México secuenciando los genes mitocondrial 12S rRNA y nuclear 18S rRNA de los
insectos y secuenciar el gene rRNA de las muestras de Dactylopius 16S para determinar
las bacterias simbiontes presentes en este género de insectos.

Las hipdtesis que se buscaron probar fueron:
1. La distribucion reconocida hasta ahora para Dactylopius no es representativa de este género
y se plantea que debe ser mayor, en correspondencia con la también mayor distribucion de
sus plantas hospederas.



2. La variacion del perfil metabdlico de las especies de Dactylopius permite diferenciar las
especies y esta relacionada con el hospedero y el origen de los insectos, por lo tanto la
variacion quimica de la composicion del colorante cambiara de acuerdo con la distribucion
de los insectos y sus hospederos, presentandose semejanza entre la especie simpatrica D.
ceylonicus registrada para México y Argentina.

3. La secuenciacion del gene nuclear ribosomal de bacterias endosimbiontes del género
Dactylopius permite reconstruir la filogenia de estos insectos. Se propone que la
construccién filogenética molecular de Dactylopius sera similar a la propuesta con

caracteres morfolégicos.

Generalidades metodoldgicas.

Para lograr los objetivos y probar las hipotesis se revisaron 150 fuentes bibliograficas
referentes al origen, la diversidad, la distribucion, los andlisis quimicos y moleculares del género
Dactylopius y la subfamilia Opuntioideae. Para describir los patrones de distribucion de
Dactylopius y sus hospederos se colectaron y georreferenciaron especimenes de insectos de 208
poblaciones, de 120 localidades de 14 estados de la Republica, de 2005 a 2007. El &rea de estudio
se localiz6 ente 98 y 104° latitud norte y entre 18 y 23° longitud este, abarcando las entidades
federativas de Aguascalientes, DF, Guanajuato, Hidalgo, Jalisco, Estado de México, Michoacan,
Morelos, Oaxaca, Puebla, Querétaro, San Luis Potosi, Tlaxcala, Veracruz y Zacatecas. Se
montaron 153 preparaciones microscépicas de Dactylopius utilizando la técnica de De Haro y
Claps (1995) y se depositaron en la Seccion Hemiptera de la Coleccion Nacional de Insectos
Universidad Nacional Auténoma de México (CNI-IB-UNAM). 50 especies de opuntias se
propagaron y depositaron en el Jardin Botanico del Centro de Investigaciones (CIEco-UNAM).
Los datos de colecta permitieron establecer las areas de distribucion (mapas) y las caracteristicas
de los habitats de Dactylopius, Opuntia, Nopalea y Cylindropuntia. Mediante el sistema de
informacion geografico ILWIS 3.3 se construyeron los mapas de localizacidén geogréafica de los
sitios estudiadoss para las distintas fuentes de informacién y los registros de Dactylopius y sus
hospederos. Esta informacion se complementd con la revision exhaustiva de 367 preparaciones
microscaépicas de especimenes de Dactylopius de la Coleccion Nacional de Insectos Universidad
Nacional Auténoma de México (CNI-IB-UNAM) y 262 plantas de los herbarios Nacional de
México (MEXU) y de Guadalajara (IBUG).



Para determinar el perfil metabdlico de los pigmentos de Dactylopius se usé cromatografia
liquida de alta eficiencia con arreglo de fotodiodo (CLAE). Se analizaron las 5 especies de
Dactylopius provenientes de 35 poblaciones recolectadas en 13 estados del pais y 2 provincias de
Argentina. El origen geogréfico y los hospederos de todas las poblaciones de dactildpidos fueron
analizadas combinando los analisis cuantitativos de los datos obtenidos por CLAE (componentes
mayoritarios y minoritarios) con analisis anidado (AC) y de componentes principales (ACP).

El analisis filogenético de Dactylopius se hizo mediante la secuenciacion de los genes
amplificados por PCR 12S rRNA y 18S rRNA de las cinco especies de insectos presentes en
México, recolectadas en 5 localidades de 5 estados del pais. Se utiliz6 la secuenciacion 16S
rRNA de las muestras de Dactylopius para estudiar la presencia de bacterias endosimbiotes.

Esta tesis se integra con 5 capitulos. EIl primero es la revision histérica, cultural, geografica, y
ecoldgica de la informacion de los géneros Opuntia y Dactylopius y su distribucion en México.
El segundo capitulo es el estudio de la distribucién y habitats de Dactylopius y sus hospederos de
la subfamilia Opuntioideae en México. El tercer capitulo es el perfil metabdlico de las especies
de Dactylopius, origen geografico y hospederos y el analisis multivariado de los datos CLAE. En
el cuarto capitulo se describe la filogénia molecular del género Dactylopius y la identificacion de
sus bacterias simbidticas. Finalmente, el capitulo quinto es la discusion general y conclusion del
presente trabajo. Se recapitulan los principales resultados obtenidos y se concluye integrando la
informacion obtenida de Dactylopius y sus hospederos, dando una perpectiva de la aplicacién de
esta investigacion doctoral.
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Abstracl A historicsl pesspective on the use and production of species of Dacrylophe
{Hemipeters: Dactvlopiidae) and Opunila (Coctacess; Opuntioidae), information on ikeir
wrigim, diversity and distribution in Mexico are reviewed, and sspects of their comservation
are discussed. The use and exploitmion of both genera ane part of Mexican cultures since
prehistory, Opunsia species were amang the main components of luman diet during pre-
agricultural times. Cochincal was used and probably cultivated at least from the Tenth
century. During the colonial period, cochinesl genernted significant benefits to the Span-
imrd colonizers and Mexico was the world's first producer of insects and dyes until the mad
Nincteenth century. Currently, Mexico |8 the main producer of Opunnio cladodes ind
prickly pesr. bot coclineal cultivation s marginal and only maintained 6 emditiens)
indigenous systema. Mexico o one of the main sreas of diversity of Opantla, having
H3=-104 ol of pearly 30 specici vworldwide, More than 50 species are used miinly as
food, foddet and medicine and 20 species are cultivated with different degrees af
domeitication. The peouk Dactvlopls includes nine species, with Bve of them naturlly
occurming v Mexico, Only D coccur has been onltivaied anid domesticaled but other wild
apesics have been used throughout history. And and semiond arens of Mexico are among
ithe most imporiant reservoirs of binlogical diversity for both genem, particularly for
B cocewr. Specific measores Tor protection of such bodiversiny and geperic resounes
me required. Strategies for in sito. conservation combined with: re-established use and
eochineal production may enhance comservation policies
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Mexico o oo of the workd's main aree of dversity of cacti and their mamuslie peects
iBeition sid Rose 1963, Anderson 2001; Hunt snd Taylor 2002) In partculsr, the s
cuathon berween species of the gena Opentia und insects of the genas Deactylopius fie had
& great vignificance 10 Mexican humen cultures, This anucle reviews histoncal, caltural,
peographical and ccological mformenon abour the goners Opuntia wnd Dactylopias s
their distribuation in Mexico. The penus Opuntia (Cactacese: Opuinteidae) inchudes T30
mmﬁtwlﬂmﬂhﬂﬂﬂuﬂmﬂhmmnﬂlﬂ
sccording 1o Hunt and Taylor (2002}, all of them recondad s naturslly distriboted in the
American continend. A total of 104 Opuntia species. sccording 10 Bravo-Hollls and Sdn-
ehes-Mejorsda (1978), and §3 sccording 10 Cuzmdn et al (7003, have been reported fir
Menico, where nearly half of the species of thiy geris are endemic (Brinon and Rose 1963,
Anaberson 2001 A total of 20 species have been recognized a8 cultivated, shawing vanious
degress of domestication, and traditional wers have designated the different species and
cultivars with more than 900 names (Hridon and Rose 1963, Kiesling 1998, Amderson
2001, Casss and Burbers 2002; Griffith 2004, Reyes Agiern of sl 2003a), asociaied with
high matpholegical, phymological end genenc varistion (Anderon 2001, Huut and Tayhr
02, Reyes-Agiero <f &l 2008a)

The genus Dactylopin inchudes 3 homologows group of phylophagous hempierou
imsccts of 1-6 mm in length witk the adult males bemng smaller Dan e adult feadles
These insccts are charactenized by ther while cotten-type way cover sewretion and e
cokorful hdies, and commonty are called *cochimes) meeacts” of “cochineal scale e ”
iDe Lot 1974, Pilta 1977; Claps snd de Haro 2000). The famnly Dactilopiidee is omi-
genenc and inchsdes mine specics (Table |F Dasrvlopius erploniow, D coceus. [, con-
furs, D gpentiae, D jomenimus, D austring, D confertin, [ scbsignss wnd
[ shmmermuani (De Lotin 1974; Pées-Guerrs snd Koortarsh 1992, Claps and de Haro
01 ) Some authon als recognize the species 0. batrd (Bene Dov and Marotts X001 5, bat
there 1s o consennm sbout it The first five aforementionod speoies havet hoon wentitied in
Mexico (Table 1), with D, coceus being the only ane cultivated and used for commercaal
purposes. bocause of the higher smount snd quality of dye it contain (Pifia 1977)
However, the other specics have also been weed. It has boen estimaled Ut during the
wwmmmﬂmmmedh
coxchinesl produced derved from other wild species (Hambold 1966). Even when their
dye haal infenior quality, their cummercialization represented subsantial incomes 1o the
Spanish Empire (Thiéry de Menoaville 1767; Humboldt 1966, Anderson 1981 ). Production
anal of D. coccus has been called ~“coccadoculture”, i.e. cochineal cultivation
(Pifa 1977} The Dectylopildas s cherscterized by feeding exclusively oo cacti (Pérez-
Cruerrs and Kosziarab 1992; Claps and dc Haro 2001 ) with nearly ¥0 species of this plant
group having boen reporied a5 hosts worldwide (Table 1), la Metio, 12 cact) species,
mainly belonging o the pepus Cpsssia, have been reported s hosts to D tylopias The
sewsaie condition of the female msecty and the kmiled mobility of the adull males make
them toally dependent na their hosts (Mann 1569, Gullan and Kowatarsh 1997)

Dpesrtics ane] Do tdspise occwr raturally 0 the American continenl wilh Wprocs nalive
e bothy Nowrth end South Amenca (Pérer-Cuerms and Kosrtarsh 1992 Anderson 206015 On
ﬁhﬂlﬂ“ﬂ“ﬂ!ﬁﬂ‘ﬁﬁlm-ﬂ*-h_ﬁ
coctus famuly sncrsion was most bkely of South Amencas ongin These authon progose
ihat e initial cactus primesry eadiation segion., |e. center of orign. is most Likely the mid-
Andsan region, presently nonhers Chile, Balivie and Peru, where the opantiond sacestan,
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Mhiallse5s iLpmye

a3 well aa other cactas spcestons divergad i their &fferent lineages, theroby resaling w
migration pathe 1o North, East and South America. Moleculsr evidonce indicates that fwo
Einesges. oy hndnical-stemmed and fla-stemmed prcidy pean. diverped in South Amenca
pror 10 iheir migrsuoa Theretore, their present co-acomrence in many North- Amencan
desert and semi -desert habatats i the tesult of pamilel migratns as o senic-adapred fariwc
cohon (Hum sod Taylor X62) Opuntis heve undergone an extensive evolutionary radsi-
stion (Anderson 2001} end have occupied ihe most wadespread geographic region for iy
group within the Capscene (Hunt and Taylor 2007}

direuied W oplimire heir uae for their ofible steme and frusts | Amderson 2001, Hamst and
Tayho 2002, Reves-Agiicro of ol 2005 ). but also the e and management of Clpsaii bay
bwen duvcand 10 the caluvalion of Dectyinpén imects. The Lsger activity has heen char-
actented by the aage dewnbed below.

Pre-Calumblan perisd

Opuantin and Dactybopisg were imporant elements of the howsehold oconamy, political life
amid relighous practices in the everyday life of the ancient communities in Mexico (Manin
del Campo 1957, Humboldi 1966; Andersan 1981). The youny cladodes or oyl were
consimed as food, whereas, the mature cladodes were usad 10 propagate conchineal imsects
The peickly pear frit or mochtli was consimed fresh or fermented o prepare the prckiy
pear wine called nochoctll (Humbaoldt 1966; Anderson 1981 Dablgren |990), Opantiz also
occupied an important place in the (ndigencus Mexican pharmacopoein: sccardiyg o
scveral codices Opuntia plants were used o cure coatusions and skan burms sod immobilize
broken bones, amang other health problems (Gibson 1964, Humboldi 1966, Anderwn
1)

As revealed by oadioes and hisioncal documents from the carly yean afler the Spanish
congueest, Opusria cuitivaton hed bees @8 agnoulnasl sctivity of pest mponance 0
Menicn for aver 700 yean ago. Opumna specses often were ethibited i the pre-Columbus
taanacal gardens or onographacally represceind on bailding walls (Martin del Canapa
1957, Humbolds 1966, Dahlgren 1990) Reanng of cochineal dates back to the Toler
penod. which corresponds 1o the Tenth comtury (Humbokd 1966, Anderum 19811, and
wtavities related o it weore often (bustraied an muraly snd the traditons) Ariec paper called
amat! (Martin del Campo 1957, Daklgren 1990, Pércr-Sandi 20013) The prre Columbien
Mevican people ditnguished the fine cochineal (nopsalmorhe el ) from wild cochineal
pocios {aguimiliuhigui end low-grade cochineal (sainecheztl, Humboldi 1966, Ande-
wos 19% 1. Dighigren 19901 They alwo procsssed cochineal (rochetlarcalii), and both fresh

€) springer



and processed cochineals along with the dye were sald
a

for Byt
Teathers used for decorating clothes, & well a8 cosmetic materals osed by militery,
givns and government leaders (Manin del Campo 1957, MacGregor 1976, Pafin 1977,
Anderion 1931; Butler 2006}, In medicine, the insects of an unidentifled species and iheir
dye were wed to cure siomach, head and hean disenses ond were considered & good
simulating tonkc, sudonfic (indocing sweat), slexipharmic (antidotal), febrifuge (fever
reducing), and collutory (mouthwash; MacGregor 1976, Anderson 1981 ; Butler 2006), The

production of 4,404 kg tributed w0 Mocieruma's Empire (Martin del Campo 1957, Pérez-
Sand 2000 a).

CGonzilex et al. (2001) have mggemed that Mescamencan and Andenn societics had
commiercial and culierel links trough shich the exchange and propagstion of Opuwis and
B, covcur could have occurmed, Mexico and Peru shared the use of the dye from the Tenth
to Twelfth centuries. In Mexico the Toltec and Teotihuscin culmures knew the dye and used

T
w 7
»n | —=
o ' |
o F = e _-"' I
- R - et | L] ] [
Gl Y L e
i " k. § |
ph | - s ———
" l""".'_‘r-. T = —r—'- |
WLy~ n T
» Al T vl K
. . E}&L . €18
l\.-—“— _;\—I'.-. _ﬂ-!! ] _.1' . ﬁ.. - L i
H o n anadll lI|I F‘I_.“'-- '-\.
- » I| ‘ -.r i - |
. -
Ty o oae w0000 s w

Fig. | fues ol ihe Mreuican Ropublic: | = Apsscalientss, 7 = [ajs Califomis Moris. 3= Bajs
Califinnis Sor, § = Compecte, § = Chispas, § = Clibsalsss, 7 = Coalisile, § = Colims, 9 = Dorssgo,
ID-H&HHJ.IIw“ﬂmﬂ-ﬂ-ml]'[wp,ll-llhﬂ-lhhﬂ'
(Foderal [Manicil, 16 = Msboscén, 17 = Maclos, 1§ = Maysil, 1% = Nugvo Ladn, 30 = Osxaca,
2 = Puehils, 27 = Quenfiss, 33 = Quintess Boo, 34 = San Lidh Posoad, 2% = Sinalta, 26 = Snnom,
1T = Tebawn I = Tomdipad, 3% = Tascale, 30 = Vemerur, 3 = Yicmbs, 1] = Tacatecai

€l Springes



Blasdivers ©rons=ery

it en different applications, while in Peru |§ was used for coloring cloth in pre-Incs times
(MocGregor 1976). Some suthors have considered thai since indigenods Andlean people do
nol have mative nomes (eg Cuechus) for Dactelopii insects and their bosl species of
Opwintlis (Pifin 1981 ) it is unlikely that cochimen] was peed in thol reghon belore the
colonls] period {(Manin del Campo 1957, Pifla 1981) However, chemical analyses have
revealed that Andean textiles were mainly colored with the native South American species
B, ceyloniess ond B, confiosr, althsough o amal] frection also wias colored wath B covcus
(Wouters and Verhecken 195%). which supparta the hypothesis of pre-Columbian inter-
change of materjals pnd management echmigues.

Conguesi period

The flnd contact of Eurepesns with the gomis Oparitia eccurmed in 1492 dunng the first
voyage of Christophes Columbus, who ook smples of these coctl to Lishon in 1453
{Anderson 2000). In the Sixieenth cemuary living specimens of Opleitia were exhibited in
ihe muin botanical gasdens of Enrope and cultivated in them for centuries (Humbsld:
1966), ln 1700, Toumefors named thess caotl s Opuniin becsuse af their similanty 1o
spiny plants growing in the town of Opus, in Groese (Hamis 1833). Since his arrival in
Mexico i 1519 and oniil 1526, Hendn Corids winole & senes of epithes o Charles ¥, in
which Conés describes the splendin! treassres nd naneral wonders found when he dis-
covered the “Western Indien”, including cochineal amd its dyestufl that were abundsnt in
Mexico and could be of “s great profit for the royal purse” (Conds 1962). In 1523 Conés
shipped several peoducts 1o the king, among them cochinesl that arrived for the fir time in
Europe (Butles 2004),

The clergy realized that in the New World cechineal dye was actively marketed among
the different communities and the degree of domesticanon of these imsects was comparable
with the culiure of silkworms or bees (Maniin del Campo 1957; Dahlgres 1990). In Mexico
as well as in Spain the refigious growps and chroniclens started imponant efforts in doe-
umenting the indigemne activities (Cories 1962; Diaz del Cantillo 1963; Anderson 1981),
Knowledge of the variety, prodection, caltlvation, growth, pests and wees of Opantia; 8
they drew n detail the activity of cochineal culture, natural enemies, the collection proces
ind drying of the invect, slling of cochineal cakes in the murkets, and the prosduction of
the final dye and its uses, were well documnented (Diae del Castillo 1963; Humbaoldt 1964,
Andherson 1981 ; Dablgren 1990). In order to prevent contraband and pirscy. the majonty of
pre-Columbian writings and codices were faithfully copied by priests and then destroyed,
and only some Masters of the Aziec schools called Calmecar, who kepe the ol tradition
alive, and the prfessional wrters, cafled Hobewifion, muntaned valuable information on
the tmchtional managermenl und production processes (Manin del Campo 1957

Colonial period

The Spaniasnds controlled and promoicd “coccidecultire™, an activity that opened the way
10 & prosperous industry during the colonial period unce the sowrces of natural red coloring
kenvwn ad that time were fouree (Cibmon 1964 Pifla 1977 Oiher sources known were the
melbusks of the geners Purpurg and Mires from the Meditermnesn sea, the lichen archil,
wrchil o orchilla (Reccells canarirmaiy) from the coastal rocks of Spain and the Middle
East (Pills 1981; Dahlgren 1990), and the insect species Coccus ilicis Linnnens, | 758, pow
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Kermen (licly (Kermesidae), from Oreece, T polonicus, now Porplyrophors pofonios
(Margarodidse), thal grows on ihe root of Seleranthue from the ondy laods of esiem
Europe, and © coctl Linfaces, 1758, now Profprioeis coctl (Homopiers-Coocokdes-
Margarodidase |, on Ctpuntia ditfend from India (Balsmem-Tolar 302, Butler 2006, Other
colonngs used by thol lime were = Armenian red” which was made from the insect Prr-
phyropharg hamell, & parasile on the ot end siems of cerain grasses in Armenia,
Arerbnijan, Oeorgia, Turkey, sod len, Loecifer lacor, an inkect pative fo [ndis and
Southeast Asia (Huatler 2006). However, nabe ol these colarings soctmed & atracuve in
guality and permanence o tial from D, coccur, therefore, cochineal coloring mpidly
displaced them (Pifia 1977; Butler 2006). The Spanish authorities carefully recorded data
on the production, transformation snd cxportation of the iasect and s dye, and thet
informstion makes it possible 1o heve & clesr view of ihe productive regions, amoumnt of
it produced, coloning obisined, volumes of expor end sconomic beoefit it mpresenied
fur the Spanish Enspire.

