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RESUMEN

La hibridacidn en encinos es un proceso recurrente que afecta las caracteristicas genéticas, fisioldgicas,
guimicas y morfoldgicas de los taxones involucrados en dicho proceso y tiene implicaciones directas e
indirectas sobre los grupos bioldgicos a las que se encuentran asociados. Particularmente los cinipidos, debido
al grado de especificidad que las avispas tienen con los encinos, que han favorecido el desarrollo y radiacién de
Chalcidoidea parasitoides. Q. rugosa, Q. glabrescens y Q. obtusata presentan amplia distribucion geografica y
gradiente altitudinal. Cuando estas tres especies de arboles se encuentran en alopatria pueden distinguirse
morfolégicamente. No obstante, en simpatria se detectan individuos con morfologia atipica, sugiriendo
eventos de hibridacidn. En este estudio se analizaron: a) los niveles y la direccidn de la hibridacién en areas de
simpatria entre Q. glabrescens, Q. rugosa y Q. obtusata, b) el perfil metabdlico (ms) de genotipos puros de Q.
glabrescens, Q. rugosa y Q. obtusata, c) la influencia de la hibridacidon sobre la expresidon cualitativa y
cuantitativa de diversos ms, y d) la influencia de la diversidad genética y los ms del taxdn hospedero sobre la S,
H’, abundancia y porcentaje de infestacidon de la comunidad de cinipidos y sus parasitoides asociados. Se
muestrearon 180 individuos, 60 dentro de los sitios alopatridos (20/sitio/taxdn [reconocidos morfoldgicamente
como Q. glabrescens, Q. rugosa y Q. obtusata]) y 120 dentro de los sitios simpatridos (30/sitio/colecta
aleatoria). Todos los individuos fueron analizados con ocho microsatélites (nSSR’s). Los resultados mostraron
evidencia genética de hibridacidon en los cuatro sitios analizados formandose tres complejos hibridos: Q.
glabrescens x Q. rugosa, Q. glabrescens x Q. obtusata, Q. rugosa x Q. glabrescens x Q. obtusata. Se encontré
que el perfil quimico que presentan estos tres taxones tiene alta similitud. Se documentd que al menos

presentan un ms especie-especifico (flavonoide). Se encontraron diferencias cuantitativas en todos los ms



analizados. En los hibridos, se encontrd diferencias cuantitativas, pero no cualitativas en la expresion de ms. Se
encontré que la diversidad genética del taxén hospedero tiene un efecto positivo y significativo sobre H’, S,
abundancia y porcentaje de infestacidon de la comunidad de cinipidos y de la comunidad de parasitoides
asociados al dosel de Q. glabrescens, Q. rugosa e hibridos. Asimismo, se encontré que las diferencias
cualitativas y cuantitativas de los ms tienen influencias tanto positivas como negativas sobre la S y la
abundancia de los cinipidos y los parasitoides asociados. Los resultados de este trabajo sugieren que la relacidn
entre Quercus-cinipidos-parasitoides esta fuertemente influenciada por la diversidad genética y el perfil
metabdlico que presentan los taxones hospederos. Por lo que, el mantenimiento de la mayor diversidad
genética y especifica puede tener efectos en cascada que ayuden a mantener las interacciones bioldgicas

ciertamente estables, lo que puede ayudar a conservar la mayor biodiversidad posible.



ABSTRACT

Hybridization in oaks is a recurrent process that has the genetic, physiological, chemical and morphological
characteristics of the taxa involved in the process and has direct and indirect implications in the biological
groups. Particularly the Cynipidae inducers of galls, due to the degree of specificity that the wasps have with
the oaks, which have favored the development and radiation of Chalcidoidea parasitoids. Q. rugosa, Q.
glabrescens and Q. Obtusata are three white oaks that have a wide geographical distribution and altitudinal
gradient. When these three tree species are found in allopathy, they can be distinguished morphologically.
However, in sympatric, individuals with atypical morphology are detected, suggesting hybridization events. In
this study we analyzed: a) The levels and direction of hybridization in the areas of sympatric between Q.
glabrescens, Q. rugosa and Q. obtusata, b) The metabolic profile (sm) of pure genotypes of Q. glabrescens, Q.
rugosa and Q. obtusata, c) the influence of hybridization on the qualitative and quantitative expression of
various sm, and d) The influence of genetic diversity and the majority of the host taxon on the S, H', abundance
and the percentage of the infestation of the community of gall-forming wasps (Cynipidae) and their associated
parasitoids (Chalcidoidea). 180 individuals were sampled, 60 within the allopatrid sites (20/site/taxon
[morphologically recognized as Q. glabrescens, Q. rugosa and Q. obtusata]) and 120 within the sympatric sites
(30/site/random collection). All individuals were analyzed with eight microsatellites (nSSR’s). The results
obtained show the genetics of the hybridization in the four analyzed sites forming three hybrid complexes: Q.
glabrescens x Q. rugosa, Q. glabrescens x Q. obtusata, Q. rugosa x Q. glabrescens x Q. obtusata. It found that
the chemical profile presented by these three taxa has high similarity. It was documented thar at least they
present a sm analyzed. In the hybrids, quantitative differences were found, but not qualitative differences in
the expression of sm. It was found that the genetic diversity of the host taxon has a positive and significant
effect on H', S, abundance and percentage of infestation of the community of wasps gall indicators and the
community of parasitoids associated with Q. glabrescens, Q. rugosa and hybrids. We have also found that

qualitative and quantitative of the sm differences have more positive and negative influences on the S and the



abundance of wasps and associated parasites. The results of this work have a relationship between Quercus-
wasps galls-parasitoids are strongly influenced by the genetic diversity and the metabolic profile presented by
the host taxa. Therefore, maintaining the greatest genetic and specific diversity can have cascading effects that
help to maintain biological interactions that are certainly stable, which can help to conserve the greatest

possible biodiversity.



INTRODUCCION GENERAL

La hibridacién se define como la cruza de individuos pertenecientes a grupos genéticamente distintos ya sea a
nivel de poblaciones, subespecies, especies o géneros (Taylor et al. 2015, Quilodran et al. 2018). La hibridacidn
entre especies eucariotas es bastante frecuente. Segin Mallet (2005) este proceso estad relacionado con al
menos el 25% de las especies de plantas y el 10% de las especies de animales. Aunque la hibridacién es un
evento recurrente, la proporcion de individuos que se encuentran a nivel poblacional regularmente es baja.
para algunas especies animales la tasa de hibridacién no supera el 0.1% por generacion en cualquier especie
(Mallet 2005, Mallet 2007). Mientras que el porcentaje de individuos hibridos para algunas especies de plantas
es significativamente mas alto, pudiendo oscilar entre el 4.3 y 46% (Tovar-Sanchez y Oyama 2004, Valencia-
Cuevas et al. 2015, Sullivan et al. 2016).

Por lo anterior se ha sugerido que entre el 50 y el 70% de las angiospermas pudieron haber pasado por este
proceso (Whitham et al. 1991, Arnold 1994). Sin embargo, la frecuencia y la prevalencia de la hibridacién se
encuentra distribuida de manera irregular tanto a nivel de familias como de géneros. Un trabajo realizado por
Whitney et al. (2010) documentd que de un total de 282 familias y 3212 géneros por lo menos el 40.4% de las
familias y el 16.2% de los géneros analizados presentaban al menos un evento de hibridacion. Dicho estudio
documentd que 25 familias vegetales presentaban una alta propensién a la hibridacidn y que ésta estaba
relacionada fuertemente con las propiedades intrinsecas de las especies, la cercania filogenética asi como
factores ambientales, ya que los patrones de hibridacion tienden a ser similares a través de las diferentes

regiones en dichos taxones (Whitney et al. 2010).

Barreras reproductivas
La variacidon en los patrones de hibridacidon esta fuertemente relacionada con la fortaleza de las barreras
reproductivas debido a que estas pueden influenciar la “integridad” genética de las especies y la probabilidad

de formar hibridos (Coyne y Orr 2004). Las barreras reproductivas pueden actuar antes, durante y después de



la formacion del cigoto, dado que pueden ser pre o post cigdticas (Lowry et al. 2008a, Widmer et al. 2009,
Baack et al. 2015). Aunque se ha documentado que de manera general las barreras precigdticas son
significativamente mas eficientes tanto para prevenir el flujo genético como para fortalecer las barreras
reproductivas (Lowry et al. 2008) en algunas ocasiones las barreras poscigéticas (P. ej. Lowry et al. 20083, b,
Ishizaki et al. 2013) muestran una fortaleza mayor (Baack et al. 2015). En este sentido Rieseberg et al. (2006)
menciona que cuando se analizan las barreras reproductivas poscigdticas aproximadamente el 70% de las
especies bioldgicas presentan linajes reproductivamente aislados.

La formacién del aislamiento reproductivo precigdético puede estar asociado a diferentes factores entre los que
se encuentran: i) diferencias fenoldgicas, ii) interaccion polen-estigma, iii) competencia polinica, iv) direccion
de movimiento del polen, v) diferencias ecogeograficas e vi) inviabilidad del inmigrante (Baack et al. 2015, De la
Torre 2015). En contraparte las barreras poscigdticas estan fuertemente relacionadas con: i) la inviabilidad y
esterilidad hibrida, ii) disponibilidad espacial, iii) la abundancia relativa de las especies parentales y iv) las
condiciones ambientales particulares (Anderson 1948, Lepais et al. 2009, Ortego et al. 2014, De la Torre 2015).
La contribucidn particular de cada barrera y su fortaleza especifica es desconocida hasta el momento, aunque
se puede sugerir que la mezcla particular y/o la suma de diferentes barreras contribuye al aislamiento
reproductivo y al mantenimiento de la identidad e integridad especifica a pesar de los eventos de hibridacién.
Diversos estudios con especies lefiosas (p. ej. Wheeler et al. 2013, Vasilyeva y Semerikov 2014, Geraldes et al.
2014) han documentado que cuando las barreras reproductivas no son lo suficientemente fuertes el

sobrelapamiento ecoldgico y geografico habilita/posibilita el flujo genético interespecifico.

Implicaciones ecoldgicas y evolutivas de la hibridacién
La importancia de la hibridacidon puede ser abordada desde diferentes perspectivas, y cada una de ellas da
lugar a diferentes implicaciones ecoldgicas y evolutivas (frecuencia, tasas de especiacion, riqueza especifica,

tasa de extincidn y supervivencia entre otros). La hibridacion tiene impacto sobre la estructura poblacional, la



constitucién genética y la evolucidn fenotipica afectando directamente a las especies. En este sentido la
hibridacidon puede ser considerada como una importante fuerza macroevolutiva (Folk et al. 2018) capaz de
generar y/o incrementar la nueva diversidad bioldgica, al menos dentro de los sitios donde se lleva a cabo
(Mallet 2007, Brumfield 2010). Por otra parte, la hibridacién tiene importantes efectos en otros procesos
biolégicos como la modificacién de la amplitud de distribucién geografica y la evolucién del nicho ecolégico
(Folk et al. 2018). Dada la naturaleza de la “constitucion hibrida” (heterocigotos para las especies parentales,
Folk et al. 2018) que presentan los individuos hibridos, es posible esperar que en tiempos relativamente cortos
dichos individuos hibridos desaparezcan, a menos que diferentes mecanismos ayuden a mantener o
incrementar dicha heterocigosidad (p. e]. alopoliploidia, introgresién y/o la heterocigosis de traslocacién
permanente (Grant 1981, Holsinger y Feldman 1982, Harrison y Larson 2014).

La hibridacién no necesariamente esta relacionada con la introgresion, definida como la incorporacién de una
pequefia cantidad de genoma de una especie a otra por la constante cruza que se da entre ellas y sus hibridos
(Harrison 1993). No obstante, si la introgresion se llega a producir ésta puede ser uni o bidireccional (Arnold
1997) y puede tener diversas implicaciones. Un término recientemente propuesto es el de “introgresion
adaptativa” definido como el proceso mediante el cual se realiza un traspaso de pequenas regiones genémicas
de una especie que tienen consecuencias positivas para la adecuacidn de la especie receptora (Suarez-Gonzalez
et al. 2018). Lo anterior implica que la hibridacién introgresiva es el resultado de un proceso selectivo (Harrison
y Larson 2014). Los resultados potenciales de la introgresidon adaptativa estan determinados por una serie de
factores ecoldgicos que modulan el grado de contacto interespecifico (Schmickl et al. 2017). Dichos factores
pueden afectar/beneficiar el establecimiento de los genotipos hibridos provocando la formacion de patrones
complejos de mezcla genética (Hand et al. 2015). Por ejemplo; a) favoreciendo la adaptacion local y/o
especiacion (Coyne y Orr 2004), b) formacién de mezclas genéticas Unicas que permitan el establecimiento de
individuos hibridos con “arquitecturas genéticas” novedosas (Quilodran et al. 2018) y c¢) independientemente

de que ésta no de como resultado la formacién de un nuevo taxdn la incorporacion de genoma exoespecifico



puede modificar la estructura genética de los taxones involucrados. En contraparte, a) puede incorporar
informacién que no presenta ninguna ventaja o que incluso puede ser perjudicial (Schmickl et al. 2017), b)
algunos trasfondos genéticos pueden afectar las interacciones esenciales para el funcionamiento de los genes,
inactivando la informacion de los genes extrafos (Schmickl et al. 2017), c) el reforzamiento de las barreras
reproductivas (Baack et al. 2015) y d) puede conducir a la extincidn de especies raras debido al “hundimiento
genético” (Gomez et al. 2015, Todesco et al. 2016).

Se espera que aquellos loci que presenten rasgos favorables sean seleccionados con mayor frecuencia
(Whitney et al. 2006) mientras que aquellos que no representan ventajas y/o contribuyen al aislamiento
reproductivo, se mezclen escasa o nulamente (Barton 2001). Sin embargo, la adaptacion local en ultima
instancia puede contribuir tanto al aislamiento reproductivo como al rompimiento de las barreras
reproductivas, dependiendo si los alelos localmente adaptados contribuyen a las incompatibilidades genéticas
(Nolte y Tautz 2017). En especies arbdreas se ha registrado que la hibridacién contribuye a la adaptacién local
(Sudrez-Gonzalez et al. 2018) aunque las barreras a la introgresién en las especies arbdreas parecen estar
fuertemente reguladas, existen diversos géneros como Pinus y Quercus que presentan cierta permeabilidad a

nivel especifico (Barcaccia et al. 2014, Christe et al. 2016, Leroy et al. 2017).

Implicaciones taxondmicas

Durante los eventos de hibridacidn que se dan entre diferentes especies y en diferentes grupos bioldgicos, uno
de los elementos necesariamente involucrados es acerca de la definicion y naturaleza de las especies. En la
literatura frecuentemente se encuentran dos visiones claramente opuestas. Por un lado, existe la visidon de que
las especies son un grupo de individuos bien definidos que se encuentran unidos mediante el flujo genético
especifico y exclusivo que se encuentran reproductivamente aislados de otros grupos bioldgicos (Mayr 1942,
Baum y Shaw 1995). En contraste, diversos investigadores sustentan que las especies son grupos bioldgicos que

se encuentran aislados Unicamente por pequefias regiones gendmicas que mantienen tanto la identidad como



la cohesidén especifica, evitando que las especies puedan “diluirse” cuando se mezclan con individuos que estan
filogenéticamente cercanos pero que a su vez mantienen su propia identidad especifica (Wu 2001, Nosil et al.
2009, Harrison y Larson 2014). Lo anterior, intuye la necesidad de flexibilizar el concepto de especie para
procesos como la hibridacidn en donde diversas especies no “cumplen con los requisitos” para pertenecer a

una u otra categoria taxondmica.

Hibridacion en Quercus

Uno de los grupos biolégicos que mayor problema presenta en la clasificacion taxondmica son los encinos, lo
anterior debido a que en este grupo biolégico se ha documentado frecuentes eventos de hibridacion e
introgresion interespecifica pero no intragenérica (Gonzalez-Rodriguez et al. 2004, Albarran-Lara et al. 2010,
Lepais et al. 2013, Gailing y Curtu 2014, Fortini et al. 2015, Wei et al. 2015). Siendo una fuente de variaciéon
morfolégica y genética (Tovar-Sanchez y Oyama 2004, Valencia-Cuevas et al. 2015). En los encinos
tradicionalmente la utilizacion de caracteres morfoldgicos es empleada como método de clasificacién
especifica. Por lo que, la presencia de individuos con morfologia atipica frecuentemente ha sido interpretada
como resultado de eventos de hibridacidon (Howard et al. 1997, Curtu et al. 2007, Burgarella et al. 2009). La tasa
relativamente alta de hibridaciéon que ocurre dentro del género ha provocado entre otras cosas que el empleo
de marcadores morfoldgicos y moleculares no haya permitido una clasificacion infragenérica sélida que
permita la separacidn a escala fina de las especies debido principalmente a la amplia variabilidad genética y
fenotipica (Aldrich y Cavender-Bares 2011, Denk et al. 2017, McVay et al. 2017). Lo que ha contribuido a
incrementar la confusiéon taxondémica que caracteriza a las especies del género (Fortini et al. 2015). No
obstante, la combinacion del andlisis de caracteres morfolégicos y genéticos puede ayudar a delimitar de

manera precisa a las especies de encinos (Rellstab et al. 2016).



Importancia de los metabolitos secundarios

Los metabolitos secundarios (ms) son compuestos quimicos de bajo peso molecular derivados del metabolismo
primario, que no estan involucrados en el desarrollo y/o crecimiento normal de las plantas (Irchhaiya et al.
2014). Aunque no estan involucrados directamente en las funciones bdsicas de las plantas los ms estdn
relacionados con una serie de procesos que impactan en su supervivencia, defensa y reproduccidn. Se sugiere
gue pueden actuar como intermediarios en las interacciones que se dan entre herbivoros, polinizadores y
depredadores, asi como defensa contra el estrés abidtico (lason et al. 2012). Los impactos que puede tener la
presencia de un ms determinado rebasan al taxén que los produce llegando a modificar a diversos
componentes en una escala ecosistémica. Por lo que se ha propuesto que pueden representar el enlace mas
importante entre los genes y los ecosistemas (lason et al. 2012). Asi, dependiendo de la funcién que realicen
los ms dentro del ecosistema éstos pueden ser clasificados desde el punto de vista evolutivo como kairomonas
(positivos para el taxdn receptor), alelomonas (positivos para el taxdén productor), sinomonas (positivos para
productor y receptor) y feromonas (reproduccién, socializacidn, alarma y localizacién de alimento) (Norlund y

Lewis 1976, Blum 1996).

Funciones de los metabolitos secundarios
La presencia, concentracidn y los complementos de los ms presentes en un tejido particular pueden ser
alterados por las diferentes sefales de las rutas metabdlicas (van Dam et al. 2008). Por ejemplo, las

IM

concentraciones de los ms pueden variar marcadamente a través de la planta dependiendo del “valor” del
tejido donde se encuentren, de acuerdo con la teoria del valor éptimo (Hartley et al. 2012). Aunque las
funciones que tienen los ms de manera individual tienen impacto sobre diferentes procesos y a diferentes
escalas la diversidad que presenta cada planta puede tener diferentes implicaciones cuando actuan en sinergia

y/o sus interacciones sirven como catalizadores/iniciadores de otros procesos bioldgicos (Barbehenn et al.

20064, b). La variabilidad en la expresion de los ms puede actuar como el eslabén que relacione a las plantas
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con los distintos organismos asociados mediante la diversidad genética y la “extensidn del fenotipo” (Bailey et
al. 2006). En este sentido la evolucion de las plantas mediada por la hibridacién puede ser un importante
mecanismo de regulacidon que afecta a las comunidades asociadas asi como a los ecosistemas (Bailey 2012).

La defensa quimica de las plantas provee de una importante fuente de proteccién contra una amplia gama de
herbivoros. Sin embargo, la presencia de dichos ms ha favorecido la adaptacién y especializaciéon de diversos
grupos de artrépodos como Acari, Lepidoptera e Hymenoptera (Stone et al. 2002, Skoracka et al. 2010, Dicke et
al. 2012). Los artropodos herbivoros especialistas como Heteroptera, Coleoptera y Hemiptera pueden utilizar a
los ms como estimulantes alimenticios, sefializadores de sitios de oviposicidn y como mecanismo de defensa
contra enemigos naturales (Aliabadi et al. 2002, Schoonhoven et al. 2005, Hopkins et al. 2009). Las
comunidades de herbivoros tienen la capacidad de diferenciar tanto a nivel individual como especifico la
diversidad de ms (quimiotipos) (Nielsen 1997, van Leur et al. 2006). Los quimiotipos resultan de diferencias en
un pequefio niumero de genes o alelos con la conversién de los diferentes ms durante la biosintesis lo que
deriva en el establecimiento de una comunidad de herbivoros particular (Nielsen 1997, van Leur et al. 2006,
Dicke et al. 2012). Por otra parte, las plantas son capaces de diferenciar el ataque de diferentes herbivoros
(especialistas vs. generalistas) reubicando y aumentando la concentracion de los ms. Diversos estudios han
documentado que el ataque temprano por parte de los herbivoros generalistas incrementa la preferencia de
consumo por parte de los especialistas en comparacion con aquellas hojas que no han sido atacadas por
herbivoros generalistas previamente (van Zabdt y Agrawal 2004, Poelman et al. 2008, 2010). Las
modificaciones en la expresidn de ms en la planta hospedera tiene implicaciones sobre todos los miembros de
la comunidad incluidos herbivoros, polinizadores, parasitoides y depredadores (Kessler y Halitschke 2007,
Lucas-Barbosa et al. 2011). Debido a lo anterior, la variacién en la regulacion y expresion de los ms juega un
papel fundamental en la composicién y estructura de sus comunidades asociadas, llegando a afectar incluso la

biodiversidad del ecosistema (Poelman et al. 2008, Schweitzer et al. 2008, Dicke et al. 2012).
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Impacto de la hibridacion sobre la expresion de metabolitos secundarios en Quercus

La hibridacién es un proceso que puede modificar la expresidn cualitativa y cuantitativa de los ms mediante la
modificacion de las rutas biogenéticas. No obstante, existen pocos estudios en encinos donde se ha evaluado
como el intercambio de informacién genética entre especies cercanas puede impactar la expresion de ms. Por
ejemplo, Yarnes et al. (2008a) utilizando un complejo hibrido formado por Q. grisea, Q. gambelii y el hibrido
formado por estas especies, identificd mediante HPLC a 18 diferentes compuestos fendlicos los cuales difieren
significativamente tanto en la concentracidn total como relativa entre los taxones parentales y el taxdn hibrido
(glucosidos flavonoides, proantocianidinas y elagitaninos). Asimismo, Yarnes et al. (2008b) documentaron el
efecto que tienen los ms sobre cuatro especies de mariposas minadoras de hojas. En tal estudio se analizé el
efecto de 10 ms pertenecientes a los elangitaninos y las proantocianidinas. Los autores encontraron que
existen diferencias en la expresién cuantitatitativa entre los taxones parentales y el taxén hibrido. Los
resultados muestran que la comunidad de mariposas responde significativamente a los cambios en la
concentracién de los ms, pero que dicha respuesta varia estacionalmente. Ademas, las concentraciones varian
dependiendo del taxdn analizado. Los resultados sugieren que la presencia de los ms puede tener una
influencia negativa, positiva o neutra sobre el establecimiento de las mariposas.

La produccion de los ms estd fuertemente regulada por la informacién genética que contienen los taxones
donde se producen vy las variaciones intraespecificas que pueden provocar que haya modificaciones en la
expresion cualitativa y cuantitativa de los mismos (ver Glassmire et al. 2016). Considerando que la hibridacion
es un proceso que puede modificar la diversidad genética de los taxones y que dicha diversidad regula de
manera importante la expresiéon de los ms, los estudios que se hacen para evaluar el efecto de la hibridacién
deben considerar que la interaccion de los ms puede generar relaciones sinérgicas o antagdnicas que impacten
positiva o negativamente su expresion tanto cualitativa como cuantitativa.

En este sentido, Cheng et al. (2011) mostré que cualitativamente el 70.3% de los ms se expresan tanto en las

especies parentales como en los individuos hibridos, 24.2% solo se expresaba en las especies parentales y 5.5%
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fueron ms que solo se expresaron en los individuos hibridos. Por otra parte, la expresidon cuantitativa mostré
que en el 52% de los estudios, los ms no difieren entre hibridos y parentales, 28% tienen una expresiéon
intermedia y el 20% presenta una expresion transgresiva. El amplio intervalo de respuestas que muestran los
hibridos hace suponer que la hibridacién puede favorecer la formacion de ms y/o que la mezcla de los ms
puede otorgar nuevas funciones a los ya existentes.

Finalmente, en un trabajo realizado por Yarnes et al. (2006) se menciona la presencia de 22 ms asociados a 10
especies de encinos blancos y dos especies de encinos rojos. Aunque en este trabajo no se evalla el efecto que
puede tener la hibridacién sobre la expresidn cualitativa y/o cuantitativa de los ms resulta de suma importancia
porque es primer trabajo que se lleva a cabo en México. Ademas, este trabajo tiene una relevancia especial en
el sentido de que evalia de manera puntual la concentracidén absoluta y relativa de diversos ms en distintos
taxones de encinos empleando técnicas cuantitativas que tienen gran precision (HPLC), para lo que se requiere
la obtencién de compuestos puros que son obtenidos a partir del empleo de diferentes técnicas quimicas.
Finalmente, los resultados de este estudio permiten distinguir las diferencias en la expresidon de ms (cualitativa,

cuantitativa y especifica) entre las dos secciones de encinos analizadas.

Variacién-diversidad de metabolitos secundarios en especies del género Quercus

Son escasos los estudios que determinen a nivel fino la diversidad de compuestos quimicos foliares presentes
en encinos. Aunque se ha sugerido que estan relacionados con la defensa ante la herbivoria en ninguno de los
estudios llevados a cabo se ha documentado especificamente la relacidn entre algin ms y la defensa contra
algun insecto ya sea generalista o especialista. Existen dos tipos de trabajos realizados en encinos por un lado
estudios donde se ha caracterizado de manera muy fina la expresion de diferentes ms. Una revisidn llevada a
cabo por Glasby (1991) documento el estudio de 23 especies de encinos en donde las familias de ms presentes
son: compuestos alifaticos, esteroides, triterpenoides, hidrocarburos, taninos, glucésidos, compuestos

fendlicos y benzofuranos. Yarnes et al. (2008a, b) reportan la diversidad de fenoles y flavonoides presentes en
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tres taxones. Moctezuma et al. (2014) registran tanto taninos como flavonoides presentes en un taxén de
forma detallada. Por ultimo, Noori et al. (2015) mencionan una amplia diversidad de flavonoides para dos
variedades de una especie de encino. En contraparte, Makkar et al. (1998) y Maldonado-Lépez et al. (2015) han
documentado la presencia de diversos ms, pero solamente a nivel de familia. Entre ellos se encuentran: fenoles
totales, taninos condensados, Procianiddlicos, flavonoides, flavan-4-ol, gallotaninos y proantocianidinas.

La variacién en la caracterizacion de los ms puede estar relacionada particularmente con la capacidad técnica
para separar a los ms, dado que por su naturaleza pueden identificarse desde el empleo de técnicas muy
sencillas como la cromatografia en capa fina, hasta el uso de la cromatografia liquida de alta resolucion (HPLC)
y la resonancia magnética nuclear (RMN). En contraparte, la variacidn en el tipo de compuesto que se reporta
para cada taxdon estd mas relacionado con la informacion genética que dicho taxén presenta que con la
capacidad para poderse separar, purificar e identificar. Lo anterior debido a que la diversidad de ms que
producen puede dependiendo de su naturaleza formar complejos con una alta similitud o unirse de tal manera

gue no pueden ser separados para su identificacion.

Relacidn entre diversidad genética y metabolitos secundarios

Estudios recientes muestran que la variacién genética de diversas especies vegetales puede tener diferentes
implicaciones a nivel de comunidades y a diversas escalas. Por ejemplo, diversas comunidades de artrépodos y
microbianas, interacciones tritréficas y disponibilidad de nutrientes (Whitham et al. 2006, Johnson y
Stinchcombe 2007, Hughes et al. 2008, Bailey et al. 2009b, Valencia-Cuevas et al. 2018). Dicha variacién esta
directa e indirectamente relacionada con la capacidad que cada taxdn vegetal tiene para producir diversos
tipos de ms relacionados y a su vez esta directamente relacionada con la variacidn en la diversidad genéticay la
relacién que tenga con los insectos. Lo anterior podria suponer que una mayor diversidad genética puede
otorgar la posibilidad de responder de diferentes maneras al estrés provocado por diferentes variables como

variaciones en el ambiente, escases de nutrientes, procesos alelopaticos y las multiples facetas que tienen en la
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relacién con los insectos pudiendo evolucionar en tiempos ecoldgicos relativamente cortos (Tovar-Sanchez et
al. 2018).

La heredabilidad es un parametro de la proporcidn de variacién genética aditiva en el rasgo en el cual la
seleccion puede actuar causando un cambio evolutivo poblacional (Falconer y Mackay 1996). Diversos estudios
sugieren que la expresion de los ms puede variar dependiendo de los cambios ambientales (Donaldson y
Lindroth 2007) y ontogénicos (Barton y Koricheva 2010). Por lo que la seleccién de ms con una alta
heredabilidad (p. ej. compuestos fendlicos) para estudiar los efectos de la hibridacidn sobre los patrones de
herbivoria puede establecer o ayudar a clarificar de manera muy puntual como el cambio en la estructura
genética de las especies hospederas afecta los patrones de expresién de ms y, en consecuencia, el
establecimiento de los insectos herbivoros y sus depredadores (parasitoides) naturales. Para que los ms tengan
impacto sobre el establecimiento de los herbivoros no es necesario que haya una variabilidad en la expresion
de los ms, pero si, que exista una relacion causal directa entre su concentracién y los impactos sobre los

herbivoros (O’Reilly-Wapstra et al. 2013).

Implicaciones ecoldgicas de los metabolitos secundarios (herbivoria)

Dentro de la interaccidn planta-insecto los herbivoros raramente matan a las plantas. Sin embargo, pueden
llegar a alterar sus caracteristicas tales como la fisiologia, la morfologia y la quimica (Karban y Baldwin 1997;
Ohgushi 2005). Los cambios en la fitoquimica pueden verse expresados en el metabolismo primario y
secundario los cuales desempefian un papel clave en las respuestas de alimentacién y defensa contra la
herbivoria (lason et al. 2012, Betsiashvili et al. 2014, Harvey y Malcicka 2015). A menudo los aleloquimicos son
inducibles, es decir se encuentran en niveles muy bajos dentro de las plantas, pero se incrementan
significativamente después del dafo tisular (Bourgaud et al. 2001, Schoonhoven et al. 2005). En consecuencia,

los cambios evolutivos en las preferencias de alimentacién de los herbivoros y las respuestas que las plantas
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presentan ante la herbivoria pueden modificar la estructura de la comunidad de insectos asociados (Johnson et
al. 2009, Utsumi 2015).

Las plantas responden de manera diferencial dependiendo del genotipo y la especie de herbivoro (Agrawal
2005, Kessler y Halitschke 2007). Kant et al. (2008) encontrd que la variacidn genética del dcaro Tetranychus
urticae puede inducir o reprimir la produccidon de acido jasmdnico (relacionado con la defensa de la planta
hospedera). Asimismo, diversos estudios han encontrado que los insectos masticadores pueden incrementar la
expresion de acido jasmonico (Ali y Agrawal 2014, Weber y Agrawal 2014). Afectando directamente a los
insectos que se alimentan de savia y que son sensibles a la defensa relacionada con el acido salicilico (Felton y
Korth 2000, Thaler et al. 2002). Lo anterior sugiere que las interacciones indirectas de las plantas mediadas por
la especificidad en las respuestas inducidas son una de las principales fuerzas que estructuran a las
comunidades de artrépodos herbivoros y niveles tréficos superiores (van Zandt y Agrawal 2004, Utsumi y
Ohgushi 2009, Poelman et al. 2010). En este sentido, un estudio realizado por McCall y Fordyce (2010) mostro
que las hojas jovenes son mds valiosas que las hojas viejas, y estdn mejor defendidas debido a que presentan
una concentracién mas alta de ms. Dichos resultados son respaldados por la teoria de la defensa dptima
(McKey 1974, Rhoades y Cates 1976), la cual menciona que la defensa de las plantas se debe asignar a aquellos
tejidos con un valor mas alto para el rendimiento de la planta. Por ultimo, el impacto que los ms tienen sobre
los herbivoros especialistas y generalistas difieren (Harvey y Malcicka 2015). Los insectos generalistas no
poseen mecanismos refinados de defensa contra aleloquimicos por lo que han desarrollado mecanismos como
la Psso-monooxigenasa, que son muy eficaces contra una amplia gama de ms (Berenbaum et al. 1996) pero no
tanto como los mecanismos empleados por los insectos especialistas, los cuales han coevolucionado con las
fitotoxinas en un proceso descrito como “guerra armamentista” (Ehrlich y Raven 1964). Dentro de este
proceso, se ha encontrado que los niveles altos de ms favorecen la alimentacidn y oviposicion de herbivoros

especialistas (Schoonhoven et al. 2005).

16



Biodiversidad e importancia ecolégica de los artropodos

Los artrépodos constituyen el 78% de todas las especies descritas (Zhang 2013). Se estima que existen 6.8
millones de especies de insectos (Stork 2018) de las cuales el 50% son fitéfagas (Barah y Bones 2015). Diversos
estudios documentan que esta diversidad esta relacionada principalmente con la estrecha relacién que tienen
con las plantas vasculares, con las que han tenido una relacidn relativamente estable en por lo menos 300
millones de afos (Labandeira 2013). Durante el tiempo que se ha desarrollado la relacion planta-insecto éstos
Gltimos han evolucionado en diferentes direcciones formando diversos grupos funcionales como son
herbivoros, detritivoros, pardsitos, parasitoides, presas y polinizadores. La alta diversidad en los papeles
ecoldgicos que los artrépodos desempeiian sugiere que este grupo bioldgico puede modificar la estructura y
funcionamiento de las comunidades lo que finalmente puede tener impacto a niveles ecosistémicos (Maguire

et al. 2015, Noriega et al. 2018, Schowalter et al. 2018).

Diversidad de avispas cinipidas

Con cerca de 1,300 especies descritas, Cynipidae (Hymenoptera) es la segunda familia en orden de importancia
en numero de especies inductoras de agallas, solo detras de Cecidomyiidae (Diptera) y el principal grupo de
insectos que ha radiado a partir de un solo subgénero vegetal (Ronquist y Liljeblad 2001, Cséka et al. 2005). Los
datos sugieren que la radiacidén de Cynipidae se dio en el Cretdcico, hace aproximadamente 85 millones de
afios (Raman 2005). Los cinipidos posiblemente divergieron en América, seguido por multiples colonizaciones
hacia la regidon Paledrtica y algunas reinvasiones en la Nedrtica (Stone et al. 2002, Liljeblad 2002).
Posiblemente, la mayor riqueza de especies de cinipidos se encuentre en la regidén neartica (principalmente en
México, Raman 2005), donde se sugiere que pueden existir hasta 700 especies (Nieves-Aldrey 2001).

Los cinipidos han encontrado condiciones éptimas de vida en los encinos (Quercus), ya que practicamente la
totalidad de las especies conocidas de esta familia viven en ella (Liljeblad et al. 2008). Ademas, la diversificacion

y especializacion en Cynipidae parece estar fuertemente relacionada con el drea de distribucién de las especies
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hospederas (Avise 2007, Hardy y Cook 2010). En especies de encinos con una amplia distribucién geografica las
avispas cinipidas son mas diversas en comparacidon con aquellas especies no cinipidas (especies hermanas
como los parasitoides [Hardy y Cook 2010]). En contraparte, los encinos con una distribucién geogréfica
restringida pueden presentar una baja diversidad de especies de cinipidos, sin embargo, presentan una alta
proporcién de especies endémicas (Avise et al. 2007). Dado lo anterior, los patrones de similitud entre los
cinipidos y los hospederos en diferentes sitios sugiere que ha habido flujo genético recientemente (Avise et al.
2007). Ademas, las diferencias en las comunidades de cinipidos puede deberse a que las diferencias genéticas
intra e interespecificas son tan fuertes que forman una barrera que impide el cambio de hospedero, incluso
dentro de la misma especie (Lopez-Vaamont et al. 2002, Avise et al. 2007).