In |525, cochineal was cultivated b Daxdcs, considered the wes of odgin ol ths
pctivity, bot reanng wis also carrhed oot in Puebls (Humboldt 1966; Pifia 1977), Tloceals
and Valley of Mexico (Gibson 1964). Cochinenl produced in Caxaca. quickly became an
important expor, with shipments first resching Spain in 1526 (Meoyer and Beezley 2000)
Consumption and use of the dye extended W the Mayan region af the southeastomn portion
af the cowntry (Conés 1962; Humbaldt 1966; Dehlgren 1990), Later on, cochineal culti-
vuthon was soccessfully sstsblished in the state of Tlascals (Fig. |; Disr del Castillo 1963,
ammang other regions of Mexon, During the firs cenmury of the Cobonisl pernod, insect
production was managed only by indigenows people and the prodoction given as tribute o
the congueron [Dibson 1964); who established bows o provend fulsification end frood of
coclrineal in 1592 and 1594 (Humboldi 1966). The cochincal exponed from Mexico w
Spain during ihe persod from 1760 to |ES0 avergged 700 tony per year (Fig. 2) Homboldt
1966, Dahlgren 1990). This level of production was schicved with Opentia plantations
constinated of 5,000-6,000 plantsma (Humbaoldt 1966) in which 25,0008 000 groups of
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indigenous houscholds worked m modules messunng 001000 m° (Humbold: 1966,
Portllo and Vigueras Gurman J003) The ol production inchaded cochincal cultivated in
these modules. cochineal collextsd from cultiveled speoes of Opumnia, md cochinesl
ety collected from wild specics of Opuntiu. shich grew spontaneoaly on the sides of
the mvmimntasns aned substantia [y icressed the amoun! reponed, and came o constinge one-
third of the intal prodoction of Mexico (Thidry de Menonville |THD; Huniboldt 1964,
Anderum 1951} The coliring sbinimed was hi ghly valum! and became e thind greates
siroe of (noome for the Spanish crown in the New Spain, ooly alter gold and silver
(Humboldl 1966, Pia 1977. Dablgren 1990). The graier pant of the dye wis exponed (o
Spaim (Cibson 1964); ity destimation was the Buropesn market {Meyor snd Reerley 2000,
through commercialization that involved a chain of Spankth merchamts (Hombolds 1966),
The naccensful production amount snd quality of cochineal dye increased (s demand
wiorldwade both in the Baropesn snd Asian markets. resching China and Turkey with gresl
wecapiunce | Anderson 1981 ), For this reason, cochimesl culiivation wa exiended inio e
Spanidh crown termories, from te New Spain 1o the New Oslicis that cotresponded o the
Lerpibory eniending From the sahemn U S and Meikoo o Tuconun, Argenting {Hhenbolds
1966 MacGrogor 19761 The expansion of Clpuatia wpecies snd cochinesl production
contitised during the Seventcenth and Eightrench consuries; Flemash, Dwich, and Englaed
watile weaven constituted the major market for this dye (Meyer and Beegley 2000} The
Spenish suthenites controlled cocheneal cltvatsn and oonormtrated @1 prodsctaon
Dignaca (Cabwow 19640} o svoml iniemal and cuicrnal oo W ey nfarmatun, hieever,
eupeonagr ootld not be prevested (Pidis 198 Dahdgren 150)

The French i Thidry de Menosville (7871 Bateah and The MNetherlamds Ermpores got the
imformation on this sctivity sl pat nto prsctice cochineal cultivasion m their respective
endoniss 0 the Eighteonth centmry. From Meooco, both Openils and Dastylopias were
hronght w1 Saimi-Demingue (later known as Hain) in 1777 by the French botanist Nicolas
koweph Thigry de Memmville, whe esmblished an expermuental fakd on thas islamd (Thry
e Menumville 1787, Humboldt 1966, Butler 20068) The Englishmen intnndnced cochaneal
and its howt plants i Australis from Brasil Capitan Nelwn carmied off e insect from
Rio de Japeiro in (793, and culture lands were established in the environs of Calcurta,
Chittagong. nnd Madbris (Humboldy 1966). The main gral was in sstablish this sctiviry and
mﬁhdﬂ to the tentile industry of the army (MacCGregor 1976; Pifin 1981) From

Australin, coghines! vwas re-introdoced in Indis b 1795 (Balaem-Tolat 2000). In all cases,
oochineal cultivation was unvscoesdul and in Australis Opsntia becams invisve.

T Mlexscii & combsnation of exiemal and intemal circimatances marked the end of the
prosperva industry of cochineal cultivation. Amoag the internal comflicn, the Indepen-
dence war was decisive, bat also in 2 single night all the cacti (nopal | hosis were oot down
ared cochines] producton cenden closed by indipenoms people incied by the constans
abuses and frasds on behsll of merchant and middiesnen [Hamboldi 1968). The mam
eiierned s were the scenlol cvpassion of oohines] rultvalion in olhe coanines,
cionflesis in Europe end the vyuihens of arvfioal colmngs (Periin ] 5960 Meuoo mdoosd
ity prosbacticn (Fig 2. Humboldl 1966) and po bmsect of Jye was coporied by the maddie of
the Mineiernth century (Dahlgren 1950

LT p—

mot conchines] prouscies. Diher cosntries and empires suppliod G markel Ul demanded
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this dye In 1KY in onder o maistes s wurce of ihe colonng, Spas intradeced the
cubuvancn of [ corcus and i bowt plants imto Cadiz and then wnto the srchipelago of the

atreenpin, oiher canes of scorsidul sdapistion accaned in Gosiemalas (Humboldt | W) aod
Asgenting (Claps e de Haro 2001}, in Souih Africa in 1824 (Pl 1981), Peru in 1958,

dyes that lasted almost & century (Harow and Perlan 2009). During this ume. the i of

E
E
§
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|
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of prckly pest snd 700 kpfta of cochineal, that represents K3% of the towl emount of
bissects in the wardd, with a yield of up 1o 24% of carminic sckl The Peruvian cochinesl
producing reglons sie mataly located woand lands

Menico is & country with & scrics of advantages which would allow an activity of this
wiort to be reataned, Arid wnd semi-and 2ones compeise neardy hall of the Mevican lemiory
It s the primary producer of Cpuntin prickly pear and cladodes worldwide; Qpuntis
“mthdMM!MMWhihh—
mtory, md thiv country has an ancient cultural history in the produstion of Cunatia,
Dacrvlopdsr and iy dye that currendly occurs disseminated b indigenias villages Nearty
11 species of i re used as fodder for cattle (nearly 130,000 ha cultivaied for this
purpose ), 24 species are ased for prickly posr production (aearly | 70000 ha cultivated for
ks purpose ), the <ladodes of nine species are consumed as vegetables (9.000 ha cultivated
fuor this purpesse), snd 14 species are used for cochineal cutivation (10 b cultivated for tis
purpose | In sddition, Cpenria species are cultivated 1 produce rew material for medicinal
Preparshions, cosmenic prodocts, bio- g, cttanol, aihosves for whitewashing and baikling
of living feoces, snd barnen for protecton aguimst soil erouon (Caus and Barters 1002
Campos- Figueros and Llandera)-Cizares 2001,

Indenenalization of Upentis prodects o growing. There o 2 long et of fisad & well
commctic prodacis prepartd (rom yousg cladodes (Cass snd Barbers 20001 The maters
cladodes, wath high fiber content, mucilage end pecim, ere wsed m the developens of food
supplemnents and have heen tened in (e pharmaccutics] wdustry bt applscataons i the
control of hody weight, diabeirs, hyperglycemia, glycemia, chobesierol and inglyoendes
hevels in blood (Frati of af. 1991; Fersandes et sl 1992) The ase of Opantia for cochineal
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cultivation in Mexico is cumently redoced o small scale production in traditional indig-
enous villages, some few specialized prodycers in the ststes (Fig. 1) of Tlavcala, Hidalgo,
Mleaicn, Jallica, Coliing, Gueyenw, Ousiajusio, biloscdi, San Luls Putosd, sisl Yucatdn,
educational and research ceniers in Baja California, Cldspas, Chihoahua, Coabmila,
Calima, Drrango, Estido de Mexico, OGuanajuato, Guerrera, Hidalgo, Jalisco, Michoscdn,
Morelos, Onxaca, Poehla, Querdtaro, San Luis Polosi, Tiaxcals, facaiecss and Yucatan
(Pifla 1977; Pémz-Sandi 2001s; Compos-Figueroa aad Llanderal Cizsres HX05; Flores-
Hemdndes ef ol 2006}, They are mninly dedicuted i imprrve prodoction metbods of
0. corcur and s dye, and part of the production is destined for an, cralt and research
(Camipos-Figuerns and Llenderal-Clrares 2000), Presenily, in Mewioo DN coorsis s ool
reared intensively, however, ihe insset is found in more than biall of the Mexican termfory
spreadd in southem, nortiern amd cemtral regions and there s & constant inlercharnige
bebween different siates and o pome cases with the Cefary lilands and Pero, Therefore,
there i o impotianl genetic diversity;

It 14 pousble b re-emshlish cochneal production i Mexico, and it is oseful for this
purpese 1o genemate information about the avallable resources, the geogmphical disinbu-
tioth and copservation status of the commercial and wild species of both Opunsia und
Darrylopius. Such information is valnable from the perspective of use of genetic resoaney
huﬂﬂlwmwndpdﬁnﬂﬁwmm:dhm
imol

Current distribution of species of the geoera Opuntia and Docrylopios

The species of Dachlopius have besn reported b viccur in 33 countries worldwide [either
naturally or as infrductions), with more than @ third of them ocourring in North Americs
(Table 1), Argenting reports the greatest mumber of species ol Daciplepius, and host
fop ibis prass (Claps sl g Hoo 2001, D, opsmife, occis 1S countes,
B, eocciy in 15 cowntries and B, fovwrendioe in 7 countnes, with these three fund on five
continents, D, ceplonicus occors in 13 cowntries and |t is known to be the most widely
recorded species in South America, from where it s thought w originate (Claps and de
Ham 2001, [1 eeylonicus alun has boen estahlished in Asia (5A Lankn, from where i
names derives) and in Africa [, confiss occmrs in 12 countries, being mainly stamdant in
Woath Amenics and 1o & lesser extent alsn in the central and southern parti of the American
Continent bui also has been intrduced o Afric ond Asstralis. The st of the specics of
Dactyloping oocur in Argenting (De Lotio 1974). The gemis Dacrplopiu b gssociuted with
the Caclacrae particularly the sbfamily Opuntioideae, with the geacm Cylindmopuntia,
Gruionia, Maihssniopais, Omintio (that included Nopalea), Tacinps, Tephrocacrur and
Tunille; other gemera Cervus, Cleinocactus, Demmom, Echinopsis, Gymnocalycium,
Harriva, Maihueria, Mammilaria, Pllosocersss ind Selicereis, bul more than 60% of the
hosts belong o the genus Cpuntly (Table |) with species and generic names given by
Anderson [ 2001
In Mexico, Dacrylnplus is disnboted in I3 states (Fig. 1), with 5 grester distribution in
the northem and central part of the country, mainly in dry and semi-dry o (Fig. 3). The
Dartvligpins species most widely distributed are D. opuntice in 19 sales followed by
D ponficas (13}, D, cevinnicus (9) and B jomenionis (T) (Table 1) Oaxaca id the oaly
state of Mesico where the five species of Ductylopini co-inhabit with hall of the bhou
species of the genus Opuntia (Pifis 1977), whereas, Jalisco has the prostest oumber of
Opustia (Fig. 3) ind four species of Dacrylophi (Portille and. Vigpueras-Gurmin 2003,
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Fig. 3 Diseribwibon of Clpemiis species (0} med Dactylopios wecied () s Metico, Mesbets oo beri
imdicair the muis ubvews in Figue 1

Fig. 3). The species with the loger nomber of hosts are D, opustior, D, coceus,
B confirus, D, tomentonuy and D eeviomicus (Table 1), The mnge of elevations for
prowih of Doctlopioy ind Opuntia gre 0-1,650 m and 0-1B50 m, respectively | Broition
and Rose 1963; MacGregor and Sampedro 1984, Anderson 2001) The Opuntia species
with the gresiest distribution is 0. ficur-indica The majarity of the species of Cpuntia. as
well s its variants and cultivam, sre concentrated in the central and high plajess reglons of
Memicn (Fig. 3; Reyes-Agliero 20055},

Perspective for use and blodiversiiy comervailon in Mexico

Scverul utiempts have been made in Mexico 1o re-extablish cochineal cultivation through
national, istemational, public and privete programs (Pémz-Sandi 2001a), wnfortemstely
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with merasccewfyl resalis mamly doe 3o 8 lack of sconomec mie praton and deficermors in
making use of nanve cubsral clemenns amd Wnchnigee adapted W kocal envifosmens
iPeres- Sands X0 sl b o sccowery thal the gresi prodecers of Upsatic cooperate o oETy
i Hus activity covsbinimg cladade, frosl, and imsect producton, dye and b deriviles,
which may represem grea! profin (Campos-Fguema and Llsndera)-Cazares 20031 All of
the wild Dhacrwlopems specics must be considered &5 they are potential sources of a Jye thu
tisorically have proved wo be useful (Andemon |91 ),

Ohpuntia can be highly adaptive 1o s wide range of ccological condstions snd due W (hew
micoess b vegotalive propagation, leve become some of the primary invesive species (o
many aenc of subtropical noo-American habitat, ¢ g Australia, South Africa (Hunt nd
Taylor 2002) The five species of Pacryloping have been used jo Australis against Opantia
pecies, @ g, £ oseniona was wsed i Australbs i llgght the €, imbricats species (Pirer-
Sandl 2000 8; Volchensky et al 1999). For the same purpose, 0. opintice was used 10
reduce populations of O, mricts and O, ficus-fmadica i South Afnca (Volchausky o ol
1999

The wild Dacrriopiur species have several biological advantages over D eocous, For
imatance [ opunnise has & shorter fifespan and reproductive cycles with a langer aumber of
groerations per year (Mann 1969) and is sndely dutnibuted with the gresiest sumber of
hoats. Wild speches also bave & tepellent thick waxy cover thel protects them sguine
desiccation and ran {Plores Hemdsdes o al 30080 and their dve » comsumad by sther
irvamcts amd weedd 30 3 defense mechanivm (Mann 19690 All of the (oxhineal species buve 3
high contend of protrvm snd minerah, ad the rendualy bom colonig eXtrachion ey be
wsed 0 enwnch food for Avian species of 1o prepare forilisen (Quijano and Vergara 2007)

The importance of corscrving the Darndopas:-Opantia svsociation, inaked i poccmary
w0 continue studving this biolopcal ryviem, whech cummently i senously iresiencd bt the
accchorated degradation of the wild spocies that constitute the main source of raw msicrial
for rescarch atadics oo the genetic mmprovemcnl of domesticated species (Flares-
Hernimder of al 2006) and for ressorere comervation programs and the improvemes of
land (Casas and Barbera 2007).

The South Amernican cactus-fesding moth, Coctoblan cociorum (Rerg. Lepidoplenn.
Pyralidse, Zimmermann ef ol 2001). s & senous ool to the high diversity of nitive

species in Mexicu, bith wikd-growmg and cultivated (Péres-Sandi 20010). The lin
inclades 79 matlve Opuantla species (rpecifically platyopuntisa), 31 of them endemic (o this
country, aboul sy species under intensive cultivation wid a1 keast |8 wild-growing specses
wre also sctively used, maninly for fruit, fodder and, 10 & lesser exient, reaning of cochipeal
imssmrtn [Pirep-Karli WHHh) Al thesr gpacies are mowe o less vulersble in moth ek
andd will be imposaible 1o protect them once the moth has naturalized | Pérea-Sandi 2001b),
€ cactorn has demonstaied to be an efficient hiological agent for ershoaling Cpenria
species (Zimmermann end Granata 2002). The United States (Flovida) and Cuba are
regions (rom which posuble mvascom o Metico coald oceur (Zamenormmnn cf ol 20013
The thieat represented by © cormwem i cuisting agnoultursl resounes and cacms heo-
diveraity, with the concomitast ouplicstions for sxial and sormama secanity. mut be
determined s well s i preserce confirmed 8 Metioo in onder tn find out te type of
wundsod meessare o be implerneniad (Pere Sandh M01b) Peérex-Sand (200 [b) published »
arategy for Metico to peevent the denagr cassnd W Swrse resources by C coctorum The
program involves mobadizing the Meucwn government. soveral leading orpanorsLons,
sakeholders and experts @ netional snd mternatonsl levels, with managemen by s
natuwnsl seenng commitiee whowr perboipation i 8 modiem- o long-term plan wisabd
ensure the prodection of the cactus pear indusery and the nutive cactus flora.
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Aneiter problem i thel the constast fragmeniation promated by the ettracton nd
ciploistion of wild species inchading Opwarms (Aaderson MO0 ) wthout rednctons s
reducing the poubility of sudying the irtersction between Docrplopias and Opuntia The
MNowm lor “Envirunmental Protection of mative species in Meuion of wild Bors and fsuns,
risk caegories and spocifications for their inclusion or change. inchading lists of species &
risk* consbders fve Oymortia species of o total of 284 cacti lsted, ie. lews than 2%, The
species of Opuntia are pan of the special category and four of them are endemic: Chmantia
bravecna (nopal from Brave), O, excelsa (excelso nopal), 0. resarica (Cholls msajo de
Rosana) and 0. semtamaria (Cholla de Santa Maria), the fifth spacias is €. pafvacastha
var. annaria (SeMARNM 1994). On the other hand, the insects Dacrylopias s not even
gaenaiilaind in his noEm.

The imponance of conserving this plant-insect asociation, makes it necessary o
cominse sudying s hiological sysiem (hat copatitutes & genethc resource (Hum snd
Tuylos 2002) which is corrently sericualy threatensd by the accelerted degradation of the
wild species, & main source of mw material for research shsdies on the genctic | Flares-
Hemidsdes o1 ol 2006) improvemnent of caltivated plants, in resounce conservation pro-
grams and ihe improvement of land

The history of wse of Clpwnnia and Darryilopiss shows that Mevico hat g high and wnigue

amd on the sntiqaity of cochineal caltivation indicates that the Metscan termtory o the maaen
area ol drveruficstion of the penos Opsasia snd probably the cemter of ongn of 1) corcw
Meuics may be the ares with the highes! poactic divenity of D coccas and, therefore, the
matn eservon of genelic resowstoes for cochineal productson and @ prionty ares fof s
ConsETvatE i E1n

Cossclusbns

From pre-Colanbien times to the Nineteenth century, Menion was one ol the world's main
producers of cochineal and dye, but wdil recently the sctivily was almost extinet. The
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I1. Distribution and habitat in Mexico of Dactylopius (Hemiptera:
Dactylopiidae) and their hosts of the subfamily Opuntioideae (Cactaceae)
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ABSTRACT - The distribution pattern of species of the genus Dactylopius Costa in Mexico was
analyzed in relation to the distribution of their host plants (subfamily Opuntioideae), to evaluate
the specificity of the insect-host association. The distribution of Dactylopius currently recognized
is narrower than that of its hosts and probably is not representative. Therefore, a broader
distribution of the Dactylopius species in correspondence with those of their hosts was
hypothesized. Insects and their hosts were collected and georeferenced in 14 states of Mexico
from 2005 to 2007. The distribution areas, maps, and habitat characteristics of Dactylopius,
Opuntia Miller sensu stricto, Nopalea Salm Dyck and Cylindropuntia (Engelm.) F.M. Knuth
were determined on the basis of field collections. This information was complemented with
information from the exhaustive examination of microscope slides from a local insect collection,
plants from local herbaria, and literature reviews. It was found that the current distribution of the
genus Dactylopius and its hosts included 20 and 25 states of Mexico, respectively, and that
Dactylopius had a continuous distribution according to its hosts, broader than recognized
hitherto. The new georeferenced records of the five Mexican Dactylopius species are reported.
Insects with morphological characteristics of D. confusus combined with those of D. salmianus
were identified, as well as insects with characteristics of D. opuntiae combined with those of D.
salmianus. These records suggest that the number of local Dactylopius species could be higher
than previously thought or that possible new processes of hybridization between native and

introduced species may be occurring.

KEY WORDS: Biodiversity, cacti, cochineal insects.

Introduction

Insects of the genus Dactylopius Costa (Hemiptera: Dactylopiidae), the cochineals, and their cacti



hosts Opuntia Mill., Nopalea Salm-Dick, Cylindropuntia (Engelm.) F.M. Knuth and Grusonia
Rchb. ex Britton and Rose, are endemic to the American Continent (Britton & Rose 1963, Bravo-
Hollis & Séanchez-Mejorada 1978, Brummitt & Powell 1992, Anderson 2001). Interactions
between these insects and cacti were known and profitably used for centuries by pre-Columbian
Mesoamerican people for whom cacti were food and cochineals a source of dye (Martin del
Campo 1957, MacGregor 1976, Pifia 1977, Colunga et al 1986, Bravo-Hollis & Scheinvar 2002,
Casas & Barbera 2002, Reyes-Aguero et al 2005, Chavez-Moreno et al 2009).The genus
Dactylopius includes nine species. Dactylopius coccus Costa 1835, D. ceylonicus (Green) 1876,
D. confusus (Cockerell) 1893, D. opuntiae (Cockerell) 1896 and D. tomentosus (Lamarck) 1801
have been reported for North America (Portillo 2005), whereas D. tomentosus (Lamarck) 1801,
D. coccus Costa 1835, D. ceylonicus (Green) 1876, D. confusus (Cockerell) 1893, D. austrinus
De Lotto 1974, D. confertus De Lotto 1974, D. salmianus De Lotto 1974, and D. zimmermanni
De Lotto 1974 have been reported for South America (Diodato et al 2004, Portillo 2005). Before
our study, the 5 North American species of Dactylopius and 24 species and three varieties of host

opuntioids had been reported in 8 and 24 states of Mexico, respectively (Table 1).