La preferencia que tienen los cinipidos por los encinos puede atribuirse al hecho de que los encinos presentan
crecimiento lento y tienen brotes que permanecen frescos por mucho tiempo, pudiendo dar refugio a una y
hasta dos generaciones sucesivas de insectos en una temporada (Malyshev 1968). En este sentido, las avispas
cinipidas atacan Unicamente especies relacionadas dentro de una misma seccidn con ms, fisiologia y fenologia
similar (Cornell 1986, Stone et al. 2002, Abrahamson et al. 2003), y existen muy pocas especies de algunos
géneros (Andricus y Callirhytis) que alternan hospederos (Stone et al. 2008). Finalmente, aunque algunos
estudios han sugerido que el perfil quimico presente en los hospederos puede ser sumamente importante en el
desarrollo de esta interaccién (Abrahamson et al. 2003, Price 2004) y que dicho perfil es fundamental tanto en
la eleccién del hospedero como en el rendimiento y supervivencia de la progenie (Abrahamson et al. 2003) aun
no se explica la forma en que actla cada uno de los ms que conforman el perfil quimico de cada hospedero, en

su relacién con las diferentes especies de cinipidos.

Importancia de los parasitoides de Cynipidae
Las agallas forman una comunidad asociada muy estrecha de inquilinos (que incluye a los cinipidos, moscas,

palomillas y escarabajos) y parasitoides, particularmente calcidoideos (Eulophidae, Torymidae, Eupelmidae,
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Ormyridae, Eurotomydae y Pteromalidae [Pujade-Villar 2013]). Los parasitoides que atacan a los cinipidos son
avispas que estan clasificadas en tres superfamilias: Ichneumonidae, Braconidae y Chalcidoidea. Esta ultima es
la mas importante en términos de riqueza de especies y mortalidad infringida a Cynipide (Raman et al. 2005)
Aunque se ha sugerido que las comunidades tienen bajas tasas de mortalidad por el ataque de parasitoides
(Price 1988), algunos estudios documentan que los parasitoides pueden provocar una mortalidad que oscila
entre el 31 y el 100% (Washburn y Cornell 1981, Wiebes-Rijks y Shorthouse 1992, Stone et al. 1995, Gibson
2006).

La estructura de la comunidad de parasitoides esta determinada principalmente por la estructura de la agalla,
la localizacién de la planta hospedera y la estacién de crecimiento (Askew 1984). Por lo que, las especies de
cinipidos que se desarrollan en la misma especie vegetal al mismo tiempo (cada ciclo) y que generan
estructuras y tamafos similares constantemente tienden a presentar una comunidad de parasitoides similar
(Askew 1984). Recientemente, se ha sugerido que el color, olor, forma y tamafo de la agalla también son
factores importantes (Raman 2005). Asimismo, los parasitoides son capaces de localizar a su presa entre una
gama de compuestos quimicos liberados por plantas relacionadas con el hospedero pero que no contienen al
herbivoro (Erb et al. 2010, Waschke et al. 2014).

Finalmente, el éxito de los parasitoides de gallicolas radica en el hecho de que durante los primeros estadios de
desarrollo las agallas son mas blandas y pequeiias lo que las vuelve mds vulnerables al ataque de los
parasitoides (Nieves-Aldrey 1998). Dicha vulnerabilidad ha propiciado una presién “top-down” que ha
permitido la radiacién de diferentes especies de cinipidos y diversas formas de agallas (Price 1988, Stone y

Schonrogge 2003, Bailey et al. 2009a).

Agallas como microcosmos evolutivo-ecoldgico
Se ha sugerido que las agallas de los cinipidos representan “hotspots” de diversidad que incluye a artrépodos,

hongos, aves y mamiferos que se ven favorecidos directa o indirectamente en su desarrollo por la presencia de
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las agallas (Askew 1984, Ronquist y Liljeblad 2001, Hayward y Stone 2005). En este sentido, las comunidades
generadas a partir de un solo recurso como es el caso de los cinipidos son un sistema modelo para estudiar la
estructura y funcién de las redes tréficas basadas en un solo recurso (Raman 2005). Una forma de estudiar la
estructura de la comunidad es mediante el entendimiento de las causas que la estructuran a través de las
interacciones troficas (Berlow et al. 2004, Borer et al. 2005). Como resultado de la herbivoria las plantas
pueden modificar mediante cambios en la aleloquimica la estructura celular y fisiologia entre otros (Ohgushi
2008).

Muchos compuestos de defensa quimica vegetal son inducidos y no constitutivos (Karban y Baldwin 1997). Lo
que sugiere que en los encinos la produccién y/o incremento en el nimero de compuestos de defensa puede
estar siendo determinado por el establecimiento de los cinipidos. Estas modificaciones pueden provocar
grandes cambios “bottom-up” del genotipo de la planta o con respecto a la abundancia y/o preferencia de los
herbivoros y los depredadores en los diferentes sitios en donde se encuentran las plantas hospederas (Ohgushi
2008). Por otra parte, existe evidencia de que los cambios “bottom-up” inician con las modificaciones que
provocan los herbivoros y que se reflejan en las plantas hospederas y en los depredadores y/o parasitoides
(Nakamura et al. 2006, Kaplan et al. 2007). Asimismo, dichas modificaciones incrementan la disponibilidad de
los recursos para nuevas especies provocando un incremento en la riqueza especifica (Martinsen et al. 2000,
Lill y Marquis 2003, Nakamura et al. 2006).

Las interacciones tritrdficas (planta-herbivoro-parasitoide) mediadas por compuestos quimicos tienen
importantes implicaciones ecoldgicas y evolutivas (Becerra et al. 2009, Wilson et al. 2012). La relacion entre la
diversidad genética vegetal y los niveles tréficos superiores estd parcialmente regulada por los cambios en la
diversidad quimica de las plantas (Richards et al. 2015). Estos cambios son heredables (Johnson et al. 2009,
Barbour et al. 2015), y son capaces de responder a los cambios en el ambiente con consecuencias en las
comunidades bidticas que se encuentran asociadas a ellas (Bailey et al. 2006, Tovar-Sanchez et al. 2018,

Valencia-Cuevas et al. 2018). Los herbivoros son capaces de adaptarse a un perfil quimico particular dentro de
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una poblacién. Dicha adaptacién puede impedir que los artrépodos migren a otras poblaciones de hospederos,
aunque sean de la misma especie (Wilson et al. 2012). En este sentido, las altas concentraciones de ms pueden
afectar a los insectos herbivoros especialistas, beneficiando indirectamente a los parasitoides (Poelman et al.
2009, Richards et al. 2012, Glassmire et al. 2016). Lo que, en ultima instancia puede modificar la estructura y
funcionamiento de las comunidades por las modificaciones en las interacciones que pueden llevarse a cabo con

diversos grupos bioldgicos.
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JUSTIFICACION

Considerando que, los encinos presentan una alta propensién a la hibridacién cuando estdn en simpatria, y que
este proceso puede incrementar la diversidad genética de los taxones involucrados, se desconoce si la cercania
geografica entre Q. glabrescens, Q. rugosa y Q. obtusata propicia eventos de hibridacién. Asimismo, en caso de
haber eventos de hibridacion se desconoce el impacto que tiene este proceso sobre los siguientes aspectos: 1)
si los niveles de hibridacidon entre Q. glabrescens, Q. rugosa y Q. obtusata son los mismos en los sitios de
estudio, 2) si el impacto de la hibridacion sobre los mecanismos de defensa quimica foliar (cualitativa y
cuantitativa) es el mismo en los sitios de simpatria de los complejos Q. glabrescens x Q. rugosa y Q. glabrescens
x Q. obtusata, 3) la influencia de la diversidad genética y el perfil metabdlico del encino hospedero sobre la
comunidad de cinipidos y parasitoides asociados y 4) el efecto del taxdn hospedero (Quercus rugosa, Q.

glabrescens e hibridos) sobre la estructura de la comunidad de cinipidos y parasitoides asociados.
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OBJETIVO GENERAL
Evaluar el efecto de la hibridacidn, la diversidad genética y la defensa quimica del complejo Quercus
glabrescens x Q. rugosa y Q. glabrescens x Q. obtusata, sobre la estructura de la comunidad de cinipidos y sus

parasitoides asociados al dosel en la regién centro de la Faja Volcanica Transmexicana.

Objetivos particulares:

1. Caracterizar los niveles de hibridacion entre Q. glabrescens, Q. rugosa y Q. obtusata en cuatro zonas de
sobrelapamiento.

2. Caracterizar la expresidn quimica de las especies parentales (Q. glabrescens, Q. rugosa y Q. obtusata) y los
individuos hibridos.

3. Caracterizar la estructura de la comunidad de cinipidos y sus parasitoides (en términos de abundancia,
riqueza, diversidad y porcentaje de infestacion) asociados al dosel de Q. glabrescens, Q. rugosa e hibridos.

4. Evaluar el efecto del genotipo de la planta hospedera (parentales e hibridos) sobre la estructura de la
comunidad de cinipidos y sus parasitoides asociados al dosel.

5. Conocer la influencia de la diversidad genética y expresion (cualitativa y cuantitativa) de los metabolitos
secundarios sobre la estructura de las comunidades de cinipidos y parasitoides asociados al dosel de Q.
glabrescens, Q. rugosa e hibridos.

6. Evaluar si existen modificaciones (cualitativas y cuantitativas) en la configuracidon quimica de Q. glabrescens,
Q. rugosa y Q. obtusata como resultado de sus diferencias genéticas.

7. Determinar si Q. glabrescens, Q. rugosa y Q. obtusata presentan mdas de un marcador quimico especifico

dependiendo de la familia de metabolito secundario que se analice (flavonoides, terpenoides y/o cumarinas).
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HIPOTESIS

Si los hospederos genéticamente mds diversos ofrecen una gama mas amplia de recursos y condiciones para
ser explotada por sus comunidades dependientes, se espera encontrar una relacién positiva y significativa
entre la diversidad genética de las poblaciones de Quercus y la diversidad de cinipidos asociados dado que
estos ultimos (Familia Cynipidae) son considerados especialistas de la especie hospedera, érgano y tejido que
atacan.

Si la defensa quimica de las plantas ante la herbivoria esta regulada por sus caracteristicas genéticas, entonces
se espera que las poblaciones mas diversas genéticamente registren una mayor variedad de compuestos
guimicos.

Se espera que diferentes taxones de encinos (Quercus rugosa, Q. glabrescens e hibrido) presenten diferente
estructura en la comunidad de cinipidos asociados dadas las diferencias genéticas que provocan cambios

qguimicos y estructurales entre los taxones (variacién interespecifica).
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Sistema de estudio

Quercus glabrescens, Q. obtusata y Q. rugosa son tres especies dominantes de los bosques templados de
México que, cuando se encuentran en alopatria pueden distinguirse facilmente por sus caracteres
morfoldgicos. Sin embargo, cuando estas especies se encuentran en simpatria muestran una morfologia foliar
atipica sugiriendo que parte de esa variaciéon puede ser explicada por eventos de hibridacién. A continuacidn,
se describen algunos rasgos caracteristicos de las especies parentales con base en las descripciones de
Romero-Rangel et al. (2015)

Quercus glabrescens Benth. Es un arbol de 6 a 20 m de altura. Sus hojas tienen forma oblanceolada o eliptico-
oblanceolada y un margen fuertemente revoluto, generalmente de dos a cuatro dientes de cada lado hacia la
mitad apical de la hoja. Su haz es brillante y glabro, asi como el envés, pero éste no es brillante y glabro en la
nervadura. Sus amentos masculinos tienen 2 cm de largo en tanto que los femeninos contienen hasta tres
flores de 1-1.8 cm de largo. Su fruto es solitario de 15 mm de largo.

Quercus obtusata Humb. & Bonpl. Es un arbol de 3 a 20 m de altura. Sus hojas tienen forma obovada,
largamente obovada o eliptica y un margen engrosado y ligeramente revoluto regularmente presenta de tres a
ocho dientes u ondulaciones de cada lado. Su haz es lustroso y tomentoso cerca de la base. Por su parte el
envés es pubescente y con pelos glandulares. Presenta amentos masculinos de 3 cm de largo con muchas flores
distribuidas a lo largo del raquis, los amentos femeninos de tres a seis o mas flores distribuidas en la mitad
distal de un pedunculo de 2-3.5 cm de largo. Tiene frutos de uno a tres de 17 a 20 mm de largo c/u.

Quercus rugosa Née. Es un arbol de 3 a 25 m de altura. Tiene hojas con forma céncava por el envés, obovadas
o eliptico-obovadas y un margen engrosado generalmente con tres y hasta 17 dientes u ondulaciones hacia la
mitad distal de la hoja. Su haz es lustroso y glabro el envés es tomentoso con pelos ramificados y pelos
glandulares abundantes. Sus amentos masculinos tienen de 17 a 31 flores de 15-20 mm de largo pubescentes
mientras que las flores femeninas se presentan de 2 a 20 en pedunculos pubescentes. El fruto puede ser

solitario o en grupos de 2 a 3, de 10 a 25 mm de largo c/u.
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Tomando como base lo anterior, este trabajo de tesis se divide en tres capitulos, cada uno de los cuales aborda

una linea de investigacién como se describe a continuacion:
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Capitulo 1. HIBRIDACION NATURAL ENTRE Quercus glabrescens, Q. rugosa y Q. obtusata (FAGACEAE):
MARCADORES MICROSATELITES Y METABOLITOS SECUNDARIOS. Los objetivos de este estudio fueron; 1)
caracterizar los niveles de hibridacion entre Q. glabrescens, Q. rugosa y Q. obtusata empleando marcadores
genéticos y 2) identificar la expresion quimica de las especies parentales (Q. glabrescens, Q. rugosa y Q.
obtusata) y los individuos hibridos. Para alcanzar dichos objetivos, se utilizaron ocho primers de microsatélites
(nSSR’s). En cada sitio alopatrido se colectaron 20 individuos por taxdn reconocido morfolégicamente. En cada
sitio simpatrido, se colectaron 30 individuos que presentaban caracteristicas morfoldgicas tipicas de alguna de
las tres especies parentales de manera aleatoria. Los resultados muestran que el porcentaje de hibridacion
varia entre sitios y entre combinaciones genéticas. Ademas, dentro de la caracterizacidn quimica los taxones
parentales mostraron la presencia de al menos un ms diagndstico “exclusivo” mientras que los taxones hibridos
no mostraron un ms, pero si mezclas de ms provenientes de los taxones parentales.

Capitulo 2. LA DIVERSIDAD GENETICA Y QUIMICA DE LOS ROBLES BLANCOS AFECTA LA BIODIVERSIDAD DE
LOS INSECTOS HERBIVOROS DEL DOSEL Y LOS PARASITOIDES ASOCIADOS. Los objetivos de este capitulo
fueron: 1) caracterizar la estructura de la comunidad de cinipidos y parasitoides asociados al dosel de tres
taxones de encinos blancos, 2) evaluar el efecto del genotipo del taxdn hospedero (parental e hibrido) sobre la
estructura de la comunidad de cinipidos y parasitoides asociados al dosel y 3) conocer la influencia de la
diversidad genética y expresidn de los ms (cualitativa y cuantitativa) sobre la estructura de la comunidad de
cinipidos y parasitoides asociados al dosel de tres taxones de encinos blancos. Para lograr los objetivos
previamente mencionados se analizaron los mismos individuos del capitulo 1 con excepcidn de los individuos
pertenecientes a Q. obtusata y aquellos que formaban parte del taxdn hibrido formado por Q. glabrescens x Q.
obtusata (debido a que el numero de individuos hibridos formados por dicho complejo, no fue suficiente para
realizar las pruebas de ms y en consecuencia no se podria cumplir con los objetivos planeados en este
capitulo). Los resultados muestran que la diversidad genética del taxén hibrido es mayor que la de los taxones

parentales. Ademas, existen diferencias cualitativas y cuantitativas en la expresion de los ms entre taxones.
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Finalmente, los resultados muestran que existe un efecto del taxdn sobre la abundancia, riqueza y porcentaje
de infestacion sobre la comunidad de cinipidos y sus parasitoides asociados al dosel de Q. rugosa, Q.
glabrescens y Qg x Qr.

Capitulo 3. Caracterizacion quimica de Q. glabrescens, Q. obtusata y Q. rugosa (Fagaceae: Quercus) dentro
del Cinturén Volcanico Transmexicano. El objetivo de este capitulo fue: 1) caracterizar el perfil metabdlico
(flavonoides, terpenoides y cumarinas) de Q. glabrescens, Q. rugosa y Q. obtusata. Los resultados muestran
gue, algunos flavonoides son altamente especificos mientras que los terpenoides y las cumarinas se expresan

de manera indiscriminada en los tres taxones de estudio.
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CAPITULO 1.

Hibridacion natural, diversidad genéticay expresién quimica en dos complejos de encinos
blancos (Q. glabrescens x Q. rugosay Q. glabrescens x Q. obtusata) en laregién centro de la

Faja Volcanica Transmexicana.
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ABSTRACT

Natural hyvbridisation has significant ecological, genetic and evolutionary conse-
quences altering morphological and chemical characters of individuals. Queraes glab-
rescens, () nugosa and Q. obresata are white oak specics well separated by their
morphological characters when they occur in allopatry in Mexican temperate forests.
However, in sympatry, individuals with atypical morphology have been observed, sug-
gesting hybndisation events.

In this study, we determined, with microstellites and secondary metabolites, if inter-
specific gene flow occurs when these three oak species coexist in sympatry. In total,
180 individuals belonging to seven populations |three allopatric (one for each parental
species) and four sympatric sites] were analysed.