[xtlee 8

[Aruiloz :a dmalst ia
lmalst Halsa

(111 "1 paawanny
1A oz e (1A “10ST 1A 10T 1A ‘181
oA 1lon A A st A e A s

Upateanns) sangiien )
¥adg-wieg
DTSy N

PAg-wpey

Hxulee A “nuloz fialsy | [nalzz pue [1oz AlS| (1) im0
e o (111 ‘L ‘Wiz gyl o
[e 2 [111 *1) oancapy yo sepusa pae [1lzz "TilL iy W o (wgE) ewape 3
11758 ] [1lzz pow [rl 1z M0l #1 2 smesods)
(o [ihze puw [1)s2 400vT (e L tlen it

[11ze pue (162 ‘LA "tz Tils1
[ee s tilesD e *Den lze 0l fon o e [LOMEL] DroLigir )
Moy
lale'z g [ 1l 92 ¥ wpiuy  pdiwsaymoin 3
[Foommpad]  Sams mupdoyiong | pFauatagay] o, Smg i

‘oanxaly ut satads s

wo srydep a0 Jo spi0oas pun spuosnan pue ppundospu) ‘eagedoy ‘opmndg jo sawads s jo vonnguisi | Aqe]



[irAlst s fIxn lee himalst @ (1A ‘111 “Tlon pum (1A “A IS L ToA AL e OARIE] punas )

LA ‘Tlee pow [1alez
‘Al Ta Al DAl *hia “miez
[1lee =a ‘(a1 Joz 5 T “Alst Tialet TATeL DAl At g, v 4 oymmsendiy 0
lilee
i tmadst o cixale @ lidst sy lnadzz pow (o SIA st LAz thls SILD psouiim ()
fmales -a
Larlee L11p] pamimna MO, o prrpA ()
Tatloz ‘Tmalst a ixules iz A [ialez pow
‘oz ‘Tmalst -8 Tmoe Aatst v (oA The Tilez Akt *tadkzy o S{mh WK C1) Pogsir-moy 6
[0 1001l o wpalur] X3 Yadc}-upeg
[1lgs - A I 0T DA Ads s A e Tmin (ossualugus o) faimagaius o
[x1eE 4 [ALTZT P (1 et tnde (pomeL psspad ()
[AlT o [IAlEE
[maAlst a A Ten fador A Als 1 A et 1A

Ixa Jex A "iadsi 8 ‘tet danlzr DA m i nadol nalc g {Foy) sadoge )




[1les Latloz :a
[xalee lmacA ALz |1

Llee < sixnlee a

lleg LALlet :Q
[aloz 2
[xiles oz g

IAlez a *[uec LmAlsy «a fxi)es |

fee :a

L1AlEZ pue (A “IAJZE a1z
Ladoz (AlLt ialon 1A “alst liale
Aden o arkz A el s
[1a ‘iz pum [TAJ6ET *1IA ‘I “1pT
oA A ez iadiz *hadoz 20 “Alsi Slia
Ut 1A AL Oz Al Slador Shiade lih
[ 1p “rlze poe [iadoz A ‘the a1
ez T 1len o “ads der iaden A
AL T had o thador | f1ade cliale
Al pee LE Slooz *hm rlet tEalst Tier
[1al6z puw [1A ‘1 ‘11z 1A oz
[1A ‘1lzE pum
[iA Oz *ha AlST 0IA Ar ‘Tz A mh
[1A 1lze pow (1A *tvz 1A 1A "z 1A
"ALST LIA U 2lea 'tz Sy sla oy

Aakg-mpRg DsoRo) ()

W BiEedaas 1)

PUR[pU N, DISHGOS ()
sy (asoy) opmnd )
a0y saafipd 0

NAA(]-eg B ISl ()

o [ SfaLoa )




(qE00T) sEIN@ A 3 Of[1H0g = Y] pue (REOOT) Serandi g 3 OO
= IIIA *(9661) 20N = [IA (Z661) pdumwumy 3 ojfod = [A (Ze61) quuRsoy ¥ RUMD-ZUY] = A ‘(pR61) cpadues 3
0FU0N = AL HLL6T) BU = (1] (L6 1) N0 (1 = ] {6961) UIUN = |, o0} (] = pue aopunde (= ( ‘ssnfues
T =D 'Ma202 q = g "smpuopas snpdopand = W g, (F0T) WAWNIS = [IA (£00T) 12 12 vpumzng = [A {(100T) 12 12 Za[yzuoD
= A 9861) o 12 wBun|o]) = A (£961) 250y P UONUY = []] (Z00Z) MAWNDG F SOH-0AnE = [] (§L61) vprIofpy-2atpups
¥ SHIOH-0ARIYG = [ ;) 'UMOWNUN = EF ‘STINVINZ = TE UREINA = |§ ZUDRIIN = Of ‘W[EINVL] = 67 ‘Sedimoum], = §7 ‘ossuqe]
= [T "WIOUOE = 9 "PO[UUIS = ST 150104 ST UNS = p7 ‘00Y VUMUM) = £7 "OWRUINY) = 7T TGN = [T TOUXRQ) = (7 ‘U]
OAINN = ] WNARN = §] "SOJUOK = | “UPIVOYINN = 9] ‘03sI[e[ = ¢ ‘0FEPIH = ¢] ‘0saung = ] ‘ownfomng = 7] ‘03N
ap opmsy = || ‘ofuring = 0| ‘A1) eI = 6 TWIOD = § “PINEOD = | ‘TyEny) = ¢ ‘sedey) = ¢ ‘aysadum) = ¢ ‘mg
Bpoesy efeg = £ Suon snuoje) vy = 7 ‘sauaeosndy = |, suiuouds = , {(1007) UOSIAPUY U0 PSR AMIBIUIWON,

[x1les g [adst pue [Arlzr 0o il SUUD) opoppun ()
[1leg :a [l 1zl 12’0z OATLE (950 LouBDINOPIDW ()

[ALloz :a Slimaloz :a [111] pasmnyy (OARIE) [ JAIZApLmLy ()




Studies by De Lotto (1974) and Pérez-Guerra & Kosztarab (1992) describe the distribution of
Dactylopius in Mexico, although they are mainly focused on taxonomic and ethno-biological
aspects of the insects. Some reports (e. g. Pérez-Guerra & Kosztarab, 1992; Portillo & Zamarripa,
1992; Miller, 1996) are catalogs or check lists of Dactylopius species and the states where they
are localized, with scarce data about the the features of their habitats. Miller (1996) reported D.
coccus in Oaxaca, D. confusus in Durango, Guerrero, Jalisco, Morelos, Nuevo Ledn, Puebla,
Sonora, D. opuntiae in Baja California, Mexico City, Durango, Hidalgo, Estado de México,
Michoacan, Morelos, Oaxaca and Tamaulipas, and D. tomentosus in Baja California, Chihuahua
and Oaxaca. Pérez-Guerra & Kosztarab (1992) reported D. coccus, D. confusus and D.
tomentosus in Oaxaca interacting with O. tomentosa, O. pumila and O. acanthocarpa,
respectively. The most important, systematic and detailed report is the catalog of Mexican
coccids of the family Dactylopiidae by MacGregor & Sampedro (1984), which includes records
of (1) D. ceylonicus on O. ficus-indica in the state of Jalisco and on Opuntia sp. and Nopalea sp.
in the states of Hidalgo, México, Morelos, Oaxaca and Veracruz, (2) D. coccus on O. ficus-indica
and O. hyptiacantha, and Opuntia sp. in Oaxaca and Puebla, (3) D. confusus on Opuntia sp.,
Nopalea sp. and Cactus sp. in Chihuahua, Mexico City, Guanajuato, Guerrero, Jalisco, Morelos,
Oaxaca, Puebla and Tamaulipas, (4) D. opuntiae on O. ficus-indica and O. tomentosa in Oaxaca
and on Opuntia sp., Nopalea sp. and Cactus sp. in the states of Aguascalientes, Baja California,
Chiapas, Mexico City, Durango, Guerrero, Hidalgo, Jalisco, México, Michoacan, Nayarit, Nuevo
Ledn, Oaxaca, Puebla, Querétaro, Veracruz and Zacatecas, and (5) D. tomentosus on O.
megacantha and N. Karwinskiana in Baja California, on O. vulgaris in Coahuila, and on Opuntia
sp. and Cactus sp. in Mexico City, Guanajuato and Nuevo Leon. Conversely, the distribution of

host plants of the genera Opuntia, Grusonia and Cylindropuntia reported until now is wider than
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that of the insects (Table 1). However, information available on Dactylopius and their hosts lacks
precise descriptions of their distribution pattern and characteristics of their habitats.

This study aimed to determine the distribution pattern of Dactylopius in Mexico in relation to the
distribution of Opuntia, Grusonia and Cylindropuntia, describing the main features of their
habitats (altitude, vegetation, soil and climate). Our investigation was based on the hypothesis
that the distribution of Dactylopius currently recognized is not representative and should be

broader in correspondence with the distribution of their host plants.

Material and Methods
A database aimed at comparing the distribution areas of Dactylopius and their hosts was
constructed based on: (1) an exhaustive literature review, (2) a meticulous examination of 262
specimens of opuntioids at MEXU and IBUG, and (3) the examination of 367 microscope slides
of Dactylopius at CNI-IB-UNAM (Tables 1 and 2). A geographic information system was
constructed through ILWIS 3.3 mapping the geographic location of the reported sites of

Dactylopius and their hosts that we reviewed.

Sampling area. To identify the interacting species and gather information about their
distribution, species of cochineals and their hosts were sampled in the area enclosed between 98
and 104° northern latitude and 18 and 23° western longitude, comprising the states of
Aguascalientes, Mexico City, Guanajuato, Hidalgo, Jalisco, Estado de México, Michoacan,
Morelos, Oaxaca, Puebla, Querétaro, San Luis Potosi, Tlaxcala, Veracruz and Zacatecas. This
area was chosen because it was considered to be the main reservoir of species richness of host

species of Dactylopius.
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Table 2. Consulted records of herborized species of Opuntia hosts to Dactylopius. Altitude in

meters above sea level.

Locality (States®)  Altitude  Collector®  Collect No.® Date Reference
O. atropes
La mina (1) 1700 35 40007* 30/08/1983 MEXU-UNAM
Tonalapa (13) 1000 40 3017 11/12/1972 MEXU-UNAM
Acatic (15) 1600 25, 27 160 27/07/2002 IBUG-UDG
1700 24 141574* 08/04/1990 IBUG-UDG
1700 33, 58 6 04/04/1990  IBUG-UDG
Arandas (15) 2150 7, 38 * 02/04/1977 IBUG-UDG
2150 42 24984* 22/03/1980 MEXU-UNAM
Atoyac (15) 1500 25, 54 66 01/05/1986  IBUG-UDG
1500 25, 54 65 01/05/1986 IBUG-UDG
1400 25, 54 69 02/05/1986 IBUG-UDG
Cerro gordo (15) 1400 14 1279* 20/04/1977 MEXU-UNAM
Cocula (15) 1400 6, 34 248 09/03/1986 IBUG-UDG
1700 6, 34 261 09/03/1986 IBUG-UDG
1600 6, 34 247 09/03/1986 MEXU-UNAM
1400 6 257 09/03/2006 MEXU-UNAM
Cuquio (15) 1800 3 56989* 12/02/1986 IBUG-UDG
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El Grullo (15)

Jocotepec (15)

Juanacatlan (15)

La Manzanilla de la
Paz (15)

Lagos de Moreno (15)

Mascota (15)

Nevado de Colima (15)
Nevado de Colima (15)
Ocotlan, Poncitlan (15)
Poncitlan (15)

Sn. Martin Hidalgo

1800

1700

1700

900

900

900

900

1600

1600

1600

1600

2550

2100

2000

2000

1300

1500

1500

2000

1600

1900

6, 64

6, 64

34,51
34,51
15
12

24

6, 54
5,6
49
60

60

49

32

56989*

1331

1331

1020

1020

1020

48

47

48

49692*

49680*

49683*

177

1266

146835*

39045*

40004*

40005*

30124*

41663*

766

12/02/1986

24/04/1993

24/04/1993

16/03/1984

16/03/1984

16/03/1984

16/03/1984

01/02/1986

01/02/1986

18/03/1985

18/03/1985

18/03/1985

22/06/1985

15/07/1991

22/07/1997

13/04/1982

06/10/1983

06/10/1983

08/03/1981

22/05/1984

21/04/1990

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

MEXU-UNAM

IBUG-UDG

IBUG-UDG

IBUG-UDG

MEXU-UNAM

IBUG-UDG

IBUG-UDG

MEXU-UNAM

MEXU-UNAM

IBUG-UDG
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(15)

Tamazula (15)

Tecolotlan (15)
Tenamaxtlan (15)
Tlajomulco (15)
Toliméan (15)

Tuxpan (15)

Barranca Huentitan
(15)

Cuernavaca (17)

La Paz (3)

Moyahua (32)

Zacatecas-
Aguascalientes (1)
Coyoacan (7)

El Cordonal (14)
Ameca (15)

Tala (15)

1700

1700

1200

1500

1600

1200

1150

1100

**

2350

50

1200

1400

**

300

1300

1400

21 30405*
21 30402*

16, 24 46373*
6 46376*
11 30125*

6, 50 1181
9 49693*
31 49689*
28 1499
63 2391
0. engelmannii

5,48 1134
22 888

O. ficus-indica

34

61

36

19

6257

6538

964120*

1267

49682*

22/03/1981

22/03/1981

02/02/1985

03/02/1985

01/03/1981

27/05/1990

17/03/1985

17/03/1985

13/06/1986

06/03/1970

14/03/1994

28/04/1996

02/10/1983

17/08/1999

18/08/1998

10/06/1976

18/03/1985

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

MEXU-UNAM

IBUG-UDG

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM
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Zapopan (15)
Sn. Juan Mixtepec (20)
Oyameles (21)

Cadereyta (22)

Guadalajara-Nogales

(15)

Ecatepec de Morelos
(11)

Texcoco (11)

José de Garcia (1)
Penjamo (12)
Atemajac de Brizuela
(15)

Atoyac (15)

Atoyac (15)

Sayula-Sn. Gabriel (15)
Concepcion Buenos
Aiires (15)

El Picacho (15)

2200

1600

2850

2100

1200

2400

2300

2700

1700

2350

1500

1400

1400

1900

2100

2100

6 57004*
37 OAX903
20 3678

47,61 3678

O. fuliginosa

49, 67 29451*

O. hyptiacantha

61 2167
1,61 1036
O. jaliscana

34 6200

10 652
43, 50, 57 45
34, 54 70
34, 54 68

6, 58 1347

** 1250
21, 39, 65 74

50, 52 2747

--/03/1986

07/03/1997

Undated

02/07/1984

Undated

30/04/1976

30/03/1973

31/10/1983

03/09/1995

01/07/1989

02/05/1986

02/05/1986

05/05/1993

10/06/1976

20/05/1990

14/05/1992

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IZTA

IBUG-UDG
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Encarnacion Diaz (15)
Ixtlahuacan (15)

Jala (15)

Jesus Maria (15)
Jocotepec (15)

Lagos de Moreno (15)

Laguna de Sayula,
Tapalpa (15)
Manzanilla de la Paz
(15)

Ocampo (15)

Sn. Miguel el Alto (15)
Tepatitlan (15)
Venustiano Carranza
(15)

Zapopan (15)

2100

2300

1300

2000

2050

2000

2100

2100

1600

2100

1900

2100

1850

1200

1900

1800

1300

1600

50, 52 2748
6, 34 239
6, 64 1334
6 1254
30 2286
34, 50, 51 44
6, 34 390
6 390
6, 34 590
6, 34 396
6 69
13, 66 566
6 171
6 53
6 1054
6, 34 284
6 290
23 41417*

O. joconostle

14/05/1992

27/04/1986

24/04/1993

14/06/1991

02/02/1986

01/02/1986

04/07/1986

04/07/1986

27/09/1986

05/06/1986

12/10/1984

27/10/1994

22/06/1985

14/07/1984

10/09/1988

27/04/1986

18/03/1986

09/06/1984

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG

IBUG-UDG
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Valle de Santiago (12)
Corralejo, Penjamo
(12)

Sn. Miguel Allende
(12)

Alfajayucan (14)

Guadalcazar (24)

Valle de Santiago (12)

Tapalpa (15)

Sn. Miguel Allende

(12)

Pilotos (1)
Jilotepec de Abasolo

1)

Jocotitan (11)
Sn. Luis de la Paz (12)

Ocampo (12)

(i)
1700

1900

1900

1600

1800
1800

2100

1900

2150

2450

2450
3900
2000

2200

18 61

10 692568*

10 940416*
17,61 2332

26 763386*

O. megacantha

18 PC-28
18 PC-18
62 381552*
O. robusta
10, 45 584

O. streptacantha

** 1263
8 73
8 72
8 145
10, 44 T-126
6 54

03/06/1981

03/09/1995

04/06/1994

22/03/1979

15/03/1997

15/06/1980

13/06/1980

30/09/1983

30/07/1995

11/02/1965

04/10/1986

04/10/1986

18/10/1987

21/02/1994

14/07/1984

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

IZTA

IZTA

IZTA

MEXU-UNAM

MEXU-UNAM
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Valle de Santiago (12)
Arandas (15)

El Cuarenta (15)

Encarnacion Diaz (15)
Encarnacion Diaz (15)
Encarnacion Diaz (15)

Lagos de Moreno (15)

Los Alpes (15)

Ojuelos (15)

2000

1800

1750

2150

2200

1750

1950

1900

2200

1800

1900

2000

2000

2000

2000

2000

2100

2000

1900

2200

2200

2200

18
50, 52
5,6
5,6
6, 34
29
6, 34

16, 47

6, 34

5,6

5,6

6, 58

29

PC100

152220*

1488

1486

289

1443

289

198

204

599

821

430

592

347

1491

1484

1488

821

204

415

200

127

08/06/1981

14/05/1992

14/07/1997

21/07/1997

27/04/1986

17/05/2001

27/04/1986

Undated

13/10/1984

28/09/1986

11/06/1987

15/06/1986

27/09/1986

22/05/1997

22/07/1997

21/07/1997

21/07/1997

11/06/1987

21/09/1985

14/06/1986

22/09/1985

16/06/2000

IZTA

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

IBUG-UDG

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM

MEXU-UNAM
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Picacho (15)
Sn. Juan de los Lagos

(15)

Sn. Miguel el Alto (15)
Villa de Hidalgo (15)
Tequisquiapan (22)
Corral de Palmas (24)
Charoas (24)

El Alamillo (32)

Ixtapalapa (9)
Metztitlan (14)

Xaltocan (29)

2200

1900

2200

1750

2300

2300

1900

2300

2200

1800

2300

1900

2500

27, 53, 56 132
50,52 2746
25,47, 68 1273
59 1276

6 1053

6, 57 1385
46, 61 7867

*x 18020

35 22179
50, 57 75

O. tomentosa

61 1100A
26 1800
41,61 2470

16/06/2000

22/07/1992

15/05/1977

01/05/1977

10/09/1988

17/11/1989

19/03/1992

27/10/1983

08/12/1988

12/08/1989

17/05/1973

05/11/2000

25/07/1980

MEXU-UNAM
MEXU-UNAM

MEXU-UNAM

MEXU-UNAM
MEXU-UNAM
MEXU-UNAM
MEXU-UNAM
MEXU-UNAM
IZTA (100556)

MEXU-UNAM

MEXU-UNAM
MEXU-UNAM

MEXU-UNAM

@ See Table 1; ® 1 = Ahuatzin, 2 = Alatorre, 3 = Aldrete, 4 = Amezquita-Diaz, 5 = Arias, 6 =

Arreola-Nava, 7 = Ascencio, 8 = Avalos —Otento, 9 = Avifia, 10 = Barcenas, 11 = Benitez-Rojo,

12 = Carrillo-Arellano, 13 = Carvajal, 14 = Castellanos, 15 = Cera-Iriba, 16 = Cervantes, 17 =

Cintara, 18 = Colunga, 19 = Cuenca, 20 = Ch&zaro-Basafiez, 21 = Chavez, 22 = Enriquez, 23 =

Espinosa, 24 = Flores, 25 = Garcia, 26 = Gomez, 27 = Gonzélez, 28 = Gonzélez-Alvarez, 29 =

Gonzalez-Duran, 30 = Gonzélez-Villareal, 31 = Gudifio, 32 = Guerrero-Nufio, 33 = Gutiérrez, 34

= Guzman, 35 = Hernandez, 36 = Hidalgo, 37 = Hunn, 38 = Jiménez, 39 = Koch, 40 = Kruse, 41

AR



= Lebn, 42 = Leodn-Villasefior, 43-= Lopez, 44 = Luna, 45 = Meade, 46 = Olalde, 47 = Orozco, 48
= Pifia, 49 = Quintero, 50 = Ramirez, 51 = Reyna, 52 = Reynoso, 53 = Riojas, 54 = Rodriguez,
55 = Rodriguez-Macias, 56 = Rosas, 57 = Salcedo—Pérez, 58 = Sanchez, 59 = Sandoval, 60 =
Santana-Michel, 61 = Scheinvar, 62 = Suarez Jaramillo, 63 = Vazquez, 64 = Vigueras, 65 =
Villa, 66 = Villegas, 67 = Zavala, 68 = ZUfiga, i = unreadable herbarium label ** = Not indicated

on the herbarium label: © = herbarium number.