Allopatric populations represent well-defined genetic groups and the sympatnic popu-
lations showed genetic evidence of hybridisation between Q. glabrescens = Q) rugoss
and €} glabrescens = (), abtusaro. The hybridisation percentage varied between sites
and combination of invalved species. We registered the presence of unigue flay o]
compounds for Q. glabresaens (caffeic acid and flavonol 2), L rigesa (flavonol 51 and
). obtesita (Mavenol 1), Three compounds (quercetin thamnoside, flavonol 3 dnd
alkyl courmarate) were expressed in all taxa, Finally, the hybrid genotypes identified in
this siudy (QL gladwescens 0 QL migosa and QL glabrescens « QL ofmusata) showed speci-
fic chemical profiles, resulting from a combination of those of their parental species.
These results show that hybridisation events between these oak species alter chemical
expression of sccondary metabolites, creating a mosaic of resources and conditions
that frrl'l'.'il.[t' the substrate for differemt combinations of folicr-associated \F'Cl.'i(‘.‘h such
is herbivores, endophytic fungi or epiphyte plants.

adaptation and speciation events (Arnold 1992, 2004). The
comsequences of these genotypic and phenotypic changes pro-

Natural hybridisation is a frequent phenomenon in plants and
has important genetic, ecological and evolutionary conse-
quences (Soltis & Soltis 2009). Because this process involves
the interspecific :xchange of genetic material { Harrison 1990),
hvbridisation may promote the emergence of new chromoso-
mal arrangemens, vidding alldic and genotypic variants that
favour genctic dversity of species { Riescberg & Wendel 1993),
Under this scenario, when fertile hybrd individuals cross with
one or both parental species, they can generate a range of
genetic combinnions (e.g backcrosses of varous generations;
Baack & Ricscberg 2007). Therefore, interspecific genetic flow
can facilitate the transfer of genetic variants between species,
contributing to the generation of new traits and to the segrega-
tion of transgresive traits (extreme), and can even facilitate

mated by interspecific genetic fow events in plant populbitions
can create morphotvpes that are able to invade new habitats or
expand their distribution range (Ricseherg & Wendd 1993),
with wider physiological and ecological tolerances and greater
plasticity of the mating system { Rieseberg & Carney 1998) or
with modified resistance pattemns (Cheng ef ol 2011). More-
over, the consequendces of hybridisation in plants can escalate
to other levels of emlogical organisation, for example, may
impact the diversity of different herbivore communities xsoci-
ated with hybridising populations or alter some process at the
ccosystem level (Whitham et al. 2012).

Within sympatric zones, morphological characters may not
be sufficient for the correct idemtification of all hybrid cate-
gories (e.g. Fy, backerosses), because the individuals that are
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generated between different species do not necessarily show
intermediate morphology (Naisbit et al. 2003}, Ricseberg & Ell-
strand (1993) documented that the expression of marphologi-
cal characters in F; hybrid individuals include intermediate,
similar or transgressive values with respect to their parental
specics. These data illustrate the wide range of morphological
characteristics that can be expressed by hybrid individuals and
the mherent lmitations of marphological identification of
hybndisation ( Maller 2005).

Gunetic markers have been recognised as the onost robiust
tool available for describing and characterising the genetic
structure of hybnd populations, Desired characters for this
purpose are: (i) they are sclectively neutral, (i) their inheri-
tance is strictly under Mendelian segregation ratios. (i) usu-
ally, they shew independence, and (iv) they are present in o
large number within the genome (Ricseberg & Wendd 1993).
Simple sequeace repeats (55Hs), also known as microsatellites,
hive been the most commonly used genetic markers to diag-
nose hybridisation and introgression due to its codominant
inheritance and ts high sensitivity in detecting  vanation
(Senan et al 2014). Another advantage of S5Rs is their rapid
mutation rate, which promoties differentiation between closely
related taxa and, consequently, differences in allelic frequencics
and the appearance of species-specific varants, both of which
are very useful traits for the identification of different genetic
closses (pure and hybrad) and for the characterisation of the
genetic structure of hybrid zones (Harrizson & Lamon 2014),

In addition, several studies have suggested the differential
expression of secondary metabolites as a tool for identification
of hybrid individuals and putative parental species (Nahrung
et al, 2009 Savarese ef of, 2009). Pant secondary metabolites
are chemical compounds that play an important mle in defence
against herbivares (Wimp et al 2007). In general, it has been
shown that hybridisation creates qualitative and quantitative
variation in secondary chemicals { Riescbery & Ellstrand 1993;
Staudt et al 2004; Welter ef al 2012), promoting the occur-
rence of the following expression patterns in hvbrid plants: (i)
a combination of parental species metabolites, (i) lack of par-
emtal metabolites and (i) new metabolites not present in the
parental species (Cheng eral 2001, Although, the secondary
chemistry should be wsed only as complementary tool of other
markers [e.g. ADN markers ( Kirk ef al. 2004)]. Some sccondary
metabolites studied in plant spedes involved in hybridisation
evenis are: alkaloid, flavonoid, phenolic and terpenoid com-
pounds {Ldpez-Caamal & Tovar-Sdnchez 2014}, In particular,
the flavonoids have been the most studicd compounds due
their high heritability and specificity (Caseys of al, 2005).

Temperate tree species are sspecially susceptible to hyvbridis-
ation events because of the life history characteristics they pre-
sent (eg Jong life cycle, wind pollination, cross-breeding and
perennial habit; Petit & Hampe 2006), For example. hybridisa-
tion events among Cluercus spocies (oaks: Fagacene) have been
widely documented (Penalowa-Ramines el 20008 Wa et al.
2015) and have been shown 1o have stromg consequences in
marphological and genetic varation of recombinant individu-
als (Tovar-Sincher & Orvama 2004; Valencia-Cuevas ef al
2015). In fact, the presence of individuals wath atypical mor-
phologies has frequently increased the taxonomic confusion
that characterises Quercus species (Farting ef al. 2015),

Despite the high frequency of hybridisation reported among
Chiercus species, the specds invalved in these events maintamn

Genetic and chemical evidence of hybridiation in white oaks

their morphological, ecological and genetic differences, sug-
gesting that they continue to preserve their integrity as individ-
wal species (Gailing & Curtu 2004). However, environmental
variation based on the geographic distribution of spedes can
promote differences in the strength of their reproductive barn-
ers (Curtu ef al, 2007; Jersen et al, 2009) and, consequently,
differences in the ocourrence and frequency of hybridisation
events (Buerkle 2009). In this context, the following local fac-
tors have been considered important: (i) the spatial distribu-
tion of the species within sympatric gones (Curtu of al. 2015),
(i) the habitar conditions (Whitney ef al, 2000); (i) the pro-
portion of conspecific pollen and the density of available males
{Lagache et al 2003); (iv) the differences in pollen dispersal
capacity among species (Harrison & Larson 2014); and (v) the
climite (Ortego et al 2004).

Although little is known about the dynamics of genetic flow
in multi-species oak complexes, evidence of hybridisation
between almaost all species of the same section that occur in
sympatry has been reported (eg. Dodd & Afzal-Rafii 2004;
Penalora-Ramires ef al 2000; Eaton et al. 2015). However, the
percentage of hybridisation vares among the pairs of specics
and sites analysed (see Curtu of al, 2007; Lepais & Gerber 20013
Valencia-Cuevas ef al. 2015),

Cuerens. glabrescens Benth., €L rugosa Née and €, obtsata
Humb, & Bonpl. are three species of white oak (seqtion Guer-
cus) with close phylogenctic relationships (Hipp et al 2017)
which possess wide geographic distributions in the temperate
forests of Mexico, These species can be casily differentiated
when they are allopatric based on their foliar morphological
characters {Romero-Rangel of al. 2015 ). However, when species
convergence is sympatric, individuals with atypical morphol-
ogy have been observied, suggesting that variation may be pro-
muoted by hybrdisation events, The present study aims 1o (i)
determine the hvbridisation levels in areas of sympatry among
Q. glabrescens, Q rigest and Q. ebtusata to (ii) characterise the
secomdary metabolites chemical profile of pure genotypes of
Q. glabrescens, 0L migosa and Q. obtisara and determine the
influence of interspecific hybridisation events on the chemical
profile.

MATERIAL AND METHODS
Study species

Querens glalbrescens is a species that can be recognised easily in
the ficld by its oblancenlate or dliptic-ablanceolate leaves with
strongly curled marging, usually with two to four teeth on cach
side towards the apical half of the leafl, The leaf’s adaxial surface
is bright and glabrous; the abaxial surface is glabrous or spar-
ingly pubescent in the nb but not bright, and glandular hairs
are absent. For its part, €L obtusata can be recognised by its
obovate, long obovite or elliptical leaves with a thickened mar-
gin and slightly curled, regularly presenting three to eight teeth
or undulations on cach sde, The leal's adaxial surface is lus-
trots and tomentose near the base; the abacdal surface is pubes-
cent with glandular hairs. Finally, Q. rugosa is a species that
can be recognised in the field because the abaxial surfaces of is
leaves are concave, obovate or elliptic-obovate with thickened
margins, penerally with three w0 17 teeth or undulations
towards the distal half of the leaf. The leaf’s adaxial surfice is
lustrous and glabrows, whereas the abaxul surface & iDmentose
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with branched hairs and abundant glandular hairs, An overlap
in flowering time and altitudinal distribution between these
white oak species have been reported in central Mexico
(Romerm-Rangel ef al 2015).

Population sampling

Seven locations in central Mesico were studied (Fig. 1), Te
minimise the envimnmental factors that can modify the
genetic flow patterns and expression of the metabolic profile
of the study taxa, seven localities with commaon characteristics
were chosen: geological history [all localities belong to the
Transmexican Volcanic Belt (TVEB), whose formation process
began during the Quaternary-Pliocene (Gomez-Tuena ef al
20071], climate (temperate sub-humid], type of vegetation
{mature oak), type of soil (volcanic origin or derived from
ignenus and sedimentary rocks), and these areas have no local
disturhance. Oak populations in thee locations are domi-
nated by the species Q. glabrescens, Q. rugosa and Q. olibusata
(Table 1), In each allopatric site, 20 adult individuals of each
species were randomly sampled along a transect of approxi-
mately 1,000 m (1 =60), At 50-m intervals, the nearest indi-
vidual of each species was sampled. In cach sympatric site of
Q. glabreseens, F rugosa and G ebtusata, 30 individuals whoss
leal morphologics presented characteristics of one of the spe-
cies or that possessed leaf characteristics atypical for the spe-
cies were mndomly selected (n= 1200, This selection was
performed by sampling the nearest individual along a transect
of approximately 1,500m at intervals of 50m  (Fig. |,
Table 1), The dominance of each parental species in the forest
canopy (allopatric and sympatric sones) was estimated using a
modification of Sraun-Blanguet cover-abundance scale (197%
see Table 1),

Genetic analysis

Young leaves with no apparent damage were collected from
180 individuals, The leaf tissue was transported to the labora-
tory in o continer with liquid mitrogen. Total DNA was
extracted by means of a DNeasy Mant Mini Kit {Qiagen, Valen-
cin, CA, USA) The DNA concentration of each sample was
obtained by spectrophotometric analysis (Biophatometer;
Eppendorf, Humburg, Germany), and the quality of the DNA
was determined by electrophoresis on 0.8% agarose gels.

Catibo-Mendaza, Saknan-Sdnches, Valenoa-Cuevas, Zamigs & Tove-5anches

Hmllr.taill DA samples were diluted 1o 2 concentration of
ISngul .

The genetic analyses were performed with eight n55R pri-
mers: srQpAAGHO (Steinkellner eral 1997), ssrpfaGll,
sariirfagse (Kampler of al 1998, Quru-GA-DADT, Quru-GA-
OFM9, Quou-GA-0C1], Quru-GA-1C08 and Quru-GA-1F07
(Abdrich eral, 2002}, The use of these primers revealed poly-
marphisms among the individuals of Q, glabrescerns, O rugose
and ) ebeusata, For each sample, the amplification mixire
contained 20 ma Tris-HC (pH 8.4, 50 ma KCI, 2 ma MgCly,
0,13 mut of each ANTP, 25 pu primer, 15 ng of genomic DNA
and 0.8 U Tag polymerase in a final volume of 15 pl. The poly-
merase chain reaction (PCR) was performed on a Mastercycler
(Eppendorf) thermocycler as follows: initial denaturation ar
95°C for 5 min: 30 oycles of 94 °C for | min, | min at the
appropriate hybridisation temperature, and 305 at 72 °C; and
 final extension for 8 min at 72 °C.

The annealing temperatures for the nSSR primers were
58°C  for Quru-GA-IFIF, 353°C for  srQpZAGLLG,
wrQpZAGH and Quru-GA-0CIL, 50 °C for Quru-GA-040]
and Quru-GA-0ED9, 48 *C for Qum-GA-1C08 and 46 °C for
sridrfagde. The PCR products were visualised after elec-
trophoresis on 4% agarose gels at 60 W for 1.5 h. Depending
on the intensity of the bands obtaned after agarose gel elec-
trophoresis, the samples were diluted 1:10-1:90 in defonised
water. The polymorphic fragments of the nS5Hs obtained were
measured on an ABL PRISM 3100 automated sequencer
{Applied Biosystems, Foster City, CA, USA) using 9.5 pl for-
mamide al 35 W for 8090 min with 0.5 pl ROX-2500 as the
standard sive marker. The sivze of the frigments wis recorded
wsing Gene Mapper version 3.7 (Applied Biosystems, Foster
City, CA, USA).

Assignment of hvbrid and parental cotegorics

Assignment of the genetic identity of morphologically recog-
nised allopatric populitions as distinet species, as well as deter-
mination of the proportion of ancestry of the individuals
identified as Q. plabreicens, Q. rugosa and QL oltusata within
sympattic populations, was performed using the program
STRUCTURE 2.3 (Pritchard ef pl 2000) and the data obtaned
with eight nS5Rs. This program uses Bayesian grouping to infer
the structure af populations from genotypic data, and individ-
wals are probabilistically assigned 10 K populations (genetic

i ¥
T, m
Nhe
WLty 8 -
hih o a
-9;1_ -.\__._Ffi )
i Fig. 1. Samplng populatians, aliopatnc populations of
wihite gak specis {triangliel Quéncus plabmicens (1),
Q. obiusa (2, O rugosa (3. Sympatic populavons of
Quercus ghabrescens, Q. chtusata and Q. migoss
. o  [square); A= Mineral Bl Chice; B = Cardonal; C = Huitzi
- - fac; D = Ornitkén de Jidraz, See Table 1,
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Table 1. Locality name, sample sze (M), alitde fm) and white ok speces
by abopatic and sympatic s4es n populations from the Transmedan Vol-
canuc Beft. The numbers in parentheses represant the value of canopy cover
of each 0ak speoes i allopatnc and Sympainc 2ones.

ocation N state atude Im}  4peces
Allopatric stand
Tlawen 20 TMaxcala 2,588 Q. glabrescens (5)
Chamilpa 20 Morelos 1,655 Q. obiusata (4}
Coaprmalco 20 Maoreles 2667 Q. rugasa (5)
Symipatric stand
Mneral El Chwoo 30 Hidalpe 2,580 Q. glabrescens (5,
Q. obrusara (3],
Q. rupasa (3)
Cardanal 30 Hidalga 2898 Q. plabeescans (4),
G obtusata (3],
Q. g (2)
Huitzlac 30 worelos 2,318 . glabrescens (4),
Q. obrusata (21,
0 uposa (2]
Omitldn de 30 Hdalga 2522 0. plabrescens [3),
Judrez Q. obhusata (3),
0 nigosa (3]

Nate Canopy cover scale! 5 = Diomenant (= T5%k 4 = Abundant {50-75%1
3 = Frbquent 25-50%); 2 = Dccamional (5-25%) and, 1 = Rase {< 5%],
midfied from Braun-Blanguet (19590

clusters) based on their multilocus genotypes (Pritchard et al,
2000 Hubisz er al. 20081, For each individual, an admixture
cocflicient (Q) is caleulated, and represents the proportion of
an individual's genotype that originates from a given popula-
tion. To determine the optimal number of genetic groups (K,
the STRUCTURE program was run at K values ranging from
one to ten (with ten runs for each value) to determine the K
value with the highest posterior probability. The AK statistic
was also used o evaluate the change in the probability value
according ta Evanno et al, (2005). For all runs, 3 burn-in per-
iod of 30,000 repetitions was used, followed by 100,000 jtera-
tioms of the Markoy Chain Monte Carlo { MCMC), which was
comirmed o be satisfactory for the parameters to reach con-
vergence. We employ the admixture model with correlated
allele frequencies and the LOCPRIOR option off

Snce K = 3 was estimated in the aforementioned analysis, all
individuals of Q. glelrescens, Q. rugesa and Q. obiusar were
assigned 1o ecither one or another cluster. Subsequently, we
evaluated the capacity of the microsatellite dataset to differenti-
ate between multiple  hybridisation events. The program
Hybridkab (Mielsen of al, 2006) simulates crosses among popu-
lations by caculating the allede frequencies and by randomly
drawing one allele ar each locus of each parental population
defined. We wied all individoals from pure stands of
02, glubreseens, Q. rugosa and Q. obrwsata 1o create 50 simulated
hybrid genotypes from each of the next categories: (i) first gen-
eration hybrids (F,), (i} backcrosses (BC) of F, with
€3, glabrescens, (i) BC of Fy with . negosa, and (iv) BC of Fy
with . olrresata, Ten replicates were made with K= 3 with a
burn-in pericd of 30,000 and 100,000 MCMC, The results of
all five runs were merged in CLUMPP and the mean @ values
were obtained for cach hybrid category. Fy hybrids are expected
to have a Q value of 0.5, while backerosses are expected to have
) values of 0075 or 0.25, Finally, each individual was classified

Genetlc and chemical evidence of hybeidsation in white oaks

based on the model proposed by Vihi & Primmer (2006} and
Lepais ef al, (2009, in which all mdividuals with an assignment
cocfficient (=09 are considered pure  individuals of
Q. glabrescens, O rugesa or O, obrusata, The results obtained
with the STRUCTURE program were edited for processing in
the THSTRUCT program (Rosenberg 2004),

Based on this analysis, we imended 1o assign individuals in
the real dataset as hybrids or pure parental individuals, Then,
we userd these labels to study the chemical profile of all individ-
uals in pure and mixed stands,

Preparation of extracts from Qererois species

Grouping individuals by site for the secondary metabolite anal-
ysia was done to control for potentual differences in quantita-
tive and qualitative metabolite expresion assodated with local
environment differences among genotypes (Henriksson et al
20031, To idenmtify the most abundant compounds, leaves
obtained from individuals of each genotype (pure and hybrid)
per site were dried at room temperature amnd crushed to obtain
g of fine powder. The dried and ground material was
extracted with acetone (1.5 sample™ ") by maceration for
Jdays and three times, The solvent was eliminated under
reduced pressured distillation with a BUCHI R-114 momry
evaporator, The dried extracts were put together according to
their chemical similarity per site and compared by thin-fayer
chromatography (TLCL Silica gel 60 and chromatographic
plates from Merck KGaA { Darmstadi, Germany) were used.

In total, three pure genotypes (€L glabrescens, O mgosa,
2. olnesanar) and two hybrid genotypes { Q. plubrescens « € ob-
tusata (rom the sympatric zone of Mineral El Chico and
Huitzilag, and Q. glabrescens = Q. rigesa from the sympatric
#one of Cardonal and Omitlin de Juarez) were chemically anal-
yued. In addition, in the chemical analbysis, the tri-hybrid geno-
type (0 glabrescens x O rugosi = 0. obiusata)  from  the
locality of Omitlin de Juares was excuded because the ndivid-
uals had few leaves, making it imposahle to ahtain 300 g of
mature leaves. Finally, in this study we did not detect . ni-
gosa = O obtusata hybrid genotypes,

Chromatographic analysis

The organic extracts for each genotype were analysed using tru-
ditional chromatographic methods sich as TLC with NP-PEG
reagents (2-aminoethyl diphenylbormate, for the detection of
flavonoids) and the Komarovsky reaction (4-hydroxy-benzalde-
hyde for the detection of terpenes) reported as specific chemicals
revealers from these compound familics (Wagner e al, 1996,
Flavonoid and terpencs compounds were chearly distinguished
by TLC (Silica gel, 70-230 mesh}, Extracts of these compounds
(1 gl were subjected to column chromatography {Silica Gel 60,
mesh 70-230, Merck) eluting with hexane, and mixtures of
increasing polarity of hexane + acetone, All fractions were anal-
yued through TLC. The presence of flavonoids and terpencs was
confirmed using commercial standands (eg rutin,d naringenin,
querceting Sigma-Aldrich, Bellefonte, PA, USA).

Analysis with HPLC

High-pressure liquid chromatography (HPLC) analysis was
performed an an HPLEC system consisting of an Alliance 2695
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(Waters) separation modole equipped with a Waters 2695 pha-
todiode array detector and Empower Pro software [ Waters,
Milford, MA, USA). Chemical separation was achicved using a
Supelcosil LC-F column (4.6 mm, 250 mm diameter, 5 pm
particle size; Sigma-Aldrich), The mobile phase consisted of a
mixture of 0.5% trifluorcacetic acid (Solvent A) and acetoni-
trile {solvent B). The gradient system emploved was as foliows
0-1 min, (% B; 24 min, 108 B, 5-7 min, 200 B B-14 min,
30% B; 15-18 min, 40% B; 19-22 min, 80% B; 23-26 min,
100% B 27-28 min, 0% B, The flow was maintained at
0% ml min~', and the sample injection volume was 10 pl
HPLC analysis was used for clucidate the identity of the pure
compounds obtained.

RESULTS
Assignment of hybrid and parental categories

The Bavesian clusters obmined vsing the STRUCTURE pro-
gram for allopatric and symputnc sites show three well-delim-
ited genetic groups, in agreement with the three pure
phenotypic  species  previously  recognised  (QL glabrescens,
) rugosa and €L oltusata ). These results were confirmed by
the AK values, which indicate that K=3 is the most likely
number of genetic groups (Fig. 2), Likewise, analyses wsing the

{8)-5.2m

Catibo-Mendaza, Saknan-Shnches, Valenoa-Cuevas, Zamigs & Tove-5anches

STRUCTURE program revealsd a high proportion of ancestry
Q> 0.9) for individuals from the allopatric reference popula-
tions (2. glabrecens Q= 0,984 £ 0,02 (mean £ 5D, Q. rugosa
= 0969 + 0,03 and €. obtusata Q= 0,975 + 0.02), Several
authors have documented that the appropriate number of
nSSR for the adequate detection of the number of genetic
groups depends on their exclusion power, efficiency and accu-
racy (eg Evanno ef al. 2005 Burgarella of al 2008 Gailing &
Curtu 2014; Soto eral. 2008). Following Burgarella eral
12009), we checked the suitability of our st of markers to
asagn virtual individuals o specific clisses using Structure,
and obtained the following values: = 048 4 (0,02 between
Q. glabrescens » Q. ebtusats ond Q=049 £ 002 between
Q. glabreseens x Q) rugosa, On the other hand, hybrid geno-
types between ), glabrescens x €. obrusata showed the next
backerossess: BC towards O glabrescens showed Q = 0,28
4002, BC wwards Q) olrusata Q=074 & 002, Hybnd
genolypes between Q. glabrescens = Q. nigosa showed il
next  backemeses: RC  towands @, glabrescents  showed
Q=026 + 001, BC wowands . rugosa Q= 11,73 £ 0,02, Due
tor the overdap between the Q values of the simulated hybhrid cat-
egonces, the microsatellite dataset was nid able to fully discrin-
nate  between  hybod  categonies (F; hybnds  from  later
introgressive forms: Fig. 31 Thus, assigmment of individuals
with 0 values between (026 and (073 i equivocal, either repre-

Fig. 2. Extimated genets groups (K by cluiter anabns
in thr STRUCTURE peogram: ) msan and 5D of inP (D)
of 1en independant runs of STRUCTURE, and (b graph
of the statatc A with rpedt to genetc groumng K
(fraem 110 100 Inboth cases, the pesk mdicates the most
Iy nurnber of genetic groops.
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Fig. 3, Genetic aszignment of teee alopatnc popuks-
tons representng the puhe species of Ouenls glatves.
crng, (. obfuzata snd O rugoss, i well i four
srmpatrc populatons, based on analysis of eght nuciear
microsatedtes nSSAsh with the Bayesan method mgle
mented i the STRUCTURE program. Each horgontal
eloured Bne represants the indnadual probablity of
elangng o the group of that colour and each populs-
i i deparated by a black werbcal ne. The ancestry
ratio vahues fior gach populaton ane gven in the takle.

senting Fy or BC individuals, Therefore, we group Fy hybrids
md backermsses wogether. Neveniheless, the set of markers is
il useful o discriminate between ‘pure” and hybrid individu-
als,

On the other hand, genetic analyses of 120 individuals ran-
domly sampled in four sympatric rones revealed the presence
of 25 individuals (20.8% of the total of individuals analysed)
with indications of mived ancestry (Fig. 3).

Frequency of hybridisation between sites and combinations
hetween species

The results of Bayesian analysis show that the number of pure
and hybrid genaotypes viries among the svmpatric sones, with a
hybrdisation percentage of 10% in Mineral Bl Chico, 20% in
Cardonal, 14% in Huitzilac and 40% in Omitlin de Juires, In
general, the four sympatric pones show a dominance of pure
02, glabresaens genotypes and an absence of pure C rugoss and
£ obnsatn genotypes (Fig 3),

The Bayesian analysis of the samples in the sympatric rone
Mincral El Chico identified 109 of the individuals (n = 3} as
hybrid genotypes between Q. glabrescens % Q. obtiata, In Car-
donal, 200 of individuals (n=6) were identified as hybrid
genotypes between O plabrescens = (). rugosa, In Huitzilag, 7%
of the individuals (n = 2} were identified as hybrid genotypes
between Q. glabrescens = ), obtusata, and 7% (n=2) were
identified as hybrid genotypes between Q. glabrescens x Q. ru-
gosa. Also, in Omitlin de Judrez, 20% of individuals (n =6)
were identified a8 hybrid genotvpes between QU plabresoens
x 0 rugosa, 10% (n= 3] were identified as hybrid genotypes
between Q. glabirescens = Q. obtusate, and 10% (n = 3) were of
genotypes identified as ‘tri-hybrids' between Q0 glabresoens
% 0, rugosa % C) obnsata (Figs 3 and 41, Finally, we did not
Fnd Q. obtesata = 0, rugosa hybrid genotypes in sympatric
mnes,

Secondary metabolite analysis

According 1o STRUCTURE software (Fig. 31, leaves of five indi-
viduals per genotype (), rugeda, Q. olvsata, Q. glalresens)
were randomly sclected in each allopatric site (Table 1), In
contrast, the power of the analysts 1o distinguish F, hybrids

Genetic and chemical evidence of hybridisation in white oaks

b Aerphikegical group -

; i T
Thaness O gadew v Lt [T .00
f—— O i e 0575 oy
e 4 rugran inw 10w i
Silmerall ] Chico Sympainic iy T T
Tl Bl 0 RES T a0
Hianailas Tmpalc nEm M 104
Owmiiles de dudrer Sy s i w1

from later introgressive forms was limited. Therefore, we
grouped F; hybrids and backcrosies  1ogether  (hybnd
genotvpes). Hence, leaves of the hybrid genotypes in the sym-
patric sites were analysed. The number of hybrid individuals
analysed by genetic combination vared as  follows Q.
glabresens = Q. rugosn [Cardonal (n = 6), Omitlin (n=6)],
Q. glabrescens = Q. pbtwsatt [(Mingral El Chice (n=3),
Huitzilac (n = 2)] (Fig. 3).

Thin-layer chromatography analysis showed that there were
differences in the expression of secondary metabolites among
the different populations (Table 21, In addition, TLC showed
that most of the compounds expressed in oak leaves were fla-
vonoids (Fig. 5); thus, it was possible to confirm these differ-
ences by HPLC, Moreover, the differences in the number and
type of compounds present at each study site could be deter-
mined.

Fingerprinting with HPLC of Cuerens spp.

The chromatograms obtained from the acetone extracts of
Ciercus spp. were compared [Fig 50 1. Coajomuloe (€, mi-
gesals 20 Chamilpa (Q. elvusata i 3. Tlaxeo (Q. glabrescensl; 4.
Mineral El Chico (Q glabrescens = Q. obmsata), 5 Cardonal
(€. platresceres = Q. rugosa), 6, Huitzilac (0L globreseens x
€, obtwsata) and 7, Omitlin de Judrez (€, glabrescens = Q. ru-
gosad]. The chromatograms showed the major chemical com-
pounds present, Each compound had & unique retention time
and UV spectrum, The distribution of phenolic compounds,
the types of compounds present in these extracts and their
retention times are shown in Table 2,

High-pressure liquid chromatography analvis of the acetone
extracts of pure and hybrid Chuercus genotvpes at 312 nm
demonstrated the presence of ten polyphenolic metabolites,
including rutin, caffeic acid, quercetin glucoside and quercetin
thamnoside. These were identified by direct comparison of
their retention Emes and UV spectra with those of commercial
standards (Sigma-Aldrich),

Chemical charseterisation within the study sites

In particular, flavonol 5 was considered a species-specific com-
pound of € rugoss because it was found only in the allopatric
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Mingral el Chico

5885833888

Proportion of genatic categories (%)

W‘h‘tmm

Q. glabvescens = Q. igpsa = 0. obfusals « Q. glabrescens = Q. ngosa
= O, glabrescens

« Q. glabrescens x Q. oblusata
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Fig. 4. Percentage of the diferent genetic @iegory
absereed in sach sympatric Cuercus ghbrescens, 0. ru-
gusa and Q. ebiuata populaton. individuak wee

to each categony {Q) glabrescans pure gena-
L

type, Q. glabwescens « Q. rupasa hybnd genotyps,

Q. glabrescens « QL obisata hybrid genotypel, depend-
Iny o thesr endiveua! coefiicent of admecture desved
from STRUCTURE

Table 2. Prenohc compounds present n three aliopainc populatons |Querous glabrescens, O rugosa and 4. obiusatal and four sympatne popuations among
Quentis plabeescens, 0L rugosa and 0. obivsats by HPLC at 312nm. Rt = retention teme. Og = Go = Q plabrescens » 0. obiusata, g « Or=

Q. glabmrscons w QL rugass

locality Cosomuion Chamiépa Tlamto Naneral Bl Chaco Cardonal Huitziac Ormitldn de |udrez
genelic asgriTent 0 rpsa Q. obfusirs O ghtrecons Og = 0o 0g = Qr 0g = Qo Qg = Q¢
Phenolic compound (fc) W1 Fc  Rr Pe R e m Pe G e m KR L3
(D flawonol 1 BT (D

@ ritiny 3052 @ sws @ 9,137 rl 5136 @

(@ caffesc acd 93 @& 9.206 D 5307 @
@) quercetin ghuoside 963 @ 9662 @ 9500 @ 9508 @ 2 sed @ 0 9632 &
Squercotin rhamncside 10035 @ 4997 & 9957 & wor? & 0 10007 & 10045 & 10.034 )
B flavonod 2 wie

(D flavonol 3 0583 @ 10529 058 (P wsw D w0ssa @ 056 @ 10526 @
i flavorsl 4 12000 @ 12000 B 12017 i}
M flavionol & 150315 @

(i alicyl cournarate /oS @ 27990 @ 228007 @ 799§ 0 27987 @ i8Rl @ 2R061 T

Spece-specific markers for O, ruges <), . obtusata <), and . glabvescens <, @

population. Similarly, Bavonol | was considered a species-spe-
cific compound of G alrusata, and cafieic acid and flavonaol 2
were constdered species-specific compounds of Q. glabrescens.
In contrast, quercetin rhamnaoside, flavanol 3 and alkyl couma-
rate were expressed in both pure genotypes and hybreids in all
study papulations; for this reason, these compounds were con-
sidered as genus-specific,

Quercetin glucoside was expressed in both pure genotypes
and hybrids in all study populations except for Q. olvsarn
(Chamilpa ). Rutin compound was detected in Q) rugosa, 0, ob-
st O glalrescens = Q) obtsata {Mineral El Chico) and
. glalrrescens x Qurigosa (Cardonal)  gemotype. In
Q. glabrreseens = Q. oltusate (Mineral El Chicol, the presence
of quercetin glucoside, which had already been found within
the allopatric zones of QL migoss and O globrescens, and mutin,
which had alrcady been found within the allopatric zones of
), rugosa and Q. obhusata, was documented, Caffeic acid was
expressed in €} glabrescens and Q. glabrescens x Q. rigoss
(Omitlan de Juirez and Cardonal), Finally, flavonol 4 was
expressed in Q. obtusato, O ylabrescens and G glabrescens
# 0 rugesa (Omitlin de Juirez) genotype. Comparison of the

retention times and UV spectra associated with the chro-
mategrams abtained through the analysis of phenolic com-
pounds by HPLC did not indicate the presence of any
compoind that was expressed in a nove and/or exclusive man-
et in any of the four sympatric populations,

DISCUSSION
Genetic assignment of white oak species at allopatric sites

The ficld determination from the foliar-morphological charac-
ters of O, glalrescens, 0. rugosa and Q. obfisana is supported
by microsatellite analyses, which identify three well-defined
genetic groups in allopatric conditions. This result indicates
that these populations are useful as reference populations
because they maintain their own genetic identities (Templeton
1989). Several authors have documented that the appropriate
number of nSSR for the adequate detection of the number of
genetic groups and for hybeid identification depends on their
exclusion power, efficiency and accuracy (eg Burgarella o al.
200%; Soto efal. M08}, For this purpose, we evaluate the
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Genetic and chemical evidence of hybridiation in white oaks

capacity of the microsatellite set to differentiate between pure
and hybrid virmual genotypes created with HybridLab, Accord-
ing to thise results, we followed the Viha & Primmer | 2006)
criterion, using a threshold of Q= 0.9 to cdassify individuals as
purebred, consistent with other studies (eg Valencia-Cuevas
et atl, 2015 Ortego of al. 2007a). The other individuals were
clasified as hyvbrids, since the marker set does not allow further
discrimination.

We found evidence of a non-significative  proportion
(< 0.0; Vihi & Primmer 2006 of foreign genome in some
individuals inside allopatric populations. One possible explana-
tion is that with wind-pollinated species, such as vak trees,
genetic flow can occur through tens of kilometres (Dodd &
Afral-Rafii 2004), These results agree with patemnity-based
studies an oals showing that although pollen dispersal quickly
decays with distance from paternal trees (eg Plocss ot al
2009}, sporadic long-distance pollination events can still have
some impact on the genetic structwee and diversity of distant
populations (eg Onego et al. 20074).

Genetic evidence of hybridisation batween Crrerens
glalrescens, Q. rugosa and Q. obmsaa

The hybridisation detected with the genetic markers used in
this study supports the hypothesis that the atypical foliar mor-
phology observed in the three species analysed can be attribu-
ted, in part, o imterspecific genetic flow. As in other studies,
atypical foliar morphology at sites of contact between oak spe-
cles represents the first indication of hybridization events; for
this reason, it is considered a wseful 1ol in the feld (Penaloza-
Ramirez ef al. 2000}, In this sense, Hauser ¢f al, (20017) docu-
mented introgressive hybridisation between € parviala var.
shrevei and €L wishzenr in California, which had a strong
impact on phenotype (Goulet ef al. 2017). In general, the meor-
phometric analyses showed that genctically mixed plants exhi-
hit atypical morphology in some charscters {(eg. transgressive
segregation in leaf size), giving phenatypic evidence of hybrdi-
sittion events between these species. Nevertheles, in some cises
morphological characters alone do sot confirm unequivecally
the existence of hybridisation {Mayol & Rossello 20013 For
example, Craft of al. (2002) found that of the four trees with
the highest protability of hybrd ancestry between QL douglast
and Q. fobata, only one was identified as inmtermadiate in
appearance. The authors coneluded that apparently intermedi-
ate phenotypes between thess two apecies are not necessarily
hybrids and tha: true hybrids are not necessarily intermediate
in phenotype. Thus, the use of genetic markers which are selec-
tively neutral, combined with other tools o identify hybridisa-
tion events is essential to increase the reliability of determining
interspecific genetic flow among oak species {Gailing & Curtu
2014},

Genetic analyses of 120 individuals established at sites of
sympatry between Querces glabreseens, Q. rugosa and Q. ob-
trusata revealed o 20085 hybridisation rate. In a previous study,
Sancher-Ortiz (2012) reported the existence of a natural gradi-
ent of genetic diversity of €. glubrescens through a species rich-
ness gradiemt of associated white oak species, suggesting tha
hybridisation was the responsible factor, Our results suppon
the previous hypathess becanse they show the presence of
hybrid individuzls resulting from the crossing of Q. glabrescons,
€. rygosa and Q. olvusata in sympatric sites. A similar pattem
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was recently reported for a complex of red oaks in central Mex-
ico in the TVE (Valencia-Coevas ot al. 2015}, using €. castanng
as a focal species,

Frequency of hybridisation between sympatric sites

The vatiation in the hybridisation percentages of €. glabrescens,
Q. rugosa and Q. obtusata between sympatry sites ranged from
79 1o 23%, These results coincide with values reported for
oaks in other hybrid systems. For example, in a complex of
four white oak species in Europe (0 robur, O petrace, O pyre-
nariga, (), pusbescens) Lepais ef al (2009) and Lepais & Gerber
(2011) reported percentages of hybridisation between 10,7%
and 305%, and L.7% to 34.5%, respectively, at different sites
af sympatry. Finally, Valencia-Cuevas et al. (2015} found that
hybridisation mte ranges from 15% to 30% among sites in a
comples composed of Q. astanea and three red oaks (€. crs-
sipes, O erassifolio and ©, lowrmne) in Mexico,

The above-mentioned differences in the frequency and
ocourrence of cross-site hybridisation have been atmibuted 1o
variation in ccological conditions at the local level {"ecological
context of hybridiztion”; Buerkle 2009) and to differences in
the strength of reproductive barmiers. Consistent with this, it
hias heen reported that hybridisation and introgression levels in
oaks vary depending on the geographic location of the hybrid
zone (Tovar Sanches & Oyama 2004), the establishment and
survival of the hybrids (Harrison & Larson 2004) and the rela-
tive sbundance { Lepais of al. 2009) and identity of the hybridis-
ing species (Harrison & Larson 2014 ). The spatial distribution
of species within sympatry rones (Curta ef al. 2005), the habi-
tt conditions (Ortego ef ol 2017a), the proportion of con-
specific pollen and the density of individuals available for
crosiang (Lagache eral 20013) and differences in pollen disper-
sal capacity between species (Hamison & Larson 2014) have
also been considered as important local factors. Finally, there
are some studics that suggest genetic incompatibilitics between
oak species cannot be discarded (Steinhoff 1993; Ortego ot ol
2007h; Loper De Heredia o al. 2008), Additionally, hybridisa-
tion events in some cases are preferentially directional and
depend on the identity of the species that acted as maternal or
paternal donor (Olrik & Kjer 2007; Lepais ef al 2013).