Field collection of specimens. Dactylopius from 208 insect populations in 120 localities of 14
states of Mexico within the sampling area were collected from 2005 to 2007. The number of
collected sample was variable, between 25 to 100 specimens, depending on the size of the
population. Male and female insects at different stages of development were collected. In the
plants where insects were present in different portions of the same host, insects were collected
separately from each portion. Samples were preserved in 70% ethanol. Samples of the species
Dactylopius and their hosts were collected from wild populations, production and research
centers, and urban and rural zones. Cladodes of Opuntia, Nopalea and Cylindropuntia were
collected in triplicate for propagation. Specimens of Dactylopius were vouchered in the
Hemiptera collection of CNI-IB-UNAM. Host plants, Opuntia, Opuntia (Nopalea) and
Cylindropuntia were vouchered in the area of desert-zone plants of the living collection of the

Botanical Garden at the Centro de Investigaciones en Ecosistemas (CIEco-UNAM).

Identification of species of Dactylopius, Opuntia, Nopalea, and Cylindropuntia. Dactylopius
specimens were identified using the taxonomic keys of De Lotto (1974), Pérez-Guerra &

Kosztarab (1992) and de Haro & Claps (1995). The technique of de Haro & Claps (1995) was
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used to prepare 153 microscope slides with four to eight insects per slide. Slides were observed
under a light microscope (Olympus BX45, Olympus, Japan) coupled to a CDD camera (High
Performance Pro-Series UTV 0.5 XC, model 1E08849, Japan) connected to a personal computer
(Blue Code, Pentium 1V). The captured images were analyzed with the program IPwin 32 (Image
Pro version 4.5.1 XProf 22, 2000, for Windows 1998). The identity of Opuntia, Opuntia
(Nopalea) and Cylindropuntia was corroborated by comparisons to the literature (Britton & Rose
1963, Bravo-Hollis & Sanchez-Mejorada 1978, Gonzélez et al 2001) and to specimens from the
herbaria MEXU and IBUG. Some specimens were assigned their common name due to their

morphological complexity.

Environmental database. The database included the following fields: name of insect species,
host (portion of the plant where the insect was found), place of collection, i.e. locality and state,
geographic coordinates of localization, i.e. latitude, longitude and altitude, collection date and
information reference. The data from our fieldwork, including new records, vegetation and soil
types, were inserted in the previously generated database in boldface typeset. The keys and

descriptions of Rzedowski (1978, 1992) were used to characterize weather of the studied area.

Results and Discussion
Dactylopius. The information shown in Tables 1 and 2 was used to draw the distribution maps of
Dactylopius and their hosts of the genera Opuntia, Nopalea, Cylindropuntia and Grusonia,
shown in Figs la and 1b. Specimens of the five Dactylopius species were collected; 175 of D.
ceylonicus, 575 of D. coccus, 675 of D. confusus, 1200 of D. opuntiae and 200 of D. tomentosus.

Fig 2 shows the distribution of collecting sites of D. ceylonicus (A), D. coccus (B), D. confusus
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(C), D. opuntiae (D) and D. tomentosus (E) in the studied area. The field observations of this

work are shown in Table 3.

Dactylopius ceylonicus. This species had been previously reported in six states of Mexico, on
species of Opuntia and Nopalea (Tables 1, 3, Figs 1 and 2). Additionally, in this investigation D.
ceylonicus was collected for the first time in Mexico City and Hidalgo on O. ficus-indica and
Cylindropuntia imbricata (Haw.) F.M. Knuth, respectively. Like the rest of dactilopids, the
cottony-white thin layer covering the insect’s body characterizes this species. Insect specimens
were collected during April to June on the top portion of their hosts, on ripe cladodes of Opuntia
with more than three levels of cladodes and on the areoles of prickly pears, in living fences with
scarce vegetation and regosol. During the rest of the year, D. ceylonicus was collected on root
nodules of Opuntia sp., in wild populations where xerophilous thickets and arenosol predominate.
The presence of the insect is scarce without perceptible damage to its host. As shown in Table 3,
specimens of this species collected in this work were localized within the previously reported

altitude range of 950 to 2650 m.

Dactylopius coccus. Its pulverulent white cover and a larger size than the rest of the species of
the genus distinguish Dactylopius coccus. It had been reported in five states of Mexico on
Opuntia and Nopalea species within the altitude range of 1250 to 2200 m, as illustrated in Figure
la and Tables 1 and 3. In this study, D. coccus was collected in research and production centers:
Tlapanochestli in Santa Maria Coyotepec, Oaxaca; Nopaltepec A.L.P.R. in Nopaltepec, Estado de
México and Campo Carmin S.P.R. de R.L. in Tetecalita, Morelos, where the species O. ficus-

indica is used as the main host for culturing and processing the insect. Additionally, species were
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collected in localities close to those centers. The presence of D. coccus in wild localities of
Estado de México, San Luis Potosi and Mexico City is reported here for the first time. The most
frequent habitat of these cochineals was formed by intensive cultures of O. ficus-indica, on rain-
watered lands with presence of nopale where the type of soils included vertisol, calcisol, xerosol,
regosol, leptosol, and feozem, within the previously reported altitude range of 1654 to 2845, as

shown in Table 3.

Dactylopius confusus. This species had been previously reported in 11 states of Mexico, mainly
on species of Opuntia, Cylindropuntia and Grusonia, within the altitude range of 1100 to 2200 m
(Fig 1a and Tables 1 and 3). In this work, the analysis of morphological characteristics of insects
of the species D. confusus, resulted in two separate groups designated here as D. confusus and D.
confusus biotype 1 whose description is as follows.

Dactylopius confusus. Insects with the typical morphology of this species were designated with
this name (De Lotto, 1974; Pérez-Guerra y Kosztarab, 1992). They were collected in Mexico
City, Hidalgo, Jalisco, Morelos and Puebla on O. ficus-indica; in Jalisco on different hosts and
their presence in the states of VVeracruz and Zacatecas is reported here for the first time as shown
in Table 3. Our field observations show that D. confusus grows mainly on cladodes of tree and
shrub cactus forms and on their prickly pear fruits in a predominantly desert habitat with scarce
vegetation and arenosol, within the altitude range of 1200 to 2547, which is higher to the one
previously reported shown in Table 3.

Dactylopius confusus biotype 1. Insects with the morphological characteristics diagnosed for D.
confusus (De Lotto 1974, Pérez-Guerra & Kosztarab, 1992) combined with characteristics

corresponding to the D. salmianus species were designated with this name. It is worth mentioning
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that D. salmianus has been reported only for South America (De Lotto 1974, Pérez-Guerra &
Kosztarab 1992, de Haro & Claps 1995), without reports of its presence in Mexico. Insects were
collected in the states of Hidalgo, Morelos, San Luis Potosi, Puebla and Tlaxcala on different
species of the genus Opuntia and one species of Cylindropuntia; additionally, D. confusus and D.
confusus biotype 1 were collected in the states of Morelos cohabiting on the same host (Table 3).
Our field observations and records show that these insects promote changes in the color of
cladodes and fruits, and when the insects are closely gathered at the trunk-stem and stem-fruit
joints, these parts are damaged and may detach from the main plant body. Our data also show that
D. confusus biotype 1 develops mainly on the cladodes of ripe tree or bush plants and prickly
pear fruits in the urban zones and production cultures of Opuntia and on rain-watered lands in
wild habitats where xerophilous thickets growing on arenosol and calcisol predominate. The

insects were localized within the altitude range of 1654 to 2773 m (Table 3).

Dactylopius opuntiae. This species has the greatest number of records for the genus (Fig 1); it
has been reported in 20 states of Mexico, on 17 species of Cactaceae, including the genera
Opuntia, Nopalea, and Cylindropuntia, within an altitude range of 25 to 2678 m (see Tables 1
and 3). The analysis of the morphological characteristics of the insects of the species D. opuntiae
resulted in two separate groups, designated here as D. opuntiae and D. opuntiae biotype 1,
described as follows.

Dactylopius opuntiae. Insects with a typical morphology of this species (De Lotto 1974, Pérez-
Guerra & Kosztarab 1992) were designated by this name. They were collected in Mexico City,
Jalisco, Michoacan, Puebla, San Luis Potosi, Veracruz and Zacatecas on species and cultivars of

Opuntia. Additionally, specimens and records of D. opuntiae in the states of Guanajuato and
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Tlaxcala (Table 3) are reported here for the first time. Insects of this species develop on any
portion of the plant, the cladodes, fruits, flower calyx and trunk, during any stage of host
development. This is the more aggressive species of the genus; its development and invasive
growth in the host plant promote changes in the color of the cladodes and fruits, the detaching of
the cladodes and fruits when the insect grows on cladode-cladode, cladode-flower and cladode-
fruit joints, and even death when the insects damage the trunk. The collected specimens were
located in all types of vegetation, soil and climates already reported for this genus, within an
altitude of 750 to 2845 m, which is higher than that reported by several sources, as shown in
Table 3 and Fig 2.

Dactylopius opuntiae biotype 1. Insects with typical morphological characteristics of D. opuntiae
(De Lotto 1974, Pérez-Guerra & Kosztarab, 1992), combined with characteristics corresponding
to the species D. salmianus, were designated by this name. Unlike the species D. confusus and D.
opuntiae, the species D. salmianus has a thinner and elongated body and the structures of the
setae and pores are more elongated and more separated or dispersed over the insect body (De
Lotto 1974, Pérez-Guerra & Kosztarab, 1992). This insect was collected in Guanajuato, Jalisco,
San Luis Potosi and Tlaxcala on species of the genera Opuntia and Cylindropuntia. Additionally,
D. opuntiae and D. opuntiae biotype 1 were collected in Mexico City and Michoacan cohabiting
on the same host (see Table 3). It was noticed that D. opuntiae biotype 1 was less aggressive than
D. opuntiae. It develops mainly on cladodes and fruits and the aerial parts of its hosts. D.
opuntiae biotype 1 was found in urban zones and production cultures of Opuntia, on rain-watered
lands, in wild habitats where xerophilous thickets and other cacti growing on arenosol

predominate, within an altitude range of 1663 to 2773 m (Table 3).
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Dactylopius tomentosus. No records for this species exist at CNI-IB-UNAM. In the literature, its
presence is reported in eight states of Mexico on cacti of the genera Opuntia, Nopalea and
Cylindropuntia, within the altitude range of 0 to 2500 m (Fig la and Table 3). Dactylopius
tomentosus was collected in the states of Guanajuato and Hidalgo on species of the genera
Opuntia and Cylindropuntia, within the previously mentioned altitude range. The insects develop
exclusively on the cladodes of their hosts and their tiny size makes them almost imperceptible.
They do not damage or promote changes in the plant and develop in a desert habitat where
xerophilous thickets predominate, on vertisol and arenosol, as shown in Table 3. The presence of

spiders was frequently observed with this species.

Opuntia, Nopalea and Cylindropuntia. Our fieldwork revealed the presence of Dactylopius only
on the genera Opuntia and Cylindropuntia. As shown in Table 3, the species of hosts identified
and recorded were: Opuntia ficus-indica (variants and cultivars), O. streptacantha Lem. and O.
streptacantha ssp. Aguirreana Bravo, O. robusta (variants and cultivars), O. tomentosa, O.
albicarpa (cultivar), O. joconostle Weber, O. hyptiacantha, O. jaliscana, O. phaeacantha
Engelm. O. megacantha, O. fuliginosa, O. spinulifera Salm-Dick, O. atropes, Cylindropuntia
imbricata and C. tunicata Link & Otto in Pfeiffer and in 20 cultivars. Insects were not found on
some of the hosts previously reported in the literature (Tables 1 and 3). For instance, we collected
the species Nopalea cochenillifera, N. karwinskiana and N. auberi Salm-Dick in Jalisco without

observing the presence of the insects during our complete period of fieldwork. Dactylopius was
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mostly found on tree and shrub cactus forms. The parts of the plant where the insect was
localized were mainly the areoles of cladodes and fruits and the stem commissures, during the
months of April to June (aerial cycle) and the rest of the year on root nodules (latency period).
The insects were collected only in Mexico City and Estado de México, in their aerial cycle
throughout the year on O. ficus-indica. Fifty-three species and varieties of opuntiods were
vouchered in the living collection of the desert zone plants of the Botanical Garden at CIEco-

UNAM.

Distribution of collected Dactylopius, Opuntia, Nopalea and Cylindropuntia. Our research
shows that the five species of Dactylopius have a continuous distribution broader than previously
reported (Figs 1, 2 and Tables 2, 3). The insects are localized in correspondence with their hosts
in different ecosystems of the northern and central plateau, and southeastern regions of Mexico.
Our fieldwork made it possible to recognize localities where one species of Dactylopius is
present on one or different hosts or shares hosts with different species of Dactylopius, or where
two, three and four species of insects coexist. It was also possible to obtain a larger number of
records of populations with one or two species of insects. Localities with one species were
recorded in production centers (D. coccus) and in the states of Veracruz (D. confusus),
Aguascalientes, Michoacan (D. opuntiae) and Guanajuato (D. opuntiae biotype 1). Localities
with two species included Jalisco, Puebla, Veracruz, Zacatecas (D. confusus and D. opuntiae),
San Luis Potosi (D. coccus and D. opuntiae) and Tlaxcala (D. confusus biotype 1 and D. opuntiae
biotype 1). Three species were localized in Guanajuato (D. coccus, D. opuntiae and D.
tomentosus) and San Luis Potosi (D. coccus, D. confusus and D. opuntiae). Four species were

localized in Hidalgo (D. ceylonicus, D. confusus, D. tomentosus and D. coccus) and Mexico City

71



(D. ceylonicus, D. coccus, D. confusus and D. opuntiae on O. ficus-indica) in Milpa Alta, the
main production zone of nopal vegetables in Mexico. According to our registers, the distribution
area of the host species Opuntia, Nopalea and Cylindropuntia, is broader than previously
recorded for Dactylopius, which suggests that these insects can be found distributed over a large
area, in correspondence with their hosts. Opuntia ficus-indica was the most common and most
widely distributed host. The altitude range of Dactylopius and their hosts, considering the

georeferenced data of reports and specimens presented in this work was 0 to 2845 m.

Vegetation, soil and weather. Dactylopius and their hosts develop on diverse types of vegetation
(Table 3): xerophilous thickets, and tropical dry, tropical deciduous and coniferous forests, in
which insects share habitats with columnar cacti (Stenocereus spp.), pirul (Schinus molle),
huizache (Acacia spp.), izotes (Yucca spp.) and maguey (Agave spp.). They can also be found in
pine-oak forests, natural grasslands with or without weed vegetation, living collections and
intensive cultures of nopale in monocultures or in association with rain-watered lands, home
gardens, orchards, ornamental plants, and fragmented and anthropogenic lands. Likewise, the
types of soil included arenosol, vertisol, calcisol, xerosol, leptosol and foezem. The area of study
included different climate types, which according to Képpen’s climate classification are BSh,
BSk, and BW for xerophilous thickets and natural grasslands, and Cfb, Cf, Cwa, Cwb and Cwc
for tropical dry, tropical deciduous, temperate coniferous and pine-oak forests (Rzedowski,
1978)(Figure 1b). BSh, BSk, and BW correspond to arid to semiarid dry climates, where

precipitation is less than the evapotranspiration potential, i.e., a hydric deficit, and annual

79



temperatures lie around 18 °C. Cfb, Cf, Cwa, Cwb, and Cwc indicate warm and humid climates,
where the average temperature is 10 °C in the warmest months, and between 0 to 18 °C in the

coldest months (Rzedowski 1978).

7



74

. . 1l 196 1/L0M0 91§ DWH-ALA/9  DOEL (L1} wpnEnsy 1Ll

. . i CLOLALOZD  IFDL OWH-ALA/SI 086 {€1) oumamy uppny a

. . 1l GLOLBIEL  THL DIWH-ALO/S  05%T (1) weanpnfug L

. 1 OL6IBOET]  RvE DWH-ALA /11 (il (1) eppmbnygoeg Ll

. . | 8611150 0651 /8K 00T (b1 il

. . ] LLGLAFOMT  L811 OWH-ALA/MI ZL  000T (1) medoay Ll

. . I GLOI/POMPL  LSOI DWH-ALA /¥l 0002 (1) oedorry 1wl

. . I 196 LR0/E0 161/ 8°€ 0001 (1) wpmeniguay A

n I861/80/ST  6OE1 OWH-ALG/S 0511 (11} whooudw |, 61

. il RLAI/LI/ET  SSTIOWM-ALCI/EZ'8  00ET (11 Eremynos | i

. . i vaal/e060 915 DIWH-ALA /9 PEET (11) ofurdvyy Il
e

witog  (uoticaday sy g 0N 309100, A|a]). Apninfy (3 AEEa0] (g romund

v, 15O

1RA3] B35 A0 SIAE30 W PNy Psadil a0upiog U1 Gmogs ae uopEENsIAm S jo YompRE

Uy oy myug) “flos pup 4 vopmadas 0159103 uornqunstp podtam)aad ‘sisoy smidoj(ong snuad aq) doj dsuqung] *¢ AjqoL



75

i 1961/L0/80 918 DIWE-ALO /9 DL (L1) epmen]y 1wl
Il SLOLLOZD 1FDI DWNE-ALO/S1 056 (1) oureawy uypIny 9
i 6LOI/SOED  T611 DWH-ALO/8 0892 (1) meanfndulg Ll
i OLAT/AB0T! 8PS DWH-ALQ/ LI 004 (1) epymbnyavy I
! ER61/11/50 061/ 8'E 000z (v1iuppnzap 6l
! LLGU/KOMT  LBI1 OWH-ALAML T1 000T (p1) udmay Ll
I GLALMOMT  LROL DWH-ALA/#1 000Z (p1) ooy A
1l 196 1/80/80 I6EL/8°E D001 (1} oypengeay 1Ll
I I861/80/6T  60E1 DWH-ALA /S sl (11} wdoonduy | 6l
1l BLOU/TI/ET  SSIT DWH-ALC/ET'8  DOET (1 1) reaenynoa | il
1 FI61/B0G0 915 DINH-ALO /9 PEET (11) ofudegy Ll
MIpuapas g

awllos  (uonmalay sovampay S| 0N 100 IR|0]  IpIREY ST {gomod
W), 150K

‘|aA3) B3 dAOqQE I ) AprnlY iesadA) soupplog U umotjs am soteRnsasu ST Jo Pospiay
aupy ingy mye) ‘[los pue ad4) uonmadas J0Ro[ uONNGUISIP peataIAjAI0sR ‘sisoy :mydopiaog snuad o Ja) sseqEIg '€ AquL



SLALTOARL
BL6LAVED
SLOLTOEI
EL6LILOVLT
FLOL/SO/RO
TS61/TWLE
RLGL/TIAT
BL6L/T 1T

18a1/L0M01

SO0TANMGT
SOOT/P0/8T
186 1/80/90
Q96 L/S0LE
SLG /NGO

tlal/Livgl

LID1 OWH-ALO /T2
EELl OWH-ALQ/ 1T
6101 DNE-ALO /T2
2101 DWB-ALD /TT
E0OL DWH-ALO /51
ELIOWH TT
LE1I DINY-ALO ET '8
LS DWH-ALA/ET'R
LIE] DNE-ALA /S
ima3ea (]

LTI WHOrALO
Ol IWYO-A L
Lrl DINE-ALA /01
o09 OWH-ALA /6
rEOT DWY-ALA /R

1201 OWE-ALAO /8

(L)

1 T4
3
ool
LT
osel

ORiE

(0z) 2wauraday

(07) pray ol ug
(0Z) wammsEpxtocy
(02) wmuEp00])
(OE) moenyupxing
(0z) ofuamwury

(0z) offuapmury

(0T} oduamary

(¢ 1) uppnzapy

(1) panduada
(i) myy wdiny

() smBumnEseg)
(6Z) wepsnpRoN
(0z) wpnfs

(DT wmEpio)

Asl

Ll
el
Mal

1L

1ag1

7R



S00T/0H0
S00T/TONS0
LOOTI0MT
SOOZT/90/%0

SDOT/90/8T

SOOTA0/BL
SOOT/9/RT

EL6L/TD/SD
SLG61TND0

196 1/10/60

LB WHO-ALO
LET WAL
881 WM AL
960 WYI-AL
L WYALL
Pl WHO-ALO
ElL WO-ALd

601 WHO-ALQ

L1 WHD-AL
S WHD-ALD
166 OWH-ALC /91
STOI DWNH-ALA /R
CSL OWA-ALO / IT

k91
LTS

EOE]

LY¥L

BOET
BERT
ootl
Co81
0sL1
Golz

(P2 azil

(02) sadmodo) my mg
(L1) measia ]

(1) adiag ug

(11) sadapedoy

() 2adapmy

(&)

sadapec-ay ediny
(a)

axdapegroy vdjy
(6} INWNIT -H1

() o2snly

(0g) smimmmpeaeyy
(12} wedeojuany
(07) w1y w0
(0g) ofum |

()9
(D)o
(D)o
D)o
(1L
(2o

(29

()9

5l
(s 1 1
6l

Ll

77



m-°i
Al'l

ALl

<
T'h

L'6

BLOITI/ET

ELOL/LIVL]

#
L9101/

£s61/60/01

E0OT/9NED
SODTAH0TD

SO0TAN 0

8501 DWY-ALO /B
*

S10T DIWH-ALd T

B101 DWH-ALO / TT

FES DWH-ALA / L]
EZE DWNH-ALO /8
.