Aso, it is supgested that differences in the ecological and
geographic conditions at the analvsed sites may promote plas-
ticity in the efficiency of reproductive barriers between species
and, consequently, differences in the frequencies of hybridisa-
tion among CL ghabresaens, Q. migosa and Q. olnusan, In fact,
plasticity of reproductive barriers in ik specics as a result of
variation in locl ecological conditions has been reported
(Gailing & Curtu 2014). For example, the mte of hybridization
hetween QL rabwer and €. petracs, two of the most importam
white oak specits in Europe, vary across different sympatry
sites (Curtu et ol 2007; Jensen ef al 200% Lepais ef al. 20089),
Inn this sense, it is important o mention that all the sympatric
sites analysed in this study are present in the TVE, This system
is charactensed by rugged topography and altitudinal and cli-
matic diversity, which, combined with its geographic position,
offers a range of enviromments, habitats and micohabirats
(Challenger 1998). Therefore, it is suggested that the variation
in the frequency of hybridisation among Q. glalrescens, O ru-
gose and Q. obvusara may be the result of vadation in the
strength of the mechanisms of reproductive isolation associated

Camibo-Mendoza, Salinad-Sdncher, Valenoa-Coewis, Zamilpa & Tovar-Sdnchez

with the environmental variability that characterises the TVEB.
Similarly, differences in the hybridisation frequency between
Q. castariea and tree oak species (O crassipes, Q. erassifilia,
Q, lawrirtat) an different symipatric sites were attributed to envi-
ronmental variability within the scale of the TVB (Valencia-
Cuevas ef al. 2015),

Variation in the expression of phenolic compounds

OFf the ten compounds identified in this study, four are
expressed exclusively in the parental species (C) rugosa, 0 ab-
tiserta and Q. glabreseeris), three are expressed in two parental
species and in at bewst one hybrid taxon, and theee are present
at all study taxa and sites {see Tahle 2). [n general, studies have
documented thai varation in the expression of secondary
metaholites after hybridisation events can be explained by at
beast three mechanisms: (i) polymorphism in the lodi that con-
trol the expression of the metabolite in the parents; (i) alter-
ations in the biosynthetic pathways; and (i) the prolongation
of some ateps of the metabolic pathway | Cheng ef al. 2011).

In general, hybrids of the Q. glabrescens = € rugosa and
. glabreseens = Q. obtuseta complex have chemical character-
istics that are addiive and similar to those of their putative
parental species, and very few compounds are exclusive to the
parental species. Abo, this study system did not document the
presence of povel compounds in the hybrd individuals
{Tabbe 23, These results are in agreement with other reported
studies, since the most frequent inheritance pattern described
in hybrid plants, for approximately 7066 of chemical traits, is
the additive pattemn (Cheng eral. 20011). Similarly, it has been
reported that the swthesis of novel compounds in hybrids is a
less frequent phenomenon, a face that can explain the absence
of new metabolites in hybrid genotypes of this oak complex,
Diespite that at the phenotypic leve, the influence of hybridisa-
tion on secondary metabolite expression is known, the genetic
causes of the high frequency of chemical additivity and of the
rarity in the expression of new chemicals in hybrids continue
to be largey unknown (Casevs ef @l 2015). We also detected
variation in the expression patterns of hybod genotypes acmoss
geographically sepacated sympatnic zones {Table 2). For exam-
ple. ©. glabrescents x Q. obtusara hybrid genotype in the sym-
patric zone “Mineral El Chico” expressed nutin and quercitin
glucoside, while ir Huitzilac we only detected the second
chemical, A simiar pattern was abso observed in the
Q. glabrescens = QL obtusata hybrid genotype. These results can
be explained considering that envimonment can play an import
role in the expression of phytochemical traits (Xu et al. 2015;
Glassmire et al, 2016). Nustrating the above, Casevs eral
{2015} documented geographic variation in the expression of
flavonoids in hybndising European Popalis species.

In this study, three compounds (lavenol 1, flavonol 2 and
flavonol 53 were found to be exclusively expressed in parental
species; these compounds were not expressed in any of the
hybrid individuals, regardles of their genetic mix. This sug-
gests that there is high specificity between these compounds
and the oak species in which they are found; preventing these
compounds from becoming part of the genetic mix that the
hybrid individuals inherit. Thus, for example, Wink (2003), in
a review of three plant families (Fabacene, Solaracens and
Lamiacedr), found that there was a high reciprocal comespon-
dence between the secondary metabolites and the analysed
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plants, The author suggests that the results are the product of
particular life stravegics embedded in a particular phylogenetic
framewark and that a specific group of metabolites dominates
in a singhe taxon, although other groups of metabolites may be
present in snealler amounts, On the other hand, Mavonaol 4 s a
compound that appears in the parental species Q. glabrescens
and €. obrsata; however, it was not detected in €L glabrescens
w O, obtusato hybrids. Phenolic compounds arise hiogeneti-
cally from the shikimate/phenylpropancid pathway andfor the
acetate/malanate pathway (Quideau of al. 200 1), Several stud-
ies suggest that their expression and changes in expression are
regulated by varfous mechanisms, among which are: oxidation
[Appel 1993), epistatic genes (Hallgren er al. 2003), transcrip-
tiomal processes (Hichn er al 2001}, and the integration of sig-
nalling molecules such as salicylic acid, jasmonic acid and its
derivatives (Gould & Lister 2006; do Nascimento & Fett-Neto
20100, In addition, the results reported here suggest that the
stimulation of certain metabolic pathways occurs when some
genes are in hamorygosis (at least, as species alleles), while
others are suppressed in the heterozygous condition, This
scenario could explain the presence of favonals 1, 2 and 5 as
species-specific compounds and the absence of flavonal 4 in
0, glabresaens = Q. olvtusata hybrids.

In contrast, in this study, we documented the presence of
theee compounds (quercetin rhamnoside, Ravenol 3 and alkyl
cotmarate) that are expressed in all axa (parental and hvbrids)
and at all study sites. This may be due 1o the documented face
that phenolic compounds have high heritability in the plants
with which they are asociated, For example, Caseys et al,
(2015) documented that there is high heritabiity of flavonoids
and chlorogenic acid in Populus alba, P. trevnd and hybrid
individuals in lTtaly, Austria and Hungary, These authors
shawed that the variation in expression of phenyl propanoids is
lower at the intraspecific level than at the interspecific level. It
15 possible that intraspecific varation is lower because the indi-
vidunls derived by hybridisation between nearby spedes have
metabolic prafiles that are similar to both parental specics
(Bangert eral 2006, 2008), In this sense, Hipp ef al, (2017)
showed that the three species in question are phylogenetically
close, Therefore, it is to be expected that the changes resulting
from hybeidisation wall be less striking when the parental spe-
cies share similar genomes than when the genomes of two phy-
logenetically more distant species are mixed. In addition, if a
compound is associated with various functions within a given
specics, the regulation of the compound may be very strict
tierefore, processes such as hybridisation might not impact
such compounds. This last reasoning can also explain the high
degree of conservation in the expression of the three abave-
rentioned compounds.

Ecological and phytochemical implications of hybridisation

Hatural hybridisation is a common phenomenon in plant spe-
aes (Whitney et al. 2010, which has been recogmised as a sub-
stantial evolutionary force that favours the wansfer of genetic
variants between species, contributing 1o the generation of new
traits and to the segregation of transgressive traits (extreme), a
wndition that can facilitate adapation and speciation events
(Amold 1942, 2004}, These white oik specis have a forest
Fabvitat, which unfortunately is affected by frequent disturbance

Genetic and chemical evidence of hybridation in white ook

events (agriculture, road construction, logging), a fact that may
create opportunities for sympatry between the three species. To
our knowledge, this is the first study where genetic and chemi-
cal evidence of genetic flow events between O rigosa,
. glalresgens and . oltusata is shown. Thus, further studies
are necessary (o elucidate the possible adaptive function or
impacts of hybridisation between these white oak species
through time and space on their asociated anganisms,

The variation in plant genetic diversity invalved in hybridis-
ation events can result in differences in phenotype expression,
including secondary metabolites. Although the expression of
secondary metabolites is genetically determined, within the
genetic regions encoding the expression of different metabolites
there are certain genes that regulate differences in the expres-
sion of secondary metabolites (Mosil 200 2; Lindtke er al. 20030,
This group of genes may have dominant, over-dominant and/
or epustatic effects within a locus that may eventually lead 1o
evolution and diversification {Cheng ef al. 2011). Thus, trans-
fer of these genes by hybridisation may have diverse ecological
and evolutionary implications for the species involved in these
events (Arnold 2006), in various groups of associated ongan-
inms (e specialist herhivores, fung and plants), communities
or ecosystems (Whitham et al, 2012), Therefore, the establish-
ment of hybrid individuals that have a selective advantage of
resistance of tolermance W environmental conditions or altered
hiotic interactions, as a result of hvbridisastion, may change the
environment in which they oceur and, as a result, change the
resources and conditions affecting the biodiversity of differemt
groups with which they interact.

Our study focused specifically on phenolic compounds,
which show high heritability, are stable, have high variability
amd have frequently been associated with protection agains
environmental changes and attacks by pathogenic fungi
(Varshney of al. 2012; Bernhardsson et al. 2013). Likewise, it
has been suggested that phenolic compounds constitute one of
the langest and most diversified groups of compounds used by
plants as herbivore defence mechanisms {Usha-Rani & Jyoth-
sma 2000; War o al. 2011}, For example, flavonoids are com-
monly imvolved in plant-environment interactions and anti-
herbivore activities imvolving insects (Treutter 2006) by altering
their development and growth (Simmonds 2003, Thus, any
change in the expresion, concentration and/or alteration of
the defence-associated phenolic compounds could be expected
to have implications on the herbivary patterns of both general-
ist and specialist insects (eg: leaf miners and gall wasps), induc-
ing & change in the distnbution, abundance and diversity of
these arthropods (Pérer-Lopez er al. 2016).
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CAPITULO II.

Efecto del genotipo, diversidad genética y metabolitos secundarios del complejo Quercus
glabrescens x Q. rugosa sobre la estructura de la comunidad de cinipidos y sus parasitoides
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Resumen

La hibridacion es un fenédmeno recurrente en encinos que modifica la diversidad genética, la morfologia y los
perfiles quimicos de los taxones involucrados. Dichas modificaciones pueden tener impacto en la estructura de
las comunidades asociadas al dosel particularmente en organismos especializados como los insectos inductores
de agallas y sus parasitoides. Quercus rugosa y Q. glabrescens son encinos bien representados en los bosques
templados de México y presentan eventos de hibridacidon cuando se distribuyen en simpatria. En este estudio se
evalud el efecto de los niveles diversidad genética (He) y la variacidn cuantitativa de seis metabolitos secundarios
(compuestos fendlicos) de Q. rugosa, Q. glabrescens e hibridos putativos (F1) sobre la estructura de la comunidad
de avispas inductoras de agallas y sus parasitoides asociados. Este estudio se llevé a cabo en 100 arboles con un
estatus genético conocido, identificados con marcadores genéticos (microsatélites).

La comunidad de insectos inductores de agallas estd compuesta por 24 especies contenidas en seis géneros de
Cynipidae los géneros con mayor riqueza fueron: Andricus > Atrusca = Cynips. La comunidad de insectos
parasitoides de agallas estd compuesta por seis géneros de Chalcidoidea, contenidos en cuatro familias:
Eulophidae, Eurytomidae, Ormyridae y Torymidae. Los géneros mas representativos fueron: Galeopsomyia >
Torymus > Ormyrus > Sycophila = Eurytoma > Baryscapus. En general, la diversidad de insectos inductores de
agallas registré el siguiente patron: Q. rugosa = hibrido > Q. glabrescens. En contraste la diversidad de
parasitoides mostré que Q. glabrescens > hibrido, mientras que Q. rugosa no difiere de ambos taxones. Con
respecto a la abundancia, porcentaje de infestacidn y riqueza de especies inductores de agallas y sus parasitoides
se encontrd el siguiente patrén: Q. rugosa > hibrido = Q. glabrescens. La He de la planta hospedera es la variable
que registro la mayor influencia sobre la expresidn cuantitativa de ms (66.7%) y sobre la riqueza y abundancia
de insectos inductores de agallas y sus parasitoides (100%). La influencia de ms sobre la comunidad de inductores
de agallas y sus parasitoides mostré el siguiente patrén: escopoletina > quercitrina > rutina = acido cafeico =
quercitina. Se documentd una positiva y significativa relacidn entre la riqueza de insectos inductores de agallas

y la riqueza de parasitoides, asi como la abundancia de ambos gremios. La variacion que como resultado de
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hibridacidn se da en los patrones de expresidn genética y quimica puede tener efectos sobre la estructuracién

de las comunidades de herbivoros especialistas, asi como de sus parasitoides.

Palabras clave: flavonoides, interacciones tritroficas, hibridacion, Quercus
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Introduccion

Los encinos (Fagaceae: Quercus) son considerados el grupo lefioso mas importante del hemisferio norte
(Cavender-Bares et al. 2016) con un estimado de 500 especies a nivel mundial (Govaerts y Frodin 1998).
Particularmente México destaca por contener el 32.2% de esta diversidad (161 especies) y es considerado el
centro de diversificacion mas importante para el género (Valencia 2004). Ademas, se estima que los bosques de
encino ocupan el 7.5% del territorio nacional (Jardel-Peldez 2012) siendo particularmente dominantes a través
de la Faja Volcénica Transmexicana [FVT].

En términos ecoldgicos los encinos son relevantes dado que cumplen diversas funciones en los lugares en donde
se distribuyen tales como la fertilizacion de suelo, el ciclaje de nutrientes y el balance de agua (Shrestha 2003,
Bargali et al. 2014). Debido a su dominancia en los ecosistemas forestales y a su complejidad estructural también
funcionan como habitats para diversos grupos bioldgicos, entre los que se encuentran: plantas epifitas,
mamiferos, aves, hongos y artrépodos (Bargali et al. 2015, Skarpaas et al. 2017). Entre los que podemos
encontrar a los Cynipidae (Hymenoptera: Cynipidae: Tribu Cynipini) un grupo de avispas inductoras de agallas en
género Quercus, atacando tejidos, drganos y especies de encino, siendo organismos especificos (Stone et al.
2002). Desde una perspectiva antropogénica los encinos son una fuente importante de recursos, por la
obtencién de madera, combustible, alimento, por mencionar algunos (Kremer et al. 2012 Petit et al. 2013, Bargali
et al. 2014).

Una de las caracteristicas distintivas de Quercus es la alta frecuencia de eventos de hibridacion e introgresion
entre especies de la misma seccion (e.g., Tovar-Sanchez et al. 2004, Nunez-Castillo et al. 2010, Petit et al. 2013,
Valencia-Cuevas et al. 2015; Ortego et al. 2017). Se atribuye a débiles mecanismos de aislamiento reproductivo
entre especies (Manos y Standford 2001) resultado de la alta similitud filogenética y baja divergencia especifica
intraseccién (Hubert et al. 2014, Pollock et al. 2015). Debido a que la hibridacion es una forma de intercambio
genético, varios estudios en encinos han documentado un incremento en la diversidad genética de las especies

involucradas en estos eventos (Gonzalez-Rodriguez et al. 2004; Tovar-Sanchez et al. 2008, Pefialoza-Ramirez et

46



al. 2010; Valencia-Cuevas et al. 2015). Esta condicion puede promover variacion en la expresién de caracteristicas
morfoldgicas, quimicas (calidad nutricional, metabolitos secundarios [ms]), fenoldgicas, entre otras (Curtu et al.
2007, Yarnes et al. 2008a, b, Cheng et al. 2011; Song et al. 2015), en las especies de encinos interactuantes.
Teniendo consecuencias importantes a nivel de la estructura de las comunidades asociadas a éstos y en los
procesos ecosistémicos en los que participan dichas especies (Whitham et al. 2003, 2006, 2012; Crutsinger,
2016). Se ha reportado que los artropodos responden a caracteristicas como: biomasa, calidad nutricional foliar
y ms de su planta hospedera atributos que tienen una base genética (Dyer et al. 2014, Tovar-Sanchez et al. 2015,
Kostenko et al. 2017). Lo anterior puede tener implicaciones en las preferencias de oviposicion y alimentacidn
de los artropodos asociados a encinos modificando su distribucion y abundancia (Becerra 2015, Moreira et al.
2016).

En el caso particular de los ms los estudios han reportado que la hibridacién natural modifica las rutas
metabdlicas de las especies interactuantes generando diferencias en su expresion (tipo, concentracion, mezcla
y calidad) (Arnold y Martin 2010). Se ha documentado que la expresién de ms en hibridos puede variar a nivel
cualitativo y cuantitativo (Rieseberg y Ellstrand 1993). A nivel cualitativo los hibridos pueden expresar todos,
algunos o nuevos ms con respecto a los taxones parentales siendo el primer patron de expresion el mas
frecuentemente reportado (Orians 2000, Cheng et al. 2011). En términos cuantitativos la variacién en la
concentracién en los ms puede ser mayor, intermedio, menor o similar a uno o ambos parentales (Orians et al.
2000; Cheng et al. 2011). En este caso los patrones de expresion mas comunes son concentraciones similares a
uno de los taxones parentales o intermedias con respecto a ambos (Cheng et al. 2011). Los ms son compuestos
quimicos de bajo peso molecular derivados del metabolismo primario que no estan involucrados en el desarrollo
y/o crecimiento normal de las plantas (Irchhaiya et al. 2014). No obstante, dichos compuestos estan fuertemente
relacionados con su supervivencia y aptitud (Sepulveda-Jiménez et al. 2003, Irchhaiya et al. 2014) y cumplen con
diversas funciones (proteccidn contra la luz UV, pigmentacién, perfil aromatico y hormonas vegetales) (Crawley

y Harborne 2005). En la mayoria de los casos los ms estan relacionados con la defensa contra la herbivoria
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(Betsiashvili et al. 2014, Caseys et al. 2015, Glassmire et al. 2016). La variacion en los ms generada por hibridacién
puede repercutir en la resistencia a la herbivoria. Se ha propuesto que la resistencia en hibridos puede seguir los
mismos patrones de expresién ya mencionados en términos cuantitativos de los ms siendo una menor resistencia
a los herbivoros el patrén mds comun (Fritz et al. 1999; Orians et al. 2000; Cheng et al. 2011). El perfil metabdlico
puede ser considerado un vinculo importante entre la genética de la planta hospedera (modificada en un
escenario de hibridacion) y la organizacién/dinamica de las comunidades de herbivoros asociados (Cheng et al.
2011).

Estudios en Quercus han registrado que la hibridacién promueve variacidn en la expresidon cualitativa y
cuantitativa de ms (Klaper et al. 2001, Madritch y Hunter 2002, Li et al. 2016, Usié et al. 2016). Los ms mas
frecuentemente encontrados en las hojas de encino son flavonoides, terpenoides, taninos y compuestos
alifaticos (Makkar et al. 1998, Chauhan et al. 2004, Yarnes et al. 2008a, b, Moctezuma et al. 2014, Noori et al.
2015, Castillo-Mendoza et al. 2018). Los cuales pueden actuar como atrayentes de insectos, inhibidores de la
alimentacién, reguladores de la cadena respiratoria (terpenoides-taninos), citotéxicos, reguladores del
desarrollo larval (flavonoides) y toxinas (compuestos alifaticos), que pueden afectar a una gran cantidad de
herbivoros generalistas y algunos especialistas (Jansen et al. 2009, War et al. 2012, Irchhaiya et al. 2014).

Se ha propuesto que el nivel de sensibilidad de los cinipidos les permite detectar los pequefios cambios a nivel
de desarrollo, fisioldgico, quimico o fenoldgico que presentan sus encinos hospederos lo que les permite “elegir”
el sitio de oviposicion y/o consumo (Stone et al. 2002, Abrahamson et al. 2003, Raman 2007, Evans et al. 2012).
Por lo que se ha sugerido que cada especie de cinipido establece una relacién Unica con su especie de encino
hospedero y los recursos y condiciones que de ésta obtiene (Abrahamson et al. 1998). Por ejemplo, la comunidad
de insectos inductores de agallas asociados al dosel del complejo Q. crassipes x Q. crassifolia Tovar-Sanchez y
Oyama (2006a) evidenciaron que la identidad taxondmica del encino hospedero (parental vs hibrido) tuvo un
efecto significativo sobre la composicién, densidad y diversidad de las comunidades de estos insectos. En

particular, se detectd que el taxén hibrido actia como un centro de biodiversidad albergando un mayor nimero
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de especies incluyendo especies de ambas especies parentales, asi como un nimero considerable de especies
raras.

Las agallas producidas por cinipidos forman un microcosmos de gran actividad ecoldgica (Hayward y Stone 2005)
en donde se alberga una comunidad muy estrecha de inquilinos (Hymenoptera: Cynipidae: Synergini), cinipidos
qgue no inducen agallas, asi como parasitoides de las familias Eulophidae, Torymidae, Eupelmidae, Ormyridae,
Eurotomydae y Pteromalidae (Pujade-Villar 2013). Los parasitoides asociados a cinipidos son especificos para el
grupo (Hayward y Stone 2005), y se ha documentado que sus comunidades pueden verse afectadas por los
atributos genéticos o los mecanismos de defensa de las plantas (Ode 2006, Stireman 2016), a través de efectos
genéticos indirectos (Shuster et al. 2006). Por ejemplo, Valencia-Cuevas et al. (2018) documentaron que el
incremento en la diversidad genética individual del encino hospedero Q. castanea (resultado de eventos de
hibridacidn) tuvo un efecto positivo y significativo sobre la riqueza y la densidad de su comunidad de insectos
endofagos asociados al dosel y que este efecto se extendié sobre la comunidad de parasitoides asociados. Los
autores sugieren que la diversidad genética de la planta hospedera tuvo un efecto indirecto sobre la riqueza y
densidad de la comunidad de insectos parasitoides mediado por el efecto positivo de la diversidad genética de
la planta sobre la riqueza de insectos agalleros. Sin embargo, aun son escasos los trabajos que han abordado el
estudio de este tipo de interacciones en encinos p. ej., Wimp et al. 2007, Tovar-Sanchez y Oyama 2006a, Tovar-
Sanchez et al. 2015). El entendimiento de los procesos que estructuran a las comunidades de parasitoides cobra
relevancia debido a su contribucién en términos de su biodiversidad y porque participan de manera importante
en la regulacidon de las comunidades de sus insectos huésped (Wash-Burn y Cornell 1981, Wiebes-Rijks y
Shorthouse 1992, Stone et al. 1995). Bajo este escenario los encinos, cinipidae y parasitoides representan un
excelente sistema para estudiar las consecuencias de la variacion genética y quimica que son el resultado de
eventos de hibridacién sobre las comunidades de cinipidos y sus parasitoides asociados.

Como parte del proyecto doctoral, en el primer capitulo Castillo-Mendoza et al. (2018) reportaron evidencia

genética (microsatélites) y quimica (flavonoides) de eventos de hibridacion en un complejo de encinos blancos
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formados por Q. glabrescens y Q. rugosa en el centro de México. Los autores detectaron marcadores quimicos
especificos para cada uno de los taxones parentales (acido cafeico y flavonol 2 en Q. glabrescens y flavonol 5 en
Q. rugosa) y un patrén complementario en la expresién cualitativa en los hibridos es decir la presencia de
flavonoides presentes en las especies parentales.

En este segundo capitulo, el objetivo fue determinar la importancia relativa de la diversidad genética y ms
(variacion cualitativa y cuantitativa) del complejo Q. glabrescens x Q. rugosa sobre la estructura de la comunidad
de insectos inductores de agallas y parasitoides asociados al dosel en términos de riqueza (S) y diversidad (H’) de
especies, asi como en el porcentaje de infestacidn. En particular se plantearon las siguientes preguntas: 1) éla
hibridacidon entre Q. glabrescens y Q. rugosa promueve diferencias cuantitativas en el patrén de expresion de
compuestos fendlicos?, 2) éexiste relacidon entre la variacidn genética y quimica (cualitativa y cuantitativa) del
complejo Q. glabrescens x Q. rugosa y la comunidad de insectos inductores de agallas (Cinipidae)?, 3) éCudl es la
magnitud y direccién de la relacién entre la genética, quimica y la comunidad de cinipidos? y 4) ¢ El efecto de los
atributos genéticos y quimicos del encino hospedero escala a la comunidad de parasitoides asociados a
cinipidos? Esta investigaciéon es relevante porque relaciona de manera cuantitativa y cualitativa la relacién
existen entre la diversidad genética y la expresidon de ms y como este binomio tiene impacto sobre la riqueza y

diversidad de cinipidos y sus parasitoides asociados.

Materiales y métodos

Especies de estudio

Quercus glabrescens Benth. es un arbol de 6 a 20 m de altura que se reconoce por la escasa pubescencia de las
ramillas y envés de las hojas, presenta dientes mucronados en el borde de la hoja hacia la parte apical. En los
sitios de estudio florece de febrero a junio y fructifica en octubre. Se distribuye en nueve estados de la Republica
Mexicana (Valencia 2004). Quercus rugosa Née. es un arbol de 3 a 25 m de altura que se reconoce por presentar

hojas coridceas y cdncavas mucrones largos y envés con tricomas glandulares y depdsitos de mucilago. En los
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sitios de estudio florece en agosto y fructifica de septiembre a noviembre. Se distribuye en 21 estados de la
Republica Mexicana (Valencia 2004). Ambas especies se distribuyen principalmente en las cadenas montafiosas
de la FVT (Valencia 2004). Son elementos dominantes del dosel de los bosques donde habitan (Castillo-Mendoza
et al. 2018). En el primer capitulo de esta tesis y, mediante el uso de marcadores moleculares (microsatélites) y
quimicos (flavonoides) Castillo-Mendoza et al. (2018) documentaron eventos de hibridaciéon entre ambas

especies en sitios de simpatria en la FVT.

Sitios de estudio y muestreo

Las poblaciones muestreadas en este estudio son las mismas en donde previamente Castillo-Mendoza et al.
(2018) detectaron eventos de hibridacidn natural entre Q. glabrescens y Q. rugosa en la FVT (Huitzilac, Morelos
y Omitlan de Judrez, Hidalgo) mediante el uso de marcadores genéticos y quimicos. Se muestrearon 100
individuos, 40 pertenecientes a dos poblaciones alopatridas [una por especie parental (20/sitio)] y 60 individuos
pertenecientes a las dos zonas de simpatria (30/sitio), en donde fue variable el nUmero de individuos parentales
e hibridos por sitio (Tabla 1). Los individuos muestreados fueron individuos maduros que no presentaban ningln
dafio aparente. Para minimizar la influencia del ambiente y factores espaciales sobre ambas comunidades de
insectos todos los sitios presentaron las siguientes caracteristicas en comun: bosques maduros con clima
templado subhumedo, suelo de origen volcanico o derivado de rocas igneas o sedimentarias. En los sitios no hay
evidencia de disturbios a nivel local, todos los sitios comparten la misma historia geoldgica (estan incluidos en la
FVT).

Datos moleculares

Ocho primers nucleares de microsatélites (nSSRs) fueron utilizados para la caracterizacién genética previa de los
100 individuos analizados en el primer capitulo de esta tesis (Castillo-Mendoza et al. 2018). Dichos marcadores

permitieron evidenciar que los individuos colectados en las poblaciones alopatridas de cada especie son
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individuos puros. Los autores reportaron tres poblaciones simpatridas con individuos con ancestria mezclada

entre Q. glabrescens y Q. rugosa.

Datos quimicos

Ademas de la caracterizacidon genética de los individuos del complejo Q. glabrescens x Q. rugosa Castillo-
Mendoza et al. (2018) realizaron la caracterizacién quimica cualitativa de los ms mediante HPLC, evidenciando
la presencia de nueve flavonoides y una cumarina. En general, el patron de expresidon detectado mostrd
marcadores quimicos especificos para cada uno de los taxones parentales (acido cafeico y flavonol 2 en Q.
glabrescens y flavonol 5 en Q. rugosa) y un patrén complementario de expresion en los hibridos es decir la
presencia de flavonoides presentes en las especies parentales. Siguiendo la metodologia empleada en el primer
capitulo de esta tesis, en este estudio se identificaron cualitativamente dos compuestos mds (kaemferol y
escopoletina). Considerando que los eventos de hibridacién promueven variacion en la expresidon cuantitativa
de los ms (Orians 2000, Cheng et al. 2011) y que los insectos pueden responder a estos cambios, en este trabajo
se midié la concentracién de seis ms, cuatro identificados previamente para el complejo Q. glabrescens x Q.
rugosa (ver tabla 2, Castillo-Mendoza et al. 2018) y los dos ms caracterizados en el presente capitulo. Finalmente,
el resto de los compuestos documentados en el primer capitulo no fueron analizados cuantitativamente debido
a que no fue posible identificar a nivel especifico a estos compuestos (flavonoles 1-5, alkil cumarato, ver Tabla 2
en Castillo-Mendoza et al. 2018). Para este capitulo, 48 individuos [Q. glabrescens (n= 18), Q. rugosa (n= 18),
hibridos (n= 12)] del complejo Q. glabrescens x Q. rugosa fueron analizados cuantitativamente usando los
mismos extractos a partir de los cuales se hizo la caracterizacion cualitativa en el primer capitulo. Tales extractos
fueron purificados mediante cromatografia de columna obteniendo 10 mg de compuesto puro/poblacidn.

Para determinar las concentraciones de los flavonoides se elaboraron curvas de calibracién utilizando estandares
comerciales conocidos de cada uno de los compuestos mediante HPLC [4cido cafeico, quercitina, rutina,

quercitrina, kaemferol y escopoletina (Sigma-Aldrich chemical Co., St. Louis, MO, EUA)]. El método estandar
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interno que se utilizd para la construccion de las curvas de calibracion presenté las siguientes concentraciones:
12.5, 25, 50, 100 y 200.0 pg/mL-1 realizdndose por triplicado. La separacidén quimica se llevé a cabo en una
columna supelcosil fase reversa (rp-18, 25 cm, 4 um) con un gradiente TFA/acetonitrilo. flujo= 0-9 mil/min; vol
inyeccion 10 ul, longitud de onda 350 nm. Posteriormente se realizd la medicidn del drea de cada uno de los
estandares conocidos y se trazé una grafica relacionando el area del pico con su masa. Finalmente, la
concentracion de cada compuesto puro aislado por taxén estudiado fue analizada mediante HPLC. Se efectud
una regresion lineal de las dreas que fueron medidas frente a las concentraciones obtenidas. Las concentraciones
de cada uno de los compuestos en las dos poblaciones se determinaron por extrapolaciéon de la curva de
calibracidon que se obtuvo a partir de los compuestos estandares puros. La concentracion de los ms fue calculada
como promedio * error estandar en pg/mL? sobre la base de peso seco. Para la realizacidon de los analisis
estadisticos, las muestras donde no se detecto la concentracion del ms, se utilizé la mitad de los valores de limite

de deteccidn para cada ms.

Comunidades de cinipidos y parasitoides asociados

Después de la caracterizacidon genética y quimica de los taxones del complejo Q. glabrescens x Q. rugosa la
comunidad de insectos inductores de agallas (Cynipidae) y los parasitoides asociados fue muestreada por taxén
en 100 individuos [Q. glabrescens (n= 40), Q. rugosa (n= 40) e hibridos (20)]. Con la finalidad de tener bien
representada a la comunidad de insectos agalleros y parasitoides se realizaron dos colectas la primera en el mes
de abril y la segunda en diciembre del 2016. Los arboles seleccionados para el muestreo fueron aquellos cuyo
dosel no se traslapara con el de otros individuos con una talla de entre 10-12 m y con una cobertura del dosel de
17-19.5 m. La comunidad de insectos fue muestreada en cuatro ramas elegidas al azar en la parte media del
dosel (tomando como referencia los cuatro puntos cardinales). Para cada arbol hospedero el porcentaje de
infestacion fue estimado (nimero de insectos cinipidos/200 hojas x 100) sobre las cuatro ramas. Las agallas

colectadas en cada encino hospedero fueron separadas a nivel de morfoespecie, colocadas en recipientes
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etiquetados de pldstico y transportadas al laboratorio en donde se esperd que los insectos adultos (agalleros y

parasitoides) emergieran. Ambos grupos de insectos fueron identificados al nivel taxonédmico mas fino posible.

Analisis estadisticos

Diversidad genética del encino hospedero

Para estimar la diversidad genética del complejo de encinos Q. glabrescens x Q. rugosa se utilizé el parametro
heterocigosis esperada (He). Esta medida permitié comparar los resultados de otros trabajos en encinos debido
a que es frecuentemente empleada para evaluar la magnitud de la diversidad genética (e.g., Tovar-Sanchez et al.
2013; Valencia-Cuevas et al. 2014). Los estimados de He fueron obtenidos con el programa Popgene v. 1.31 (Yeh
et al. 1999). Un andlisis de varianza de Kruskal-Wallis fue usado para determinar el efecto del taxén sobre los

indices de diversidad genética.

Estructura de la comunidad y niveles de infestacidon de los insectos inductores de agallas y parasitoides
asociados al dosel

Un analisis de varianza (ANOVA) fue realizado para evaluar diferencias en la S y abundancia de las comunidades
de insectos entre taxones de encino (Zar 2010). La diversidad de la comunidad de insectos fue estimada usando
el indice de diversidad de Shannon-Wiener (H’). Posteriormente este indice fue comparado entre pares de
taxones de encino con un proceso de aleatorizacién descrito por Solow (1993). Esta prueba re-muestrea 10 000
veces a partir de la distribucién de las abundancias producida por la suma de las dos muestras.

Por otro lado, cada valor de infestacion del encino hospedero fue estimado como: [(nimero de agallas /200
hojas) x 100)] sobre las cuatro ramas. Andlisis de varianza (ANOVA, Modelo lll; Zar 2010) fue usado para
determinar diferencias en los niveles de infestacion entre taxones (Q. glabrescens, Q. rugosa e hibridos). Los
datos de infestacion fueron corregidos como X= arcsin (%)1/2 y datos discontinuos fueron transformados como

X=(x) 1/2 + 0.5 (Zar 2010). Finalmente, una prueba de Tukey fue usada para identificar entre que datos existian

54



las diferencias significativas entre los valores promedio de las poblaciones (Zar 2010). El paquete usado para los

analisis estadisticos fue STATISTICA 8.0 (Statsoft 2007).

Influencia de la diversidad genética y metabolitos secundarios del complejo Q. glabrescens x Q. rugosa sobre
la estructura de la comunidad de insectos asociados al dosel.

Se construyé un modelo de ecuacion estructural (andlisis de redes) para estimar las relaciones causales entre la
diversidad genética del complejo de encinos (He), los ms y dos variables de la estructura de la comunidad: Sy
abundancia de insectos cinipidos y parasitoides. Previamente se propusieron las rutas causales que pueden ser
importantes tomando como referencia un trabajo previo (Castillo-Mendoza et al. 2018) y revisidn de literatura.
Para el modelo, la diversidad genética del encino hospedero fue considerada como variable independiente. Las
variables dependientes que fueron examinadas fueron: ms, Sy abundancia de los insectos inductores de agallas
y sus parasitoides.