.

sTATefiic (]
L90 WYO-ALO
L80 WD AL

L30 Wi AL

L9EN
D01z
o5kl
DOEL

Doig

0l
056l
Ll
OLET
00zl

€991

Ll

{07) ssdauenya )
(0z) ofmampag
(0z) mypremy)

(L1) mawamurany

(L 1) epmensy

(1) uwpEmL)

(£1) oaxa]

(£1) ndvdndey opy
(1) ofmpiH saojog
(6) mqnam ],

() [ra3pa 4 ognsic]

(9) ;021111 Busaa

(P d¥WAINI
A gavdll

(FZ) OZI

1l

61

fl

Ll

nel

Ll

Ll

(D) g
(L) a9

(D)€L

78



|
m
1
il

m

m-i

STl
f
f
6
a'r1'v's

b

1l

11

SOOT0/ET
SOl
S00T/+001
Y000/l
00Tl
HOT/ 60
S0THNGD
TG0
SOOT/ ROV
SO0TMNGT
SOOL/HY BT
SOOT/HYAT
6LOT/ENVOE

.

.

-

P11 WHO-ALO
691 WHO-A1d
891 WYO-ALd
L91 WHO-ALD
991 WMo~ ALd
51 WYO-ALC)
8kl WYO-ALO
k1 WYD-ALN
051 WHO-ALD
§Z1 WHO-ALO
81 WY AL
801 WHI-ALO
OLLL OWH-ALO /&
.
.

-

EiET
b
L91E
eIt
Lz
Ri%l
691

E081
LT

LEFT

(HIE]
L4
TaRl

MIZ

(1) sadanmg

(51} sopEnio

(51) sopanip

(51) sopnlo

(51} sopnip

(s1) ouaop ap sodir]
(1) ooy ap sofr)
(§1) ouatojy ap sofe]
(1) ouasopy ap sofr)
(#1) oandeada

(1} unBesges pO

(6) mpy edpgy

(¢Z) vEngmN-4T1S
(1) sadanmw

(12) uedvapeonyy

(0z) swaimjada],

(D9
(o€l
(D) #1
(2 ¢l

oz

ol
e
waL
(L'ol9
()9
(D)9
(129
A

Il

iLl

79



. I parepun) S03 OWH-ALA /£ Lt (Zyzmg v il
. ] - . (1 (1) soquanrasendy i
aeppando ¢
m-i £ . COOTH0/DE £ELWYO-AL ELLT (HT) PpUwLmn L ()11
AL ' COOZ/D0/0 L0 WHD-ALQ rsg| (v2) azn (D)9
I L . LO0Z90/0E BEI WY AL CLET (1Z) mapeiez (2 ma g1
I sI'Tl's SO0T/90/8T ¥11NID-A L ELET (L1} sadansm(y (D)o
m £ S00Z/90/6T LE1 WYO-ALO FOEL (¢1) oapndeada) (2o
| adfiong snenfuon
i o'y . 00T/ 6L1 WHO-ALO 9617 (Z€) OFPIH VilIA (s
1 o'y . S00TAOT1 6L1 WYO-ALC 961 (ZE) oFwpiy wIIA el
m 01y . 007011 9L1 WYO-ALG 9617 (Z£) sa1aliuy ap wuoy (0l
AN £ . COOTA00E SE1 WYOLAQ LYST (gl ()Ll
aouit’] efmojny’ ug
mm £ . SOO0T/90/0E TH WHD-A LK LOET (0g) s1auag (0 1L1
m'r £ . SOOT/H00E $E1 WHO-ALT SLET (17} mRpedey ()9

N



996 1/80/E1

CE61/TOM1

rE61/90/E0

L]
056 10T
SLAL/FHVERT

156 [/TO/8T

cea 1ol
P61V IT
PEGLAONIE

LO9 DWH-ALO /8

L]

ES1 DWH-ALO F T

19 OWH-ALLT/ |

BEFDYAE-ALO /B
RE01 OWH-ALA /0T
05 DWE-ALA /8T

651 OWH-ALA/TT
¥k DINH-ALQ /B
o DINH-ALO /B

™

DOEE
ooal

FCvL

PEEL
O0ET
0061

ST

0sel

O0EZ
{1343
5%

05T

(11} oo0axa]

(11) sppozoda ]

(1) omgqeoaday

(11) umaenynos |

(11) pqumigy

(1 1) oFuyderg)

(1) wewjoay

(1) oummgy

() oaquey

() wedpey )

(6) piuy ug

() SIamuo)

(6) [apag ounsie]
(£) Fosw]) eqoIsuD) us
(£) swse]) peggisuy) ug

(£) ing ‘o] v v

fil

Bl

Ll

WLy
£l
LA
il

fil
Il
Ll

Ll

1



Il

1

LE61/TV6E
.
TLBI/LO/RD
L9 1/E0/E0
L961/S0/50
BLAITO/LL
8a1/11/50
ER61/TOE]
E861/20/R1
£861/20/91
LLB1/MAGT
TS6 1T
ERGL/TOMBT

paispuf )

691 OWH-ALA /¥
.
.
€96 DINH-ALO /B
1L9 DWH-ALO /8
1L9 DNH-ALO /8
Tl DNY-ALO /8
T6E1 /1 E'8

1Z¢] DINH-ALO /6178

e AR I

IC¥1 /618

GLOT DINY-A L/ 6178

$91 OWH-ALO /T

STP1 DINM-ALA /618

CO8 DWH-ALO /€1

0L

DOOE

1=
(i
DT
RLOE
DOFE

(81) wepmmyEay
(91) B0y
(S1) wmoap

(1) anbmbuayy
(1) wonyaey
(1) w2y
(1) eantydey

(1) UFpEZIRN
(1) wedaory
(t1) wedaoyy

(p1) wodaoyy
(1) prasary

(1) odeindeg oy
(£1) nmxag]

(11) wanjoy,

(11) oapmuege |

Ll

A
Ll

I

4}
1L1
El
4}
El
£
6l
El
WLl
Il

R2



L961/90/L1
156 1/Z0/8T
L961/80/OT
SL61/TO/RO
SLGLTOERD
SLGL/TOVRD
SLGLAOVED
PLELA1/C0
SLGTANVED
FLG1/FOVED
FLOT/SOVRO
ELGT/9O0/LL
ELGL/LIVG]
BLOLTOVET
.

W

P89 DINH-ALA /B

PO DINY-ALA /B
SEL DOWY-ALA /8
el OWY-ALA /8
TE0] OWH-A1A /8
L1201 DWH-ALO /B
BC01 DWH-ALO /8
FTOL DWNM-ALO /L
OE0T DWH-ALO /8
#001 DWH-ALA /51
FOO1 DWH-A LS 51
S101 DWH-ALA /T
IO OWH-ALY IX

9511 DWH-ALA/ET '8

T6E1 /8

1092

109g

001T
00T
0]
L0
009l
L90T
o0&l
05l
001z
001z
001z

00t

(1) ey
(1Z) epuErey
(1) wede)

(0T) ofjium
(oZ)eadaquemya )
(07) sadanmnya |
(0z) wpxwung

(07) wowxe)y

(07) vepsiyooN
(0T) wpni

(0g) wpnfz

(07) eengEpxi0)
(0T EnyERxIos)
(0Z) maenyEpxios
(07) ofuxpury

(61) odEpy seugeg

Ll
£l
Ll

HEL
Ll

L1

il

Ll

191
(D11Ll
Ml
6l

91

il

]2



m v
EU1IL

EIVITL

E—._
Lig

&l

£l

- 4 ™ " ™ i ™1

1l

E0OES0/E0
SOOZ9VEL
S00LSNGT
SO0T90/6T
SOOTAoV6T
SOOT/9V6E
SOOTVET
SOOZ/90/6T
SOOT90/6T
SOOT/SOMST
SOOL/S0/s0
SOOT/90/8T
SOOI

QOOTIFOT

L961/90/L1

£60 WYI-ALO
121 WY AL
IZ1 WHOLAC
971 WYD-ALO
611 WYrALO
611 WH-ALO
£1 WAL
PCI WHD-ALO
B WMD-AL
S NYO-ALa
0E0 WH-ALd
L1 WAL
CLIINYD-ALG

0L1 WHD-ALO

k89 DIWNH-ALG /R

SLLl
LT
(MIET
E6CL
(134
bEPT
FREL
FOET
09T
S¥BT
69T
GOET
961T
961T
1SE

1057

(Z1) adia urg

{L]) weroa ]
{1 1) weaenyioa |
(1) equmigy

(1 1) saprume sw
(11) saprum e
(11) sapruneng s
(11) sappumj s
{1 1) omoay

(6) mpy wdpy

(6) mpy ediny

(6} WVNI-HI

(1) saquaipeoseniy
(1) sareosmiy
(T} wuoin A, prpmisy

CLT) o

g
(201
(2) 51
(1219
ol

(¥ f | K3
(e

5 LY
(2011

(D)9

(29
el

(D)8

(g

kE

i

4



-1

AL
Al
Al
AL'IN
Al
Al
m'n
m

m'n

¥

91'v1'9
91'r1'e
9l'kl'e
ol'vl'e
9l'vl'9

91'rl'e

SOOZ/HHOE
COOT/HVLE
SO0T/MWLT
900T/H0/0T
SOOI
S00T/F0/01
SOOT/FO0]
SOOT/F/D]
SOOTAROAT

QOOT/FOG0

DOOTHDG0

SO0TR0F0

SOUT9040

SEL WNO-ALO
901 WYO-ALC
S01 WYO-ALO
851 WYO-ALO
LE1 WYO-ALO
091 WHO-ALd
651 WUD-ALO
851 WHO-ALQ
LET WHO-ALO
Sel WHO-ALA
Fel WHO-AL
£51 WAL
00T WHO-ALC
660 WHI-ALA
960 WHO-ALQ
s60 WHO-ALO

69LT

Foal
2612
961C
PRIT
1 I
961T
SalL
056l
0s6l
el
6081
G081
9LL]

SLLL

(127) smuise]) 2]
(91) mijas0py
(91) w20y
{(s1) sopnip
(1) sopnip
(51) sopnip
(s1) sopanfn
(51) sojani

(51) sopanlp

(<) ouasopy ap sofe]
(£1) cuaopy ap sofe]

(1) omasajy ap sofe]

(z1) oepg
(z1) oepg
(T1) adijay ues
(T1) adipag uwg

(e
(e
(D)9
(g 1A
(o) si
(1) £l
i o} B
(L) ot
(L'as
wan
(L'2l6
(Lol 6
()9
(D)a
(e
(3)9

!K



m-
'
e
Il
'
[l
I}
i
ALY
m
m
I
I 'u
m
i
Il

L Ly

rd Ly |

]

SOOT/Y/ED
SOOTY0ED
SO0CA0/ED
SOOT/O0/ED
SOOT/9UED
SOOTY0/L0
SOOTAHVED
SOOT/00
SOOTHWYD
SOOT/NF0
SOOT/N 0
SONTOM0E
SO0TA0E
SO0TM0E
SO0TNOE
SO0T90/0E

ZL0 WYD-A1Q
040 WYI-ALO
690 WHO-ALO
890 WHO-ALQ
990 WYI-AlLd
£90 WYO-ALG
ol WHD-ALd
L8O WUYD-ALCD
LBO WHD-ALO
L3O WYKL
LBO WYD-ALO
o1 WAL
vl WYO-ALd
Bl WYO-ALO
L¥l WNO-ALQ
SElL WHD-ALC

DL
0sL

69EC

HZ) dVAIND
(HZ) dVAINI
(¥T) dVAINI
(#T) dVAINI
(T} dVAINI
(6T AV 41N
(%) dWAINI
W azn

(¥2) aZnl

(v2) azn

o) azn

(12} wedeomeseg |
(17) medeopes) |

(1T} aopeamEg g

(1T) Jopeaes ueg

(1) smptsmy suj

() tag1
(2} ag1
(D) Atgl
() g
(D) 181
L") g
(20 gy
gy
(D) s1
(40 €1
(e
() 161
()9
(2rie
(el
(L)t

fA



'
1
1101
Al
AL
1’1
Hr'a
-1
m1
m-i
'
m'
m-i
i1
-1
11

£

£

£
A
6

Lo R o RN o' (N o DR o DN = (NN . AN o (RN o I & EERNN o

SO0T/90/6T
SOOT/HVG6T
SO0T/HV6T
SOOT/60/50
SO0Z/60/50
S00T/9VED
COOT/VED
SOOT/20/E0
SO0TVED
SOOT/R0/ED
SO0T/SED
SO0ZMNED
SOOT/HVED
SO0TNED
SOOZ/90/E0
SO0T/90VED

0El WHO-ALO
621 WYO-ALA
TE1 WHO-ALA
600 WYO-ALA
600 WYO-ALA
180 WYO-ALO
180 WYD-ALO
020 WH-ALA
6.0 WYO-ALO
8L0 WYO-ALd
LL0 WHO-A L
9L0 WID-ALd
SL0 WUO-ALO
FLO WYO-ALd
[L0 WYO-ALO
£L0 WYO-ALO

LBST

28PT
£591
£591
£991
£991
£991
E29]
£991
£991
ED91
£991
E29]
£991
£991

(62) uedpndien
(67) wedrnde]
(67) wediendus
() selnpoy s
() sednuo) se7]
(¥T) dVINI
(+T) IVAINI
(+T) dVAINI
(¥T) dVAINI
(+Z) AV AINI
(#T) AV AINI
(FZ) IV AINI
(+T) dVAINI
(#T) dVAINI
(+T) dVAINI
(+Z) dVAINI

(arel
(L2l 51
(1'D)e

(D) s1
(D)8

(4°0) 1axg]
(1) axg1
(4°D) arxg]
(1°0) g |
(D) gy
(D) xg1
(1'D) g1
() xg]
(D) magy
(4) nag]

(D) 1A81

k7



1)
I
|

11
1

Al
A
'
I

AL

Al

m-n

11

|
E
arpr’L'sy

£

91'01
ar'ol's'e
101"y
21'01' 9y

ool

o1l

L

£

SO0TO0/ED
SOOLTOYE0
SOOT/HDI
SOOT/P0/ED
SO0TS0 D
SOOT/B0/HD

SOOTHET

SO0THO
QOO0
00T/ |
DOOTAA L
00T/FOrT 1
BOOT/H T
SOOTANMNE

SOOT90/0E

L90 WYO-ALC
BE0 WHO-A LA
891 WYO-ALA
CO0 WUD-ALd
8260 WYI-ALO
00 WHI-ALQ

L0T WY AL

| adiyonq apumindo 7

6L1 WHO-ALQ
BL1 WUD-ALO
SL1 WYO-ALd
DRI WAL
oL WHD-ALd
oLl WYO-ALA
8E1 WHO-ALQ

crl WHO-ALd

£091
ROET
L9
TELI
ot
SLLl

&1L
961z
96T
61T
e
961T
LT

L9EL

(¥Z) dVAINI

(91 ) wijpuogy

($1) sopanin

(z1) oFenueg ajpep,
(z1)adiaq us

(Z1) ugaury "09,) ug

(&) mpw wdpy

(ZE) suoareaey

(ZE) z2[vauog) BIIA
(Z€) To[ezunn BjjLy
(Z€) weaaqupy oppry
(T£) iid 5w

(ZE) spig =]

(0g) eamo]

(D€} aniag

() i
ol
(T
(29
(20 1Ll
()¢
wae

(21
s ) VA
(21
(D} 51
(2161
(2
(2111

(1Ll

]R8



'l
{11

'

SOOT/HNVOE
SODT/NVOE
SOOT/MVET
CO0T/HED
SOOT/N/ED

S00T/90/ED

sngojuaEa) (]
el WHO-ALD
£E1 WAL
0El WYO-ALD
L90 WYO-ALD
L90 WHIrALO
L9 WHI-ALO

L90L

BO1Z

FLEL
ool

(0€) oprmAly
(OT) BTRSIeN
() wppmeny

(61) miazape)
(1) oupg

(6] [REapag minsig)
(L) wpamo]

(£) soqe)) 5o

(£) epEuasuzy

(62) eptmmy
(67) wpruwusengy
(62) wedpemndre:
(+2) dVINI
(+T) dVAINI
(#2) dVINI

1Ll
LG
Ll
[\
1Ll

il

iL1
L

(D)Ll
(29
LUl Lt
() g
(D)9
(4) g

jo{e]



= § "dds epumdospuyp(Cy « ¢ woneeeyd pueEmes « ¢ Toneafjed « 200 Jui « | wommaias o INVAITEIFINGD Pagstgndam
~ W (QE00T) Dyurnp-sendiy 3 offog = A (VENOT) opmEn-seandlg @ o[uogd = AL (TA61) UINZSOY B eUIND 2234 = (1]
g6 ) capadung 3 soSanoegy = () H{(00Z) PTLUON = | DAIY |, (OCMOW-ZIAFYT) T EPET) J0133]|00 WSUMAP S1y1 ut pajuasand
SI92(|00 » ja5adA] 2oegplog WA = (7 FanleRp o 77 AU0] - |7 WAy - (F ‘padums « 6] ‘o[laqoy - §1 ‘Plury = L]
BAURLTY = 9] UG = 5] ‘Oitly] = | THIUQ = {| ‘OUAION = 7| “u@IEEY = | | TZOpUY = (] “fuofty - 4 Selamnory - § salgnng
= L "[uoiRg-E1amDn = 9 "ORRRD = § [EAT-UPRNST = ¢ 'SONE = § WY = T S0y = |, 0 SqeL e opunn = [ " (mad fpptd)
I« "APOPEID « ) |, PR 10U « , pur SN « 0T "(OfEEmp « na wad Appaid pas - 4 e Appud M - A read Appud
vuous = A1 ‘dvad Apppd mopad = i e = o e Apyoud = ) edou = 6] (99 Tanfng= 1ax 'y OIPUES = AX ‘19 BPUOPIY = AlX
"9g | oudag - Hrx ‘030G GPEIT « 1% ()] EERAlY - 1% S MIEINAR = X ‘9] | SUI = X1 G ONPRIOIO]) T = 1A RE] PHWSO= 04 T
Epeadiy e 1A CL UORDENY = A (¢ PUORIGRIRD) = AL'LL IZEW 9 Bjog = (11 ‘sof[iaajeous epefunnuy = 1 ‘wpeadet ujjununy = | ) sigauey,
< g1 ‘(odod ofumddy « 1 “dds prund) < O orundg) < (| C(EapUoU4RY [ A < 1) DSUAIOY () = G] (o)) « ff ‘pupaugED A
=1 ) upuraopdans 0 = §1 ‘vaafipends () = p1 (S BENMUNY < 11 TSIEY = 1 DG AB0) A = 1) PETGOS (3 = €| "oyl
0 = | ‘pyiuncndan () = || ‘qsovosof ) = o) ‘ool 0 = ¢ ‘syreaopdly () = g ‘ovouding 0 = | (gp 08T = 1) pajpu-snayf

0 = 9 "sadoan 0 = § ‘(561 vuixy = 1 '(Z vmIg ~ 1) odmargm ) = p Hoapdoy) prunde = § om0 = T mmugqu 3 = |

u [} . LOOZ/ LD b6l WYO-AL1a o0 (1) odiauen | oz
m srorlee . SO0TANL 981 WAL 9Ll (Z1) Dot § aeg o] §4
1 . . 05T (L) seomuaTy L]

an



"SI0 - PUT
[osouda) 1A “(ostaE = A ‘fosollar = A] OSOUAM P [0SAEK = []] |OSIAA = || SWAE03] = | 5, PIIRds 100 = , puw ("dds paong) soTi=
91 ‘BoNNEILTWe « g ‘(ayou suapyg) ud o ) sy yeo pue sund = g tpuwpssed ey = 71 (dds swasaoouaig) noes mmun|oo
= || dds opund = o) sqruss sngdosx = g wonrRdas paam = g ‘(dds and) fnfvw « ¢ (dds opooy) gy - 9 ‘pEgAo






Al U1 uMOYS A BEp uonEzlEo] papanxoidde samuipioos pasualajaiosd nwowy o) puodsauos sam3y

Fwig (100T) vos@puy un paseg AmE]aURLoN WY N-EIFIND Pue (QE00T WE00T) swanfiy 3 omog (7661) qumzsoy

p wuann-zaad ‘(pgel) cpadums w ofaunouy (LL61) Wd (hie1) onoT 3 (6961) vuwpy bog snsiar pasu] O]

P W Fuegsat a Sunmswos pun (£00g) (o 12 wpusmp {1007) jo 12 2ajyzuon (gL6]) vprofpy-2ayaugs @ ST -0Ang
‘£961) 20y ¥ nonug woi papdwoa (q) ouundg pun (v) smpdopoog wRuad ag) o 02y UL HONNGUISIP Jo SpIoday | aandiy

la)
= 0l ) A0k
- s/ — e 9 0
| - EFusIaN O .
- 1 o, wm—
il e g -
— AN e ity G 1
- o Fmte L - il“-.
_.Ill. b "
Sy - ._._ nr....w-; el s ] grsipalion @
F g - R -
[ 7 =S L U..ﬂm £ ~-s ko
T 1l e - .”n pampl 5 [T
: T oW e ot
oy R Y -
1 e i Lot e N ]
T B,
1 -_— .
1M
a ...I| .
1 R
\ (
1 ¥ i 5
L e

o



£ e ol waous 5150y o) puodsanios Siaquin gy smsoa o = 7 pun | adfiog aepunde ¢ =
0 ‘aopunde (7 « q ' 2dAiowg snsnfies (7 = 3 msnfies (f « ) 003§ « g mamepan f =y se9su o] puodsauon s1ana

“wasm patprs ) ungie opundoapuiny pus eapdoy ‘opde sisou nag pue spdojGang Jo $199(109 Jo uoRNqUIsIC) T NSy

a4



Species associated with the genus Dactylopius. In this work, the recorded species of
Dactylopius were found sharing hosts with ants (Hymenoptera: Formicidae), the lady
beetles Chilocorus sp. and Hyperaspis sp. (Coleoptera: Coccinellidae), spiders (Araneae),
the weaver worm Laetilia coccidivora (Lepidoptera: Pyralidae), the needle worm

Symherobius sp. (Neuroptera: Hemerobidae) and other coleopters.

Conclusions
The distribution of Dactylopius within the studied area is continuous, maintains
correspondence with the host plants and is broader than previously known. The studied area
was located between 98 to 104° northern latitude and 18 to 23° eastern longitude, comprised
the states of Aguascalientes, Mexico City, Guanajuato, Hidalgo, Jalisco, Estado de México,
Michoacan, Morelos, Oaxaca, Puebla, Querétaro, San Luis Potosi, Tlaxcala, Veracruz and
Zacatecas, and extended mainly from the northern and central plateau to the southeast of
Mexico. These zones are characterized by xerophilous thickets, and temperate coniferous
and pine-oak forests, with a wide variety of soils (arenosol, vertisol, calcisol, xerosol,
regosol, leptosol and feozems), climates ranging from arid to semiarid dry to warm and
humid, within the altitude range of 0 to 2845 m. This work provides new georeferenced
records about the five species of Dactylopius and their hosts not reported previously,
further describing the distribution areas of the insects. The presence of the species of
Dactylopius with different morphological characteristics cohabiting in the same locality on
different portions of the same host was reported here for the first time. Insects with
morphological characteristics of D. confusus and D. opuntiae blended with characteristics
of D. salmianus, named here as D. confusus biotype 1 and D. opuntiae biotype 1,

respectively, were identified in this work for the first time. This suggests the presence of

an



new species not yet studied or the possibility of interspecific hybridization between the

identified species.
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Abstract

The genus Dactylopius includes the group of insects historically used in Mexico as a source
of the natural red, the cochineal color. Five species of Dactylopius collected in thirteen
states of Mexico and two provinces of Argentina were analyzed using high-performance
liquid chromatography (HPLC) with a photodiode array detector. This analysis allowed
each species to be identified on the basis of differences in their metabolic profiles. Cluster
analysis (CA) and principal component analysis (PCA) differentiated the species by
localities and host plant. Multivariate analyses techniques were complementary and
confirmed the grouping of all analyzed Dactylopius samples. For all species, the carminic
acid, identified by reference to a commercial sample, was the main compound occurring in
significant amounts, making all five species potential sources of colorant. In addition, each

species could be differentiated by the presence of other minor compounds.
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1. Introduction
In the last three decades, worldwide demand for natural colorants has significantly
increased. Dactylopius dye has been used for centuries in textiles, traditional medicine, and
mural paintings and more recently in cosmetics, pharmaceuticals, and foods (MacGregor,
1976). The genus Dactylopius (Hemiptera: Dactylopiidae) includes nine species (De Lotto,
1974), five of them occurrings in Mexico: D. ceylonicus Green, D. coccus Costa, D.
confusus Cockerell, D. opuntiae Cockerell, and D. tomentosus Lamarck (Mann, 1969; De
Lotto, 1974; MacGregor and Sampedro, 1984; Pérez-Guerra and Kosztarab, 1992; Chavez-
Moreno et al., 2009). The others have mainly occur in South America (De Lotto, 1974).
Dactylopius insects, “cochineals”, are 1 to 6 mm in length, and their colorful red bodies
are covered with a conspicuous white, waxy secretion (Mann, 1969). The insects feed
exclusively on cacti, mainly of the Opuntia genus (Mann, 1969; De Lotto, 1974;
MacGregor and Sampedro, 1984; Pérez-Guerra and Kosztarab, 1992; Portillo and
Vigueras-Guzman, 2003; Chavez-Moreno et al., 2009), and possess very limited
morphological characteristics; wich makes their taxonomic identification difficult. Ten to
twenty-five percent of the weight of dried female adults is a water-soluble colorant; mainly
composed by the carminic acid (Cz2H21013) is the main component (Venkataraman and
Rama Rao, 1972; Yamada et al., 1993). During the last decade, this coloring material has
been studied for its role in the immune mechanism of D. coccus (Hernandez-Hernandez et

al., 2003). Studies of this colorant could potentially be extended to antibacterial, antiviral,
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and insecticidal applications (Palma de la Cruz, 2008; Food and Drug Administration,
2009). D. coccus is the only species used for commercial production (MacGregor, 1976),
the use of other species for the same purpose being limited because of its wild condition
and smaller size. Analysis of wild species is necessary to know whether they could serve as
alternative or additional sources of the colorant and its derivatives.

High-performance liquid chromatography (HPLC), combined with mass spectrometry
(MS) and nuclear magnetic resonance (NMR), has been used for the analysis of natural
colorants derived from hydroxyanthraquinones (Venkataraman and Rama Rao, 1972) and
has been effectively used to elucidate their origin, constituents, and structural
characteristics. Further, it has been used to identify carminic acid in food (Yamada et al.,
1993; Lancaster and Laurence, 1996) and antique textiles (Wouters, 1985; Wouters and
Verheeken, 1989), to optimize conditions for the extraction of pigments in cochineal insects
(Gonzélez et al., 2002), and to determine their quality (Méndez et al., 2004; Maier, 2004).
Also, it has been used to differentiate the geographical origin of the D. coccus species by
combining statistical techniques such as cluster analysis and principal components analysis
and applying these tools to HPLC data (Méndez et al., 2004).

The main goal of this investigation was to analyze variations in the HPLC metabolic
profiling of Dactylopius colorant content, using multivariate data analysis techniques, for
the five major, abundant Mexican species and then compare these results with those of one

wild South American species common to Mexico.
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2. Materials and methods

2.1 Insect and plant material

Adult female specimens were collected from 2005 to 2007 from different localities and

hosts in Mexico and Argentina. The insects were identified by their morphological

characteristics and then compared with Hemiptera voucher insects housed in the Coleccion

Nacional de Insectos (National Collection of Insects) of the Instituto de Biologia,

Universidad Nacional Auténoma de México (CNI-IB-UNAM).Voucher specimens from

the 2005-2007 collections were deposited under the code DTY-ChM-collection numbers at

the CNI-IB-UNAM. The specimens, hosts, localities, and codes are shown in Table 1.

Table 1. Insect, plant material, collection localities and identification codes.

Specimen Host Locality DTY-ChM-
D. coccus O. ficus-indica (L.) Mill. Oaxaca 101
O. ficus-indica (L.) Mill. Mexico City 110
D. ceylonicus
Opuntia spp. Salta® 201
Jujuy® 202
O. ficus-indica (L.) Mill. Hidalgo 125,128
D. confusus
San Luis Potosi 087
O. fuliginosa Griffiths Jalisco 148a, 148b
O. joconostle F.A.C. Weber México City 152
O. spinulifera Salm-Dyck 167, 168
O. streptacantha Lem. 108a, 108b
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O. ficus-indica (L.) Mill.
Opuntia spp.
Opuntia spp.

O. ficus-indica (L.) Mill.
D. opuntiae

O. ficus-indica (L.) Mill.
O. tomentosa Salm-Dyck
O. ficus-indica (L.) Mill.
Opuntia spp.
O. ficus-indica (L.) Mill.
O. hyptiacantha F.A.C. Weber
O. jaliscana Bravo
O. megacantha Salm-Dyck
O. robusta Wendland
O. albicarpa Sheinvar
O. streptacantha
Opuntia spp.
O. phaeacantha Engelmann
D. tomentosus  Cylindropuntia tunicata Haworth,

Griffiths

Puebla

Veracruz

Aguascalientes

Hidalgo
Michoacan
Tlaxcala
Mexico City
Estado de México

Guanajuato

Jalisco

San Luis Potosi

Zacatecas

Hidalgo

138a, 138b

138c

142, 143

170

125

106

131

115a, 115b

117

095

098a, 098b

152

157

153, 154

155

159

067

087

066

178

190

®@Provinces of Argentina.
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Dactylopius host plant materials were identified by comparing them with vouchers
housed at MEXU Herbarium, UNAM and taxonomical information described in keys to the
Opuntioideae subfamily (Anderson 2001). Insects were preserved in a methanol:water (7:3)
solution until used, then cleaned by removing their external waxy secretion and dried.

2.2 Extraction

All samples were dried in an oven at 89 °C (Ohaus MB45, Pine Brook, NJ) before to
extraction. Dry insects (0.125 g) were ground and mixed at room temperature with absolute
methanol (2 mL). Fifty milliliters of 5% orthophosphoric acid was added to the extract
solution (1.709 g), mixed in a sealed vessel and boiled for 30 min, then diluted to a volume
of 200 mL with water and filtered through a nylon membrane (Waters, Milford MA, USA)
13 mm in diameter with a pore size of 0.45 pm (Méndez et al. 2004). All extractions were
carried out in triplicate.

2.3 Generation of HPLC profiles

The instrumentation used for HPLC analysis consisted of a Perkin Elmer 250
multisolvent delivery system equipped with a dual-wavelength UV absorbance detector
(Waters 2487) with a UV detection range of 250-500 nm. Control of the equipment, data
acquisition, processing, and management of chromatographic information were performed
by a PE Nelson model 220 interfase. Samples were analyzed in triplicate using a 300 mm x
5 mm i.d., 10 pm, 60 A pore diameter Spherosorb RP Cig column (Waters, Milford MA,
USA). A linear gradient for elution was performed as previously described (Méndez et al.,
2004): water:methanol:5% orthophosporic acid (5:4:1) to methanol:5% orthophosphoric
acid (9:1) over 30 min, using a flow rate of 0.5 mL/min and sample injection of 10 pL

(concentration: 1 mg/10 mL). The amount of carminic acid (CAc) in each HPLC profile
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was determined and quantified by reference to a calibration curve within the concentration
range of 1 to 23 pg/mL. Carminic acid, flavokermesic acid (FkAc), and kermesic acid
(KAc) peaks were identified by comparing their retention times (tg) with previously
reported values (Méndez et al., 2004).
2.4 Statistical analysis

Cluster analysis (CA) and principal component analysis (PCA) were carried out with the
Statistica 6.0 software (StatSoft Inc., Tulsa, OK). Two CA analyses were carried out. The
first technique was performed using the chromatographic profile of eluted compounds, i.e.
peaks; each peak was treated as a chemical characteristic and its presence or absence, 0 or
1, respectively, was taken as a measure of difference or similarity among species (Méndez
et al., 2004; Son et al., 2008; Cardoso-Taketa et al., 2008). The chromatographic profiles of
all the species were compared and grouped by their similarities under the principle of
parsimony (Méndez et al., 2004; Son et al., 2008). The second CA was performed by
building a joining-tree diagram using the HPLC quantitative analysis data of the insect
material. The Euclidean distance was used as a method to measure the simplest distance
among clusters, and the clustering algorithm of the unweighted pair group method with
arithmetic mean (UPGMA) was used to indicate the distance between groups. From this
analysis, factors 1 and 2, PC1 and PC2, eigenvalues of the correlation matrix, direct and

cumulative values, and factors of the coordinate variables were determined.

3. Results and discussion

3.1 HPLC metabolic profiling
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Nineteen peaks were detected by HPLC, corresponding to CAc, FkAc, KAc, and sixteen
unknowns (Table 2). The presence or absence of a given peak distinguished each species
profile.

Table 2. HPLC profile (qualitative analysis), of five Dactylopius species (CAc = carminic
acid, FkAc = flavokermesic acid, KAc = kermesic acid, 0 = absence, 1 = presence, bold =

unique compound), 275nm.

Peak number tg (min)® D. ceylonicus D.coccus D. confusus D. opuntiae D.tomentosus

1 0.678 1 1 1 1 1
CAc 1.84 1 1 1 1 1
3 3.29 1 0 1 1 0
4 4.58 0 0 1 1 0
5 5.36 0 1 1 1 0
6 6.05 0 0 1 0 0
7 8.31 0 0 0 1 0
8 9.73 0 0 0 1 0
9 10.6 0 0 0 1 0
10 12.5 1 0 1 1 0
11 134 0 0 0 1 0
12 14.3 0 1 1 1 0
FkAc 154 1 1 1 1 1
KAc 16.6 1 1 1 1 1
15 175 1 1 1 1 1
16 18.8 1 1 1 1 1
17 19.3 0 1 0 1 0
18 21.9 0 1 0 0 0
19 22.1 0 1 0 0 0

4tr = retention time.
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D. opuntiae had the most complex profile with sixteen peaks, four of which were
unique: tg of 8.31 min (peak 7), 9.73 min (peak 8), 10.6 min (peak 9), and 13.4 min (peak
11). D. confusus showed twelve peaks, one of them was unique with tz of 6.05 min (peak
6). Eleven peaks were detected for D. coccus, two of them were unique with tg of 21.9 min
(peak 18) and 22.1 min (peak 19). Eight peaks were observed for D. ceylonicus, with no
difference between the Mexican and the Argentinean specimens. Six peaks were recorded
for D. tomentosus, all of which were common to the genus with tg of 0.678 min (peak 1),
1.84 min (CAc), 15.4 min (FkAc), 16.6 min (KAc), 17.5 min (peak 15), and 18.8 min (peak
16).

Although CAc was the most abundant compound in Dactylopius, its concentration
differed among the species, with D. coccus having the largest amount, followed by D.
tomentosus, D. opuntiae, D. ceylonicus, and D. confusus (Table 3), indicating that all of
them are potential sources of dye.

3.2 Multivariate data analysis

The dendogram shows the CA for the five analyzed Dactylopius species in Figure 1.
Because of its taxonomic proximity with Dactylopius and its chromatographic profile
containing flavokermesic and kermesic acids (Wouters, 1985), the species Kermes vermilio
Planchon (Kermesidae) was included as the out-group, helping to establish the taxonomic
evolutionary relationship between both genera.

In this study, the analysis assumed that the species with the more complex
characteristic(s) were the more evolved species, and these differences establish or mark the
distances among them. Careful arrangements in proper sequence and organization of the
available information about the distribution of secondary compounds in different genera

have been useful for plant taxonomists studying systematics (Gottlieb, 1982).
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Variation of secondary plant constituents in major plant taxa takes place in small steps,
which makes it possible to trace plant evolution while at the same time identifying the
geographic origin of these taxa (Gottlieb and Kubitzki, 1983). For this study, the distance
among the species can be established according to the observed differences in the
chromatographic profiles, such as number and peak combinations, which are considered to

be chemical characteristics.

Kermes vermilio
13 14
- D. tomentosis
121516 .
-1 D. ceylonicus
5}
_=_1|O_ 4 D. confiisus

7891117

D. opuntiae
1718 19 310

D. coccus

Figure 1. Dendogram (peaks, presence or absence) resulting from a cluster analysis using
the principle of parsimony for Dactylopius species and Kermes vermilio. The numbers
above the lines indicate the peaks of the chromatographic profile (Table 2), squares and

parallels represent the acquisition or lost of a peak in a species of a joined group.

In Figure 1, numbers above the lines correspond to the peaks shown in Table 2, which
could indicate informative acquired (squares) or lost (parallels) chemical characteristics for

the species of each joined group evolutionarily over time.



The most complex profile was found for D. opuntiae, followed by D. confusus; both
exhibited 10 compounds in common. Next in complexity was D. coccus, differing in the
presence of peaks 17, 18, and 19 and the absence of 3 and 10. D. ceylonicus had two peaks
more than D. tomentosus. As expected, the out-group showed the least complexity (Figure
1). The second CA applied to the quantitative data analysis of the insect material (Table 3)

resulted in the dendogram shown in Figure 2.

Table 3. Quantitative analyses. Absolute area (*10) of the HPLC profile of commercial
carminic acid and five Dactylopius species (0 = absence of a peak, CAc = carminic acid,
KAc = kermesic acid), 275nm.

Peak number Carminic acid D. ceylonicus D. coccus D. confusus D. opuntiae D. tomentosus

Cac 9.83+3.13 3.70+0.241 8.60+3.12 3.45+091 4.70+0.41 6.37+0.280
3 1.83+3.17 >0=+0.002 0 0.50+0.13 0.24 +£0.028 0
4 0 0 0 0.30+0.12 0.18+0.31 0
5 0 0 1.08+0.38 0.30+0.12 0.12+0.13 0
6 0 0 0 0.020 + 0.023 0 0
9 0 0 0 0 >0+0.001 0
10 0.010+0.016 0.13+0.23 0 0.06 £0.05 >0+0.0002 0
12 0 0 239+121 0.62+0.34 >0+0.0003 0
Kac 0.83+0.05 0.75+0.17 0.03+0.05 0.07+0.13 0.59%£0.09 1.92+0.286

The samples clustered in three separate regions. The first cluster includes cochineal
samples collected in central and southeastern Mexico, which includes Mexico City,
Tlaxcala, Veracruz, and the southern part of Hidalgo. These samples appear at the top of
the dendogram and are differentiated by the presence of peak 3 and increased magnitudes
of peaks 1, FkAc, and KAc (Figure 2). Appearing at the bottom of the dendogram, the

second cluster consists of samples collected in the northern and central plateau areas of



Mexico, which includes the states of Zacatecas, San Luis Potosi, Jalisco, Aguascalientes,
and the northern parts of Guanajuato and Hidalgo.

These samples are differentiated from the other groups by similarities in peaks 5, 10, and
11. In the middle of the dendogram, the third cluster is populated only by samples from
northern Argentina, differentiated by peak 16, and from the Mexican D. ceylonicus,

differentiated by peaks 10 and 15.

DTY-Chh-101
ik
a
Center and 1486
Southeastern
Mexico 142 1
128 1
143 ]
i |
Northe.rn 1 ]
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Figure 2. Dendogram with Euclidean distance as a measure of similarity using UPGMA

algorithm for the HPLC quantitative analysis of cochineal samples (Table 1).
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The notorious separation of one D. opuntiae species at the bottom of the dendogram and
D. coccus at the top of the dendogram could be due to several factors. First, D. opuntiae
(DTY-ChM-117) was collected in Mexico feeding on O. tomentosa, a plant species
taxonomically distant from the other hosts. Second, D. coccus is the only domesticated
species and was collected in Oaxaca, which is geographically distant from the other
sampling regions.

Principal component analysis (PCA) was also employed to further support the results
obtained by CA. The retention time for each peak in the HPLC profiles was considered,
treating the host and the sample locality as the active variables. Thus, the first two principal
components acquired were PC,, peak 1, 18.1%, and PC,, CAc, 15.8%, which represent
33.9% of the total variance, with seven eigenvalues higher than 1.0; accumulative
eigenvalues 18.1%, 33.9%, 46.7%, 56.8%, 65.5%, 72.9%, 79.3%, and 85.3%, chosen on the
basis of Kaiser’s criterion. The second PCA considered only the retention time for each
observed peak in the HPLC profiles of Dactylopius species as the active variable; the
supplementary variables were host and locality.

This approach explained almost 98.7% of the total observed variance. The loading of
PC; 53.7% and PC; 46.3% is shown in Figure 3, which correspond to eigenvalues higher
than 1.0. The higher variance percentage was related to peak 1 (98.2%). The second PC is
related to the areas of CAc (0.53%). The second loading of PC; and PC, separated the
Dactylopius species into five groups (Figure 3a): D. coccus (C), D. ceylonicus (E), D.
confusus (N), and two groups for D. opuntiae (O). D. coccus is separated as a group due to
peaks 18 and 19. D. ceylonicus diverges from the genus because of peak 10 and a larger
value of KAc, and is closer to D. coccus (DTY-ChM-101) because of similar amounts of

peaks FKAc, KAc, 15, and 16. D. confusus forms a group due to peak 6, and is closer to D.



ceylonicus (DTY-ChM-110, 201, and 202) for peaks FkAc (smaller magnitude) and peak
15.

D. opuntiae, the group at the top (DTY-ChM-095, 098a, 117, 131 and 170) is separated
from the group at the bottom (DTY-ChM-067, 115b, 153, 154, 155, 157, 159) because of
peak 9, and the larger magnitude of peaks 11 and FkAc, and smaller magnitude of peak 17.
In addition, the group at the top was collected mainly on O. ficus-indica and the species are
taxonomically related (labelled as Opuntia sp.), while the group at the bottom was collected
on different hosts; the result suggests that the variations in the metabolic profile are due in
part to the insect host. The sample collected from Zacatecas (DTY-ChM-178) appears on
the right side of the plot and it is separated from the two main D. opuntiae groups. The
reason for this divergent behavior could be associated with peaks 3, 9, and 15; the
differences are probably due to its host, O. phaeacantha, a shrub cactus taxonomically
distant from the other hosts.

The loading samples grouped according to their geographical origin (Figure 3b) could
clearly be divided into three groups: central and southeastern Mexico, the northern and
central plateau areas of Mexico, and northern Argentina. The latter group also included the
Mexican D. ceylonicus species. The three groups were separated by the presence of the
same components as previously indicated in the CA.

Figure 3c shows another grouping considering the Dactylopius hosts. The samples
collected on Opuntia ficus-indica shared peaks 3, 7, and 11 and all presented increased
amounts of CAc compared to the other species. The rest of the species collected on
different hosts could also be grouped. For example, D. opuntiae and D. confusus species
from Jalisco collected on different species of Opuntia presented peak 12 in greater amounts

than in the other species. D. coccus was separated again, due to a larger amount of CAc and



the presence of peaks 18 and 19, probably due to its domesticated condition. Patterns of
classification of Dactylopious species in CA and PCA were consistent.
3.3 Mexican perspective on the use of Dactylopius

Based on their metabolic profiles, it was possible to identify the five analyzed species of
Dactylopius using an HPLC instrument equipped with a photodiode array detector. This
HPLC analysis could be performed as a fast and simple procedure and as a complementary
tool for taxonomic differentiation among the Dactylopius species. CAc was the most
abundant compound in all the analyzed species, making all of them potential sources of this
colorant, in addition to the commercial species D. coccus. PCA was employed to further
support the results obtained by CA, and the results from both techniques were
complementary, confirming the grouping of all analyzed Dactylopius samples. This study
provides an example of how the variation in constituents of cochineal color makes it
possible to trace the geographic origin and host plants of Dactylopius species, and how it
could also help to explain evolutionary divergence through the observed differences in their

metabolic profiles.
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Abstract

Phylogenetic analyses from PCR amplified 12S rRNA and 18S rRNA gene sequences
from cochineal insects of the genus Dactylopius present in Mexico, showed that D.
ceylonicus, D. confusus, and D. opuntiae are closely related. D. coccus constitutes a
separate clade, and D. tomentosus is the most distantly related. Bacterial 16S rRNA
sequences from the sampled Dactylopius species revealed a common pB-Proteobacteria,
related to Azoarcus, also found in eggs and in bacteriocytes in D. coccus. Other bacterial
sequences recovered from the samples were close to those from soil or plant associated
bacteria, like Massilia, Herbaspirillum, Acinetobacter, Mesorhizobium, and Sphingomonas,
suggesting a possible horizontal transmission from Cactaceae plants sap to Dactylopius spp.
during feeding. This is the first molecular analysis of the five Dactylopius Mexican species

and of their associated bacteria.

Introduction

Dactylopius Costa is a genus of insects commonly known as cochineals that belongs to
the family Dactylopiidae (Signoret) from the super family Coccoidea (scale insects) within
the Hemiptera. Dactylopius insects feed on Cactaceae plants from the genera Opuntia and
Nopalea (Pérez-Guerra & Kosztarab, 1992), both of them, insects and their host plants, are
considered native to the Americas (Pérez-Guerra & Kosztarab, 1992; Chavez-Moreno et
al., 2009). Dactylopiidae has only one genus that includes nine described species (De Lotto,
1974; Pérez-Guerra & Kosztarab, 1992). Five of these species have been reported to be
present in Mexico: D. ceylonicus, D. confusus, D. opuntiae, D. coccus, and D. tomentosus

(Portillo & Vigueras, 2006; Chavez-Moreno et al., 2009). Dactylopius spp. are the natural
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source of carminic acid, a red dye used in the production of cosmetics, drugs, food and
textile. Carminic acid is used by the insects for protection against predators (Eisner et al.,
1994). Dactylopius spp. have also been used as a biological control agent against invasive
cactus (Moran & Zimmermann, 1984). D. coccus has been preferentially used for carminic
acid extraction due to its pigment quality and higher acid content (Hernandez-Hernandez et
al., 2005). There are reports of its use in America since the X century (Portillo, 2005;
Chévez-Moreno et al., 2009). Currently, D. coccus is considered the only commercially
important species and it has undergone a domestication process. This species is very
vulnerable to natural enemies under wild conditions (Pérez-Guerra & Kosztarab, 1992).
Many insects harbor symbiotic bacteria in their guts or as endosymbionts inside
specialized insect cells called bacteriocytes. Bacterial endosymbionts in the Hemiptera
provide nutrients to insects with a limited diet such as phloem sap that is deficient in
essential amino acids and vitamins (Baumann, 2005; Moran, 2006). Some endosymbionts
also synthesize bioactive compounds that can be used by insect hosts as defense against
predators, parasites and pathogenic microorganisms (Moran, 2006). As endosymbionts are
vertically transmitted, their DNA sequences can be used to trace insect phylogenies
(Baumann, 2005). Within the Coccoidea, endosymbionts have been found in the families
Pseudococcidae (Thao et al., 2002), Diaspididae, and Margarodidae (Gruwell et al., 2007).
The diversity of endosymbionts in Dactylopius spp. has not been reported, except for
bacteria from the genus Wolbachia present in Dactylopius sp. eggs (Pankewitz et al., 2007).
The current identification and taxonomy of Dactylopius spp. has been based on
morphological characters (De Lotto, 1974; Pérez-Guerra & Kosztarab, 1992), and
Rodriguez et al. (2001) published a phylogeny of Dactylopius spp. on this basis. Until now

there are no molecular phylogenies of the genus. There is only one phylogeny based on 18S
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rRNA sequences of the Coccoidea, which places Dactylopiidae close to clade E1 from the
Eriococcidae (Cook et al., 2002). The aims of this work were to sequence and analyze
mitochondrial and nuclear ribosomal genes from Dactylopius spp. to assess the
phylogenetic relationships between the five species present in Mexico, and to determine the

symbiont bacteria species present in these insects.

Materials and methods

Insect sampling

Specimens from five different Dactylopius species were collected from different regions
in Mexico. Insects were identified by morphological comparison with specimens from the
Coleccion Nacional de Insectos of the Instituto de Biologia, Universidad Nacional
Auténoma de México (CNI-IB-UNAM) and the descriptions given by De Lotto (1974) and
Pérez-Guerra & Kosztarab (1992). Specimens were collected from the following states: D.
coccus from Oaxaca, D. confusus from Tlaxcala, D. ceylonicus from Mexico state, D.
opuntiae from Michoacdn and Querétaro and additionally we obtained D. opuntiae from
Pernambuco state from Brazil; all of these were parasiting Opuntia ficus-indica (Linnaeus)
Miller plants. D. tomentosus was collected from Hidalgo on Cylindropuntia tunicata
(Lehmann) Knuth. Parasaissetia sp. (Hemiptera: Coccidae) insects were collected in
Morelos state on Jacaranda mimosifolia (D. Don) plants and gene sequences derived from

this Coccidae were considered as outgroup in the phylogenetic analyses.
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DNA extraction, amplification and sequencing

Female specimens from each insect species, freshly collected or frozen (-20 °C) were
superficially cleaned removing the white wax, washed and vortexed several times with
sterile distilled water. DNA was extracted from whole insects, individually in the case of D.
coccus or from 2-4 specimens from the other species with DNeasy Blood and Tissue Kit
(Qiagen). Two DNA samples were analyzed from each species. DNA was used as a
template in PCR reactions using primers F-12S-2 y R-12S-2 for insect mitochondrial 12S
rRNA gene (Thao et al., 2004), primers 2880 (Tautz et al., 1988) and B- (von Dohlen &
Moran, 1995) for insect nuclear 18S rRNA gene, and primers fD1 and rD1 for bacterial 16S
rRNA gene (Weisburg et al., 1991). DNA from eggs and bacteriocytes from D. coccus was
extracted after dissection and washing, and used in PCR reactions as described above.
Primers that specifically amplify a fragment from the16S rRNA gene of END1 and closely
related [-Proteobacteria were designed (Betad28F: 5-
GTGAATATCCGAAGCCGATGAC-3’, Betal205R: 5-
GGCTTGGCAACCCTCTGTACCG-3’). Primers to identify clone Ol and related a-
Proteobacteria were also designed (Alphal4lF: 5’-ACGGAAGAAAGTAGATATACGC-
3’ and Alpha944R: 5-ACCTGTTATGCTCCAACTAAAT-3’). These were used in
addition to fD1 and rD1 primers with DNA of Dacytilopius spp.

PCR protocols were performed as described (Weisburg et al., 1991; Thao et al., 2004),
except for the 18S rRNA gene that was amplified using the procedures described by Cook
et al. (2002). The following protocol was used with Beta428F - Betal205R and Alphal4lF
- Alpha944R primers: an initial denaturation at 94 °C for 3 min, followed by 33 cycles of
amplification (1 min at 94 °C, 1 min at 57 °C or 52 °C (respectively), and 1 min at 72 °C),

and a final extension step of 5 min at 72 °C. The amplified products were 1500 (fD1 and
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rD1), 460 (F-12S-2 and R-12S-2), 620 (2880 and B-), 800 bp (Beta428F and Betal205R),
and 825 bp (Alphal4lF and Alpha944R). PCR products were cloned and individual

plasmid clones were sequenced in Macrogen Inc. (Korea).

Phylogenetic analyses

Nucleotide sequences were compared to the nr GenBank database, using Blastn and
sequences from closely related organisms were retrieved. Sequence alignments were done
with CLUSTAL W (Thompson et al., 1994) and manually edited. Phylogenies were
constructed with the Bayesian method using MrBayes (Huelsenbeck & Ronquist, 2001).
The best model of sequence evolution for each gene was selected using the MrAIC Perl

script written by J. A. A. Nylander (http://www.abc.se/~nylander/). In all the cases the

selected model was GTR+1+G.

Results
Phylogenetic analyses

Two to eight individuals were used from each species and sequences from three clones
(from each marker) of the same species were analyzed. Sequences obtained from a single
insect species were more than 99% identical, and only one clone from each species is
shown. Phylogenetic trees obtained from the mitochondrial 12S rRNA and nuclear 18S
rRNA genes are shown in Fig. 1 A and B. Trees were congruent and showed that D.
ceylonicus, D. confusus, and D. opuntiae clustered together with an identity of 99%. 12S
rRNA gene sequences from D. opuntiae from three different geographic regions were very
similar (more than 98.9% of identity) and 18S rRNA gene sequences from D. confusus and

from the three D. opuntiae were 100% identical. Two 18S rRNA gene sequences were
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retrieved from NCBI GenBank corresponding to D. confusus (U20402, collected from
Arizona [von Dohlen & Moran, 1995]) and D. austrinus (AY795538). The D. confusus
sequence is similar to those reported here for D. ceylonicus, D. confusus, and D. opuntiae
(99% of identity), and D. austrinus sequence was close to this cluster. D. coccus is

separated and D. tomentosus is the most distantly related.

(A)

(B)
Fig. 1. Phylogenetic trees of 12S rRNA gene sequences (426 pb) (A), and 18S rRNA gene

sequences (584 pb) (B), obtained from the different Dactylopius species. Sequences from

this work are in bold. Accession numbers are shown. The tree was inferred with the
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Bayesian method using MrBayes under model GTR+I+G. Numerical values at each node
indicate posterior probabilities.
Identification of symbiotic bacteria

The analyses of 16S rRNA gene sequences indicated that different bacteria were found
inside Dactylopius. The abundance of clones found in each species and the percentage of
identity to the closest NCBI match is shown in Table 1. The 16S rRNA gene sequence from
Candidatus Sulcia muelleri was used as an out group; this is an endosymbiotic flavobacteria
of many species of the suborder Auchenorrhyncha of the Hemiptera (Moran et al., 2005).

Dactylopius species had different associated bacteria and the only one common in all of
them was a B-Proteobacteria (named here as END1) that was highly conserved with almost
identical 16S rRNA gene sequences. END1 was first identified with 16S rRNA universal
primers (fD1 and rD1) in all the individuals collected from D. opuntiae, including the ones
collected from Brazil, and in D. coccus and D. tomentosus (Table 1). Subsequently with
primers specific to ENDL1 it was also found in D. ceylonicus and D. confusus as well as in
eggs and bacteriocytes of D. coccus. The sequence had high identity (95%) to a soil isolate
(AB024934) which was erroneously assigned to Sphingomonas sp. Al (a-Proteobacteria)
when it is really a sequence from a 3-Proteobacteria close to Azoarcus sp (Fig. 2).

Additionally in all the specimens collected from D. opuntiae 39% of the clones (O1)
presented 88% identity to Candidatus Hepatincola porcellionum, the extracellular symbiont
of the hepatopancreas of Porcellio scaber (common woodlouse, Crustacea: Isopoda) (Wang
et al., 2004) (Fig. 2), which belongs to the order Rickettsiales from the a-Proteobacteria.

Specific primers for O1 did not amplify DNA from other Dactylopius species.
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Fig. 2. Phylogenetic tree of 16S rRNA gene sequences of bacteria (1284 pb) obtained from
the different Dactylopius species. Sequences from this work are in bold. Other sequences
from closely related organisms were included. Accession numbers are shown. Host
Dactylopius species are shown in brackets. The tree was inferred with the Bayesian method
using MrBayes under model GTR+1+G. Numerical values at each node indicate posterior

probabilities.
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Other 16S rRNA gene clones were close to free living bacteria, like Massilia sp.,

Herbaspirillum sp., Acinetobacter sp., Mesorhizobium sp., and Sphingomonas sp. (Table 1

and Fig. 2), with 98, 96, 99, 97, and 98% identity respectively. These were obtained from

D. ceylonicus and D. confusus.

Table 1. Assignment and abundance (percentage of clones) of bacteria in Dactylopius

species using 16S rRNA gene sequences obtained with universal primers rD1 and fD1. The

closest NCBI match is shown. Name of each clone is shown in parenthesis. 2-8 insect

individuals were used.

p-Proteobacteria a-Proteobacteria y-Proteo-
bacteria

Dactylopius Soil Massilia Herbas- | Porcellio Sphingo- | Meso- Acineto- Number
species bacteria sp. pirillum | scaber monas rhizobium | bacter sp. of

(END1) (N6) sp. symbiont | insulae sp. (N8) analyzed

(E7) (01) (E1) (E4) clones

D. ceylonicus | 0? 29 43 0 14 14 0 7
D. confusus 0? 88 0 0 0 0 12 8
D. opuntiae 100 0 0 0 0 0 0 2
(Michoacén)
D. opuntiae 63 0 0 37 0 0 0 27
(Querétaro)
D. opuntiae 43 0 0 57 0 0 0 7
(Brazil)
D. coccus 100 0 0 0 0 0 0 10
D. tomentosus | 100 0 0 0 0 0 0 6

% END1 symbiont was not found when universal 16S rRNA gene primers (rD1 and fD1)

were used, but it was amplified by PCR when specific primers for B-Proteobacteria were

used (Beta428F and Beta 1205R).
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Discussion

Our phylogenetic results differ from those reported by Rodriguez et al. (2001) based
mainly on morphological characters and using published information, where D. confusus
and D. opuntiae constitute a clade related to D. coccus and D. ceylonicus; and D. austrinus
constitute another clade separated from D. confusus and D. opuntiae. The need to establish
molecular phylogenies for Dactylopius has been recognized in several papers as conflicting
results were derived from morphological data (Portillo & Vigueras, 2006).

D. coccus was domesticated and selected for producing higher amounts of carminic acid.
It has a larger body size and presents a cover of white powdery wax instead of a white
cottony wax with long filaments (Pérez-Guerra & Kosztarab, 1992). The cottony wax cover
protects the insects against desiccation and rain (Chavez-Moreno et al., 2009). Pérez-
Guerra & Kosztarab (1992) considered the characteristic cover important for proposing D.
coccus as the most primitive of the Dactylopius species; otherwise this character could be a
consequence of domestication.

In accordance with our results, D. tomentosus has been reported as the most distant
species of the genus, as it has unique biological and morphological characteristics that
differ considerably from other Dactylopius species (Mathenge et al., 2009). D. tomentosus
host range is restricted to the subgenus Cylindropuntia, its egg incubation period is longer
(17 days instead of minutes or hours), eggs are held on a mesh of waxy threads and remain
attached to the female during the incubation period (in other Dactylopius species eggs are
not enclosed in a mesh and continue to hatch as more are laid), the size of female adults is
smaller than in most of the other species (similar to D. confusus) (Mathenge et al., 2009),

and its anal ring is obsolete (Pérez-Guerra & Kosztarab, 1992; Rodriguez et al., 2001).
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We found a characteristic set of bacteria from each Dactylopius species. Of special
interest is END1, a B-Proteobacteria found in all the Dactylopius species as well as in eggs
and bacteriocytes of D. coccus. These facts suggest that ENDL1 is vertical transmitted and
may be a primary endosymbiont, and that it could have been acquired before the radiation
of this genus. Its location should be subsequently confirmed by in situ hybridization.
Within the Coccoidea in the Pseudococcidae family another B-Proteobacteria primary
endosymbiont, Candidatus Tremblaya princeps has been reported (Thao et al., 2002) with
al6S rRNA gene sequence 79% identical to that from END1 (see Fig. 2).

Clone O1 found in the specimens collected form D. opuntiae belongs to the order
Rickettsiales. In this order many intracellular symbionts and pathogens of eukaryotes have
been found (Weinert et al., 2009). A phylogenetic tree including the sequences from clone
01, the closest NCBI match sequences with 85 -88% of identity (Candidatus Hepatincola
porcellionum AY1885, a gut bacterium from the Chinese mitten crab Eriocheir sinensis
DQ856548, and an endosymbiont of Acanthoamoeba sp. AF069963, see Fig. 2), as well as
those of the different clades within the Rickettsiales reported by Weinert et al. (2009),
showed that the sequence from O1 and of the three related sequences did not group with
any of the major clades of Rickettsia, meaning that they could represent new taxons within
this group. In contrast to published data (Pankewitz et al., 2007), we did not find
Wolbachia in Dactylopius spp.

The sequences from the clones close to free living bacteria (Massilia sp., Herbaspirillum
sp., Acinetobacter sp., Mesorhizobium sp., and Sphingomonas sp.) belong to soil or to plant
associated bacteria. The location of some of these bacteria could be the gut, in which case

its origin could plausibly be the sap which serves as food for the insects. It would be of
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ecological interest to explore this fact by analyzing the endophytic bacteria from the plants
parasited by the insects. Their location inside the insect must be also determined.

Our description of Dactylopius spp. endosymbionts will be the base for studying its role
in the development and physiology of the host. These bacteria could be implicated in
providing amino acids, vitamins, antimicrobial compounds to the host, or degrading plant

toxic compounds, as occurs in other sap feeding insects.
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Revision historica, cultural, geogréfica, y ecoldgica de la informacion de los géneros
Opuntia y Dactylopius y su distribucién en México

La revision de literatura muestra la estrecha relacion entre las especies de los géneros
Opuntia y Dactylopius con la historia de los pueblos precolombinos de mesoamérica
(Martin del Campo 1957; Smith, 1967; MacGregor, 1976; Pifia, 1977; Bravo-Hollis y
Sanchez-Mejorada 1978; Anderson, 1981; Colunga et al., 1986; MacNeish, 1992; Bravo-
Hollis y Scheinvar, 2002; Casas y Barbera, 2002; Reyes-Aguero et al., 2005a). Su
trayectoria de uso y produccion llevd a México a ser el principal productor de grana
cochinilla y su colorante durante méas de un siglo (Dahlgren, 1990; Humboldt, 1966) para
después permanecer casi extinta después de la independencia (Butler, 2006). La
reactivacion del cultivo de la grana cochinilla en nuestro pais requiere de la participacién de
los productores de Opuntia, el rescate del conocimiento tradicional y las técnicas de
produccion desarrolladas a través de la historia cultural de México combinadas con el uso
de la tecnologia actuales (Pérez-Sandi, 1999). Actualmente, Opuntia y Dactylopius se han
propagado en todo el mundo y sus usos se han diversificado (Quijano y Vergara 2007,
Palma de la Cruz 2008).

México es una importante reserva de la diversidad bioldgica de Opuntia y Dactylopius.
Sin embargo, la Norma de Proteccién ambiental de especies nativas de flora y fauna
silvestre de México (SeMARNat, 1994) s6lo mencionan cinco especies de Opuntia de un
total de 284 cactaceas que dicha norma considera. Las especies son: O. bravoana (nopal
from Bravo), O. excelsa (excelso nopal), O. rosarica (Cholla tasajo de Rosario), O.
santamaria (Cholla de Santa Maria) consideradas endémicas y O. polyacantha var.
arenaria (SeMARNat, 1994). Por otra parte, los insectos Dactylopius no se mencionan en
esta norma (SeMARNat, 1994).

El estudio de las especies de Opuntia y Dactylopius como recursos genéticos ayuda al
conocimiento para el aprovechamiento, el desarrollo y la interaccion entre las especies
cultivadas y silvestres de ambos géneros. No debe omitirse la directriz ecoldgica que
permitiria la restauracion del cultivo de la cochinilla de una forma sustentable y el
reconocimiento de las necesidades actuales de las distintas regiones de México para su

implementacion.
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Distribucion y habitats de Dactylopius y sus hospederos de la subfamilia Opuntioideae
Distribucion en México

La distribucion de Dactylopius dentro del area de estudio es continua, mas amplia que la
reportada en la literatura hasta antes del presente estudio y guarda una correspondencia con
sus hospederos. El area estudiada se localiza entre 98 a 104° latitud norte y los 18 a 23°
longitud, abarcando los estados de Aguascalientes, Guanajuato, Hidalgo, Jalisco, Estado de
México, Michoacan, Morelos, Oaxaca, Puebla, Querétaro, San Luis Potosi, Tlaxcala,
Veracruz, Zacatecas y el Distrito Federal. Se extiende principalmente en las regiones del
altiplano norte y central y sureste de México. Esta zona se caracteriza porque el tipo de
vegetacion predominante es matorral xerofilo, bosque templado de confieras y bosque de
pino-encino; cuenta con una amplia variedad de suelos: arenosol, vertisol, calcisol, xerosol,
regosol, leptosol y feozem, y climas seco arido y semiarido, templado y himedo de acuerdo
con Rzedowski (1978). El rango altitudinal del género fue entre los 0 y los 2845 m (sobre el
nivel del mar). Este trabajo reporta nuevos registros georreferenciados de las cinco especies
de Dactylopius y sus hospederos, evaluando el area de ditribucién de los mismos.

D. ceylonicus. Previamente habia sido registrada en 6 estados de México, sobre especies
de Opuntia y Nopalea. En este estudio se registra por primera vez en el Distrito Federal y
en el estado de Hidalgo sobre O. ficus-indica y Cylindropuntia imbricata. Esta especie
desarrolla preferentemente en cladodios maduros de Opuntia, en las areolas de cladodios y
tunas, en nopales que forman cercas vivas, con escasa vegetacion y suelo tipo regosol.
También se puede recolectar en los nddulos de las raices de Opuntia sp., en poblaciones
silvestres con vegetacion de matorral xeréfilo y suelo arenosol, altitud entre 950 y 2650 m.

D. coccus. Esta especie habia sido registrada en cinco estados de México sobre Opuntia
y Nopalea en un rango altitudinal entre 1250 y 2200. En este estudio fue recolectado en
centros de produccion de Oaxaca; Estado de México y Morelos sobre O. ficus-indica,
principal hospedero para la produccion de cochinilla. Se registra por primera vez D. coccus
en poblaciones silvestre en los estados de México, San Luis Potosi y el Distrito Federal. Su

habitat mas comun es en los cultivos intensivos de O. ficus-indica, suelos drenados, suelo
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vertisol, calcisol, xerosol, regosol, leptosol, y feozem, dentro del rango altitudinal
registrado entre 1654 y 2845 m.

D. confusus. Esta especie habia sido registrada en 11 estados de México, sobre especies
de Opuntia, Cylindropuntia y Grusonia, entre 1100 y 2200 m. En este estudio los
especimenes estudiados se dividieron en dos grupos, de acuerdo con sus caracteristicas
morfoldgicas, D. confusus y D. confusus biotipo 1. D. confusus son los insectos con
morfologia tipica (De Lotto, 1974; Pérez-Guerra y Kosztarab, 1992). Recolectados en el
Distrito Federal, Hidalgo, Jalisco, Morelos y Puebla sobre O. ficus-indica; en Jalisco sobre
distintos hospederos y por primera vez en los estados de Veracruz y Zacatecas. Crece sobre
los cladodios y frutos de cactaceas arboreas, predominantemente en habitat desértico con
escasa vegetacion y suelo arenosol, en un rango de altitud entre 1200 y 2547 m, superior al
registrado para esta especie.

D. confusus biotipo 1. Insectos que combinan caracteristicas morfoldgicas de D.
confusus tipico (De Lotto, 1974; Pérez-Guerra y Kosztarab, 1992) con la especie D.
salmianus, especie Unicamente registrada en Sudamérica (De Lotto, 1974; Pérez-Guerra y
Kosztarab, 1992; de Haro y Claps, 1995) nunca antes descrita en México. Estos insectos
fueron recolectados en los estados de Hidalgo, Morelos, San Luis Potosi, Puebla y Tlaxcala
sobre distintas especies de Opuntia y una especie de Cylindropuntia. D. confusus y D.
confusus biotipo 1 fueron recolectadas en el estado de Morelos sobre el mismo hospedero.
D. confusus biotipo 1 promueve cambios de coloracidn de sus hospederos y puede dafar el
tejido donde crece. Se desarrolla preferentemente en cladodios y tunas en zonas urbanas y
cultivos de produccion de Opuntia en tierras con suelos de temporal, en poblaciones
silvestres donde predomina el matorral xeréfilo y el suelo de tipo arenosol y calcisol, ramgo
altitudinal entre los 1654 y 2773 m.

D. opuntiae es la especie con el mayor numero de registros en la literatura, ha sido
registrada en 20 estados de México, sobre 17 especies de cactaceas de los géneros Opuntia,
Nopalea y Cylindropuntia dentro de un rango altitudinal entre 25 a 2678 m. En este estudio
se recolectaron y separaron en dos grupos los especimenes de esta especie, D. opuntiae y D.
opuntiae biotipo 1. Dactylopius opuntiae, corresponden a insectos con la morfologia tipica
(De Lotto, 1974; Pérez-Guerra y Kosztarab, 1992). En este trabajo fueron recolectados en

el Distrito Federal, Jalisco, Michoacan, Puebla, San Luis Potosi, Veracruz, y Zacatecas
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sobre Opuntia; y por primera vez en Guanajuato y Tlaxcala. Se desarrolla en cualquier
porcion de las plantas y puede causar dafio a sus hospederos e incluso la muerte. Es la
especie mas agresiva e invasora del género. Crece en un rango altitudinal entre 750 y 2845,
superior al registrado hasta ahora.

D. opuntiae biotipo 1. Insectos que combinan caracteristicas morfolégicas de D.
opuntiae tipico (De Lotto, 1974; Pérez-Guerra y Kosztarab, 1992) con la especie D.
salmianus, especie Unicamente registrada en Sudamérica (De Lotto, 1974; Pérez-Guerra y
Kosztarab, 1992; de Haro y Claps, 1995) nunca antes registrados en México. Fueron
recolectados en los estados de Guanajuato, Jalisco, San Luis Potosi y Tlaxcala sobre
Opuntia y Cylindropuntia; Ademas, D. opuntiae y D. opuntiae biotipo 1 fueron
recolectadas cohabitando en el Distrito Federal y Michoacéan sobre el mismo hospedero. D.
opuntiae biotipo 1 es menos agresivo que con D. opuntiae con sus hospederos y se
desarrolla sobre cladodios y frutos en zonas urbanas y cultivos de Opuntia, en tierras de
temporal, donde predomina el matorral xeréfilo y suelo arenosol, rango altitudinal entre
1663y 2773 m.

D. tomentosus. No hay registros de esta especie en CNI-IB-UNAM. En la literatura se
en ocho estados de México sobre Opuntia, Nopalea y Cylindropuntia, rango altitudinal
entre 0 y 2500 m. En este estudio fue recolectada en los estados de Guanajuato e Hidalgo
sobre especies de Opuntia y Cylindropuntia, dentro del rango altitudinal sefialado. Se
desarrolla exclusivamente sobre los cladodios y poseen un tamafio casi imperceptible. Esta
especie no dafia a sus hospederos ni promueve cambios en la planta. Se desarrolla en
hébitat desértico donde predomina el matorral xer6filo, suelos vertisol y arenosol.

En este estudio las especies de hospederos identificados para Dactylopius fueron
principalmente Opuntia ficus-indica (variantes y cultivares), O. streptacantha, O.
streptacantha ssp. aguirreana Bravo, O. robusta (variantes y cultivares), O. tomentosa, O.
albicarpa (cultivar), O. joconostle, O. hyptiacantha, O. jaliscana, O. phaeacantha., O.
megacantha, O. fuliginosa, O. spinulifera, O. atropes, Cylindropuntia imbricata y C.
tunicata, ademas de 20 cultivares.

La presencia de especies de Dactylopius con distintos caractéres morfoldgicos
cohabitando en una misma localidad e incluso compartiendo distintas porciones de un

mismo hospedero se da a conocer en este trabajo por primera vez. Asimismo, se presentan
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por primera vez registros de insectos con caracteristicas de D. confusus y D. opuntiae
combinadas con caracteristicas de D. salmianus, nombrados en este texto D. confusus
biotipo 1 y D. opuntiae biotipo 1, respectivamente, lo que sugiere la presencia de nuevas
especies aln no estudiadas o la posibilidad de hibridacion interespecifica entre las especies
identificadas. Los resultados mencionados ponen de manifiesto la necesidad de
implementar técnicas de analisis de Dactylopius que permitan identificar las especies y
establecer su estatus taxondémico, entre las técnicas documentadas para otras especies de

insectos se reportan la caracterizacion quimica y el analisis molecular.

El perfil metabdlico de las especies de Dactylopius, origen geografico y hospederos y el
analisis multivariado de los datos CLAE

El estudio de los perfiles metabolicos de Dactylopius, permitio identificar la
composicién de los pigmentos de cinco especies de insectos usando un equipo de
cromatografia liquida de alta eficiencia (CLAE) equipado con un detector de arreglo de
fotodiodo. Fue posible detectar 19 picos que correspondieron a: acido carminico (CAc),
acido flavokermésico (FkAc), y acido kermésico (KAc), ademas de otros 16 picos no
identificados. La presencia o ausencia de un determinado pico permitio distinguir el perfil
de cada especie. D. opuntiae presento el perfil mas complejo con 16 picos, cuatro de ellos
unicos con: tg 8.31 min (pico 7), 9.73 min (pico 8), 10.6 min (pico 9), y 13.4 min (pico 11).
D. confusus con 12 picos, uno de ellos unico con tg de 6.05 min (pico 6). Se detectaron 11
picos para D. coccus, dos de ellos Unicos con tg de 21.9 min (pico 18) y 22.1 min (pico 19).
D. ceylonicus, con ocho picos sin encontrarse diferencias entre las especies mexicanas y
argentinas. D. tomentosus con seis picos, todos ellos comunes al género y con tg de 0.678
min (pico 1), 1.84 min (CAc), 15.4 min (FkAc), 16.6 min (KAc), 17.5 min (pico 15), y 18.8
min (pico 16). El anélisis CLAE puede considerarse un procedimiento rapido y sencillo y
es una herramienta complementaria en la diferenciacion taxonémica de las especies de
Dactylopius. El acido carminico fue el compuesto mas abundante de todas las especies
analizadas; su concentracion es distinta entre las especies, siendo D. coccus la que tiene la
mayor cantidad de este colorante, seguido de D. tomentosus, D. opuntiae, D. ceylonicus, y
D. confusus lo que permite afirmar que las especies de Dactylopius analizadas representan

una fuente potencial de colorante, alternativa a la especie comercial D. coccus.
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En este estudio se asumi6 que la complejidad del perfil cromatogréafico refleja el grado
de evolucion de las especies, considerdndose de esta manera que la especie con el perfil
mas complejo era la mas evolucionada, suposicion que ha sido de gran utilidad en el
estudio sistematico y taxénomico de plantas (Gottlieb, 1982 y 1983). Los picos
compartidos entre especies permitieron hacer agrupaciones. A través de un analisis de
agrupamiento (AC) se construyd el dendograma para las cinco especies de Dactylopius
analizadas utilizando la especies Kermes vermilio Planchon (Kermesidae) como grupo
externo. Este género presenta un perfil cromatografico que contiene AFkc y KAc (Wouters,
1985y 1989) lo que permitio plantear la posible relacion taxondmica evolutiva entre ambos
géneros.

El dendograma obtenido del CA es el analisis de los datos cuantitativos del material de
insectos, muestra tres regiones separadas: la primera incluye las muestras de cochinilla
recolectadas en la parte central y el sureste de México, que incluye a las entidades de
Distrito Federal, Tlaxcala, Veracruz, y el sureste de Hidalgo agrupadas por la presencia del
pico 3y la magnitud de los picos 1, FKAc, y KAc. La segunda region esta integrada por
muestras recolectadas en el altiplano norte y central de México, en los estados de
Zacatecas, San Luis Potosi, Jalisco, Aguascalientes, y la parte norte de Guanajuato e
Hidalgo. Estas muestras se distinguen por los picos 5, 10, y 11. EIl tercer agrupamiento
corresponde a D. ceylonicus, muestras recolectadas en el norte de Argentina, diferenciadas
por el pico 16, y las muestras de México por sus picos 10 y 15.

También las muestras de insectos pudieron separarse de acuerdo con su hospedero. Las
muestras recolectadas sobre Opuntia ficus-indica comparten los picos 3, 7, y 11 y la mayor
cantidad de CAc comparado con las otras especies. Las especies recolectadas sobre
distintos hospederos formaron un grupo distinto. Por ejemplo, las especies de D. opuntiae y
D. confusus recolectadas en Jalisco sobre distintas especies de Opuntia presentaron el pico
12 en comun y en cantidad superiores al de las otras especies. D. coccus se separ0
nuevamente por contener la mayor cantidad de CAc y por los picos 18 y 19, para esta
especie se asume que sus diferencias en el perfil cromatografico y su separacion del resto
de las especies es debida al proceso de domesticacion y seleccion artificial . Los resultados
CA y PCA son similares y no se contradicen.
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Filogénia molecular del género Dactylopius e identificacion de sus bacterias

simbidticas

El analisis de 2 a 8 individuos de cada especie de Dactylopius permitié la secuenciacién
de tres clonas (para cada marcador) de la mismas especies. Las secuencias obtenidas a
partir de un solo insecto, de una sola especies fueron 99% idénticas por lo que se muestran
los resultados de una clona para cada especie. Se obtuvieron los arboles filogenéticos a
partir del andlisis de genes mitocondrial 12S rRNA y nuclear 18S rRNA. Los éarboles
resultaron congruentes y mostraron que D. ceylonicus, D. confusus, y D. opuntiae
constituyen un clado agrupado con una identidad del 99%. Este resultado hace suponer que
se trata de la misma especie. El resultado del la secuencia del gene 12S rRNA de la especie
D. opuntiae de tres regiones geograficas presenta una identidad del 98.9% que significa que
son muestras muy cercanas o similares. Las secuencias del gene 18S rRNA de D. confusus
y tres de D. opuntiae resultaron 100% idénticas. Dos de las secuencias del gene 18S rRNA
fueron extraidas del NCBI GenBank y correspondieron alas muestras D. confusus (U20402,
recolectadas en Arizona [von Dohlen & Moran, 1995]) y D. austrinus (AY795538) para
incorporarlas al andlisis. La secuencia de la muestra de D. confusus es similar a las
reportadas aqui para D. ceylonicus, D. confusus, y D. opuntiae (99% de identidad), y la
secuencia de la especie D. austrinus es cercana a este agrupamiento. D. coccus se encuentra
separada y D. tomentosus resulté la especie mas distante.

La comparacion de la topografia obtenida en este trabajo por los resultados filogenéticos
de Dactylopius con el dendograma presentado por Rodriguez et al. (2001), generado con el
algunas de las caracteristicas morfoldgicas del género (Portillo & Vigueras, 2006), no son
similares. En este trabajo, D. confusus y D. opuntiae constituyen un clado relacionado con
D. coccus y D. ceylonicus; y D. austrinus comprende otro clado separado de D. confusus y
D. opuntiae. D. coccus contiene la mayor cantidad de colorante (acido carminico), posible
resultado del proceso de domesticacion de esta especie (Pifia, 1977) y que se refleja en sus
caracteristicas morfoldgicas: es el insecto con la mayor talla, cubierto de una capa
pulvurulenta y de cera seca, en vez de largos filamentos algodonosos como el resto de las
especies del género (Pérez-Guerra & Kosztarab, 1992), cuya funcion principal es protegerle
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contra la desecacion y la lluvia (Chavez-Moreno et al., 2009). Pérez-Guerra & Kosztarab
(1992).

D. tomentosus resultd la especie mas distante suponiéndose igualmente que es reflejo de
su caracteristicas bioldgicas y morfoldgicas unicas y que difieren considerablemente de su
género (Mathenge et al., 2009). D. tomentosus posee un rango de hospederos restringido al
subgénero Cylindropuntia, sus huevecillos tienen un periodo de incubacion mas largo (17
dias en vez de minutos u horas), sus huevecillos estan envueltos en una masa de cera y
permanecen junto a la hembra durante el periodo de incubacion (en otras especies de
Dactylopius los huevecillos estan encerrados en una red continua, el tamafio de las hembras
adultas es mas pequefio que el resto de las especies (similar a D. confusus) (Mathenge et
al., 2009), y su anillo anal es no funcional (Pérez-Guerra & Kosztarab, 1992; Rodriguez et
al., 2001).

Se encontrd un grupo de bacterias para cada especie de Dactylopius. De especial interés
fue END1, una B-Proteobacteria encontrada en todas las especies de Dactylopius asi como
en sus huevecillos y los bacteriocitos de D. coccus. Este hecho sugiere que la END1 es de
transmision vertical y pudiera ser un endosimbionte primario, en cual pudo ser adquirido
durante la radiacion de este género. Su localizacion puedo confirmarse mediante
hibridacién in situ. Se ha escrito sobre la presencia de la B-Proteobacteria en la familia
Pseudococcidae (Coccoidea), otro endosimbionte primario, Candidatus Tremblaya princeps
ha sido reportada (Thao et al., 2002) con una secuencia genética de 16S rRNA 79%
idéntica a END1.

La clona nombrada en este trabajo O1 encontrada en los especimenes de D. opuntiae
pertenece al orden Rickettsiales, asi como muchos simbiontes intracelulares y patdgenos de
eucariontes que han sido investigadas (Weinert et al., 2009). Se construyd un éarbol
filogenético incluyendo la secuencia de la clona O1, tel més cercano NCBI presenta un 85 -
88% de identidad (Candidatus Hepatincola porcellionum AY1885, bacteria originaria de
China localizada en cangrejos Eriocheir sinensis DQ856548, y un endosimbionte de
Acanthoamoeba sp. AF069963, asi como los que corresponden a distintos agrupamientos
de Rickettsiales descritos por Weinert et al. (2009), muestran que la secuencia a partir de
Ol vy las tres secuencias relacionadas no forman un grupo con agrupaciones superiores de

Rickettsia, significando que pudieran representar taxones nuevos de este grupo. En
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contraste con los datos publicados por Pankewitz et al., (2007), no se encontré Wolbachia
en Dactylopius spp.

Las secuencias de las clonas de bacterias cercana a bacterias de vida libre (Massilia sp.,
Herbaspirillum sp., Acinetobacter sp., Mesorhizobium sp., y Sphingomonas sp.) son
similares a las de suelos o plantas que albergan bacterias. La localizacién de algunas de
estas bacterias es el intestino de los insectos, por lo que se supone que al estar localizadas
en la savia de las plantas que sirve de alimento para los insectos. Resulta de interés
ecoldgico explorar este hecho a través del analisis de las bacterias endofiticas de las plantas
parasitadas por estos insectos. Debe especificarse la localizacion dentro del insecto.

La descripcidon de los endosimbiontes de Dactylopius spp. presentada en este trabajo
sienta un precedente para conocer de la importancia de estas bacterias en la fisiologia de
sus hospederos. Estas bacterias podrian estar participando en la produccion de aminoacidos,
vitaminas, compuestos antimicrobianos para el hospedero, o en la degradacién de
degradacion de compuestos toxicos de la planta, como ocurre con las bacterias presentes en

la savia de las que se alimentan otros insectos.

Conclusiones

De acuerdo a los resultados obtenidos los insectos Dactylopius guardan una estrecha
relacion con sus hospederos del género Opuntia. Esto se refleja en la correspondencia que
tiene el patron de distribucion de Dactylopius y el patrén de distribucién sus hospederos.
Dentro de los resultados obtenidos en este trabajo cabe destacar que el uso combinado del
andlisis morfoldgico, quimico y molecular brinda mayor aporte a la identificacion
taxondmica de Dactylopius y permite plantear hipétesis a cerca de la distribucion, ecologia
y biologia de estas especies. Por ejemplo la especie silvestre D. opuntiae no solamente es la
mas ampliamente distribuida a nivel mundial, y en México, posee el mayor nimero de
hospederos, también, contiene el colorante con el mayor nimero de componentes. Esta
informacion en conjunto, podria sugerir que D. opuntiae es la especie con la mayor
adaptacion a distintos hébitats y hospederos, 1o que le ha permitido la colonizacion de
diferentes lugares y plantas y su exitosa radiacion. La complejidad de su pigmento tal vez
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es parte de su mecanismo de defensa contra los enemigos naturales y posiblemente es lo
que lee permite producir distintos grados de dafio a sus hospederos.

En el extremo opuesto, podriamos colocar a D. tomentosus, es la especie con la menor
distribucion mundial y nacional, ha sido observada en el menor nimero de hospederos y es
casi imperceptible en algunos casos. Su pigmento, contiene el menor numero de
componentes y son los compuestos comunes al género. Ademas, D. tomentosus en este
estudio result6 la especie menos agresiva con sus hospederos. El analisis molecular de D.
tomentosus también muestra una signitifcativa diferencia que la separa como una especie
distante del resto del género.

Por su parte D. confusus y D. opuntiae cohabitan en el mismo hébitat e incluso
comparten hospederos. En este estudio estas dos especies pudieron diferenciarse por
caracteres morfoldgicos y por la composicion de su colorante, pero la separacion con
caracteres moleculares no es tan evidente y esto se repite con D. ceylonicus.

Finalmente, la Unica especie domesticada D. coccus, debe su distribucion al intenso
proceso de domesticacion que ha tenido durante los dltimos 500 afios. Gracias a la
seleccion humana, D. coccus, esté presnte en los cinco continentes, y ha sido llevada a gran
parte de México. El perfil quimico del colorante de D. coccus difiriere del resto del género
por una mayor concetracién de acido carminico, principalmente, pero este compuesto no es
exclusivo de esta especies. Las otras cuatro especies de Dactylopius contienen cantidad
significativas de este compuesto, lo que las hace fuentes potenciales de este colorante. En
conjunto la informacion morfoldgica, quimica, molecular y ecoldgica resulto
complementaria y su integracion permitié conocer mas de cada especie de Dactylopius y
sus hospederos, asi como de las caracteristicas de esta asociacion.
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