Una relacién causal (X = Y) se cuantifica utilizando el método de regresidon lineal donde una variable
independiente A produce efectos en la variable dependiente B. El factor de correlacidn se usa cominmente en
el andlisis de regresién simple para indicar si la variable independiente responde a los cambios de la variable
dependiente. Sin embargo, nuestro objetivo es cuantificar la tendencia de las relaciones causales. Por lo tanto,
la tendencia estara representada por la pendiente de la linea recta interpolada derivada del método de regresién
lineal. La linea recta interpolada se representa mediante la expresion (1) a continuacién:

VLT 1 e — (1)

ddnde, Bo representa el valor de Y cuando X =0, y B1 representa la pendiente de la linea recta interpolada.

El coeficiente B1 es una constante que representa el valor tangente de la pendiente de la linea recta interpolada
gue se muestra en la ecuacién 1. Por lo tanto, no tiene unidades asociadas (kilogramos, kildémetros, etc.). Sin
embargo, el valor de la pendiente puede cuantificar la tendencia de la relacidon en una direccién ascendente o

descendente. Aprovechamos esta caracteristica para situar las tendencias de las relaciones dentro de un
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contexto de zonas con cierto nivel de influencia donde los valores de las tendencias podrian caer facilitando asi
su interpretacion. Este concepto se deriva del siguiente método: la pendiente B1 se da en valores tangentes, que
se representan entre 0 y o= (para valores positivos). Sin embargo, los valores de tangente se pueden transformar
en valores angulares utilizando la siguiente funcion: angtan (a) =8 o tg-1 (a) = 6, que se puede leer de la siguiente
manera: 6 es el dngulo cuya tangente es a. Por lo tanto, en lugar de usar valores entre 0 y oo, usaremos valores
entre 0°y 90°, que es mas facil de interpretar. Del mismo modo los valores del rango [0°, 90°] se pueden convertir
en valores normalizados entre 0 y 1 de la siguiente manera: tendencia-valor-normalizado = 6/90, donde 6

representa el valor angular actual de la pendiente a ser normalizado

Una funcidn sigmoidal para analizar el comportamiento de las relaciones.

Estd claro que los cambios en las relaciones entre las variables dependientes e independientes no coinciden con
un comportamiento lineal. Hemos seleccionado la funcién sigmoide representada en la Figura 1 para modelar el
comportamiento de las relaciones que definen cinco zonas que representan la influencia de la variable
independiente X en la variable dependiente Y. Se describe a continuacién: 1) en el rango [0°, 20°] la influencia de
A en B es muy baja; 2) en el rango [20°, 40°] la influencia es baja; en el rango [40°, 60°] hay una influencia media;
4) en el rango [60°, 80°) la influencia es alta; en el rango [80°, 90°] la influencia es muy alta. El comportamiento
de la influencia de X en Y es exponencial en el rango [0°, 40°), que se compone de la muy baja influencia y las
zonas de baja influencia. Un comportamiento exponencial similar se observa en el rango [60°, 90°], que esta
compuesto por las zonas de influencia alta y muy alta. En particular, en la zona muy baja, los cambios de la
variable independiente X no ejercen efectos importantes sobre la variable dependiente. Sin embargo, un
comportamiento exponencial tiene lugar en el rango [20°, 40°]. Se produce un comportamiento lineal en la zona

de influencia media. Finalmente, un comportamiento exponencial tiene lugar en el rango [60°, 90°].

RESULTADOS
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Diversidad genética de los tres taxones de encinos hospederos

Los analisis genéticos del complejo Q. rugosa x Q. glabrescens usando ocho microsatélites nucleares mostraron
que los niveles de diversidad genética medida como He presentaron el siguiente patrén: taxdn hibrido (0.669)
> Q. rugosa (0.637) > Q. glabrescens (0.447). El andlisis de varianza de Kruskal-Wallis revelé que existen
diferencias significativas en estos valores, mientras que la prueba de Tukey evidencié que los valores mas altos

encontrados en el taxén hibrido difieren estadisticamente de ambos parentales (Tabla 2).

Variacidn cualitativa y cuantitativa de los metabolitos secundarios

En este estudio se identificaron cualitativamente un compuesto fendlico (kaemferol) y una cumarina
(escopoletina) que se suman a otros cuatro compuestos fendlicos (flavonoides) reportados para el complejo Q.
rugosa x Q. glabrescens en un estudio previo (Castillo-Mendoza et al. 2018). En total se tienen identificados seis
compuestos presentes en los tres taxones analizados (Tabla 2). Asimismo, se realizd la caracterizacidn
cuantitativa de estos seis compuestos a nivel de taxdon (mg/g extracto). En particular se encontré que Q. rugosa
y Q. glabrescens presentan diferencias significativas en la concentracién de todos los compuestos analizados,
ademas de que Q. rugosa presentd los mayores valores en la concentracién de todos los ms. Cabe mencionar
que los compuestos mds importantes en términos de concentracion para Q. rugosa son: quercitrina, kaemferol
y escopoletina, mientras que para Q. glabrescens son: quercitrina y kaemferol (Tabla 2). Con respecto al taxdn
hibrido se encontrd que la concentraciéon de acido cafeico difiere de Q. rugosa pero no de lo encontrado para Q.
glabrescens, mientras que para el caso del kaemferol el patron fue inverso. Con respecto a la quercitina su
concentracién fue intermedia con respecto a ambas especies parentales. Por su parte, quercitrina y escopoletina
presentaron concentraciones por debajo de lo encontrado en ambas especies parentales. Es importante
mencionar que los ms mds importantes en términos de concentracion en el hibrido son: kaemferol y la quercitina,
respectivamente. Los resultados sugieren: a) un efecto del taxdn en la expresidn cuantitativa de los ms analizados
y b) tres patrones de herencia en esta expresién cuantitativa en el taxén hibrido: un patrén de herencia

dominante en dos compuestos (acido cafeico y kaemferol) pues sus concentraciones son similares a lo
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encontrado para alguna de las especies parentales, un patrén de herencia intermedia en la expresién de la

quercitina y un patrén de subexpresion para el caso de quercitrina y escopoletina.

Composicidn de la comunidad de insectos inductores de agallas y sus parasitoides

La comunidad de artrépodos asociados al dosel de complejo Q. rugosa x Q. glabrescens se caracterizé a partir
de 1082 agallas pertenecientes a 24 especies de avispas agalleras (Cynipidae). En Q. rugosa se documento la
presencia de 29 especies, en Q. rugosa x Q. glabrescens 18 especies y en Q. glabrescens 10 especies que estan
agrupadas en seis géneros (Tabla 3, Fig. 2). Los géneros mas representativos en términos de las especies que
albergan son: Andricus con 11 especies y Atrusca y Cynips con cuatro especies cada una. En términos de
abundancia, las especies que mas individuos presentaron fueron: Disholcaspis sp. 3 (386), Neuroterus sp. 1 (339)
y Andricus georgei (177). Asimismo, en el 2.5% del total de agallas colectadas emergieron avispas inquilinas
Synergus sp, las cuales no fueron incluidas en los analisis. Del total de agallas colectadas el 24.3% presentd
parasitoides. Las familias, Eulophidae y Eurytomidae fueron las mas representativas al presentar dos géneros

cada una. Se encontraron seis géneros, todos representados por una sola especie (Tabla 3).

Efecto del taxdn y la expresion de metabolitos secundarios sobre las comunidades de insectos inductores de
agallas y parasitoides

Los resultados muestran que Q. rugosa es el taxdn que presenta los mayores valores en todos los pardmetros
analizados y que éstos difieren estadisticamente de lo reportado para Q. glabrescens y el taxén hibrido (Tabla 4).
En contraste, este ultimo no muestra diferencias significativas en ninguno de los pardmetros de ambas
comunidades con respecto a Q. glabrescens. Los resultados sugieren: a) un efecto del taxdn hospedero sobre los
parametros de la comunidad de inductores de agallas y parasitoides y b) un patrén de herencia dominante en la
susceptibilidad del taxén hibrido a sus artréopodos asociados al dosel pues no difiere de lo encontrado para su

especie parental Q. glabrescens.
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Los resultados del analisis de redes muestran que la diversidad genética del complejo Q. glabrescens x Q. rugosa
tuvo un efecto significativo sobre la expresion cuantitativa de cuatro de los seis ms analizados. En particular,
quercitina, kaemferol y escopoletina se vieron influenciadas positivamente mientras que para el 4cido cafeico la
influencia fue negativa (Fig. 2). Asimismo, se encontré que He tuvo un efecto positivo y significativo sobre la
abundancia y S de especies de insectos inductores de agallas y parasitoides. Sin embargo, de acuerdo con los
valores de Bn la diversidad genética del encino hospedero presenta el siguiente patrén en la magnitud de su
influencia: abundancia y S de insectos agalleros > abundancia y S de insectos parasitoides > ms (Fig. 2). Por otra
parte, se evidencié que el 83.33 % (cinco de los seis ms analizados) tuvieron influencia sobre alguno de los
parametros de la comunidad de agalleros. Especificamente se encontrd que escopoletina, quercitina y acido
cafeico tuvieron una influencia positiva y significativa sobre la abundancia de estos insectos. De manera similar
rutina y quercitina afectaron positivamente la riqueza de especies de inductores de agallas. En contraste,
quercitrina y rutina tuvieron una influencia negativa sobre la abundancia de insectos agalleros (Fig. 2). Cabe
mencionar que en términos de magnitud (Bn) la influencia de los ms presenta el siguiente patrén: abundancia >
S de insectos agalleros independientemente de su direccidon. Finalmente se encontré que sélo el 33.33% (dos de
seis) de los ms analizados tuvieron influencia sobre los pardmetros de la comunidad de insectos parasitoides.
Especificamente se encontrd que quercitrina tiene una influencia positiva sobre la abundancia y S de parasitoides
mientras que la escopoletina afecta de forma negativa a ambos pardmetros (Fig. 2). Cabe mencionar que en los
casos en donde se listan dos o0 mas ms éstos fueron presentados considerando el valor de Bn (magnitud de la

influencia de mayor a menor) de He y ms sobre los parametros de la comunidad de insectos.

DISCUSION
Diversidad genética y expresion de metabolitos secundarios
En este trabajo se analizé6 de manera simultanea el impacto que tiene la diversidad genética (modificada por la

hibridacidn) y la expresién (cualitativa y cuantitativa) de seis ms en tres taxones de encinos sobre la estructura
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de la comunidad de avispas inductoras de agallas y sus parasitoides asociados. Los resultados muestran que tanto
la diversidad genética como la expresion (cualitativa y cuantitativa) de compuestos fendlicos en las especies
hospederas tienen influencia sobre el establecimiento de las avispas agalleras y sus parasitoides. Recientemente
diversos trabajos han analizado la diversidad genética (He) de algunos taxones de encinos mexicanos en donde
se ha registrado que dicha diversidad oscila entre 0.25 y 0.88 (Valencia-Cuevas et al. 2014, Wehenkel et al. 2017,
Oyama et al. 2018). En este trabajo se documenté que Q. rugosa, Q. glabrescens e hibridos presentan una He de
0.43, 0.47 y 0.69 respectivamente. Los resultados muestran que el taxén hibrido tiene una diversidad genética
(He) mas alta que cualquiera de los taxones parentales. Los resultados son consistentes con los presentados en
otros estudios donde se ha analizado el efecto de la hibridacion sobre la diversidad genética (p. ej., Rieseberg
1997, Mallet 2007, Valencia-Cuevas et al. 2014).

Estos tres taxones se encuentran distribuido dentro de la FVT la cual ha sido propuesta como centro de
diversificacion para el género (Nixon 1993, Tovar-Sanchez et al. 2008, Pefialoza-Ramirez et al. 2010, Hipp et al.
2018) dadas las condiciones orograficas, climaticas y de simpatria de diversas especies filogenéticamente
cercanas. En este sentido diversos estudios muestran que la diversidad genética de los encinos mexicanos es en
promedio mas alta que la presentada por algunas especies de encinos europeos (p. ej. Miiller-Starck et al. 1993,
Gomory et al. 2001, Zanetto et al. 1994, pero ver: Curtu et al. 2014, Antonecchia et al. 2015). Cabe sefalar que
la hibridacién no homogeniza los niveles de divergencia en todo el genoma (Wolf y Ellegren 2017) y que la
informacién adquirida mediante hibridacién no necesariamente tiene impactos inmediatos ya que dicha
informacién puede almacenarse de forma criptica y expresarse cuando las condiciones ambientales cambien
(Paaby y Rockman 2014). No obstante, aunque la hibridacién no dé como resultado la formacion de un nuevo
taxon, la incorporacion de genoma exoespecifico tiene la capacidad de modificar la estructura genética de los
taxones involucrados.

En este estudio se documentd que la hibridacién afecta la expresion cualitativa y cuantitativa de diversos

compuestos fendlicos, aunque no se detectd la presencia de nuevos ms. Lo anterior podria deberse a que los
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compuestos que de manera novedosa se expresan en los hibridos generalmente lo hacen en concentraciones
demasiado bajas por lo que muchas veces no pueden ser detectados (Kirk et al. 2005). Ademas, tomando como
base la arquitectura genética de las especies parentales se pueden formar genotipos hibridos que presentan
caracteristicas muy particulares, aunque también se puede evitar el traspaso de ciertos genes que se encuentran
ligados (Bouck et al. 2005, 2007), lo que explicaria la expresidn novedosa (el incremento o reduccion de la
concentracidén también puede ser considerado expresidn novedosa en los taxones hibridos) y/o la supresion de
diferentes rasgos en los individuos hibridos.

Aunque diversos trabajos se ha reportado gran variedad de ms en encinos como resultado de la diversidad
genética, en dichos trabajos no se realizo el andlisis correspondiente (p. ej., Madritch y Hunter 2002, Yarnes et
al. 20084, b). Debido a lo anterior, en este trabajo se analizaron compuestos fendlicos (flavonoides y cumarinas)
debido a que se ha documentado que su expresidn y su heredabilidad (medida de la reproducibilidad del fenotipo
dentro de un conjunto de genotipos (Lynch y Walsh 1998]) estan determinadas fuertemente por factores
genéticos (Scioneaux et al. 2011, Barbour et al. 2015, Caseys et al. 2015, Tsai y Schmidt 2017, Barker et al. 2018).
En este sentido, y desde nuestro conocimiento existen pocos trabajos en donde de manera directa se ha
intentado evaluar de manera objetiva y cuantitativa la relacidn existente entre la genética y el perfil metabdlico
de los encinos. Klaper et al. (2001) encontré que al menos siete compuestos fendlicos tienen una alta
probabilidad de ser heredables. Es decir, su expresion obedece a la constitucidn genética aditiva. Por su parte,
Zanetto et al. (2013) documentd que existe mayor heterocigosidad en las enzimas que codifican para el
metabolismo secundario que para el metabolismo primario. Lo anterior sugiere dos cosas: 1) que la expresién
de los ms en encinos esta regulada por factores genéticos y 2) que las rutas metabélicas que regulan la expresion
pueden ser extremadamente complejas en el sentido que no necesariamente sigue una linealidad con respecto
a la diversidad genética.

Se encontré que el taxdn hibrido muestra tres patrones de herencia (dominante, intermedia y subexpresion)

dependiendo del ms analizado. Los resultados encontrados en este estudio pueden ser explicados mediante
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diferentes mecanismos. Por ejemplo, Rehill et al. (2006) documentan que la heredabilidad en la expresion de los
compuestos fendlicos en Populus estd controlada por genes dominantes. Por otra parte, algunos estudios
sugieren que en los hibridos la expresion de compuestos fendlicos puede estar regulado por controles de
expresion aditiva (Crawford 1974).-La no deteccién de rutina, asi como la subexpresion de la quercitrina y la
escopoletina puede explicarse bajo tres escenarios posibles: a) la baja concentraciéon que dicho compuesto
presenta en el tejido foliar que la hace indetectable (limite de deteccién), b) la hibridacion modifico la ruta
metabdlica que conduce a su expresion y c) mutaciones puntuales en genes biosintéticos como resultado del
flujo genético interespecifico. Lo anterior debido a que se ha sugerido que la hibridacion es el principal factor

gue determina la calidad y la cantidad de los compuestos fendlicos (Rehill et al. 2006, Scioneaux et al. 2011).

Caracterizacion de las comunidades de agalleros y sus parasitoides

En este estudio se documentod la presencia de 24 especies de avispas gallicolas y seis especies de parasitoides.
De acuerdo con una revision realizada por Pujade-Villar y Ferrer-Suay (2015) existen 183 especies de avispas
agalleras asociadas especies de encinos mexicanos. Los géneros mas importantes en términos de riqueza de
especies son Andricus, Atrusca y Cynips. En este estudio, se documenté el 13.11% de especies de avispas agalleras
siendo los géneros mas importantes los mismos mencionados en el trabajo de Pujade-Villar y Ferrer-Suay (2015).
Aunque falta de la avispa inductora impidié la descripcién especifica de cada una de las morfoagallas se pudo
caracterizar a morfoespecie a los integrantes de los diferentes géneros esto bajo la premisa de que cada avispa
agallera desarrolla una forma particular de agalla. Tomando como base que México ha sido considerado como
el principal centro de diversificacion del género Quercus puede sugerirse que el nimero de especies de cinipidos
asociados a encinos mexicanos puede incrementarse considerablemente, si se realizan mas estudios con un
enfoque taxondmico cuidadosamente dirigido.

De manera general existen pocos ecoldgicos en donde se describa de manera fina la riqueza especifica en la

mayoria de los trabajos se describe Unicamente a nivel de morfoagalla (p. ej. Maldonado-Lépez et al. 2016,
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Pascual-Alvarado et al. 2017, Rodriguez-Rivera et al. 2017). Lo anterior dificulta la comparacion y la obtencién
de patrones de riqueza y diversidad entre los distintos taxones de encinos mexicanos. Sin embargo, en dichos
trabajos se ha documentado que existe una alta especificidad a nivel genérico entre las avispas agalleras y sus
taxones hospederos (Abrahamson 1998). Que el mayor nimero de especies de agalleros estd asociado a la
seccion Quercus (Pujade-Villar et al. 2009) pudiendo ser aproximadamente el doble (en comparacién con la
seccion Lobatae) (Rodriguez-Rivera et al. 2017). Que el establecimiento de avispas agalleras depende de
diferentes factores entre los que se encuentran el rango de distribuciéon del taxén hospedero (Stone y
Schonrogge 2003), variables ambientales, altitudinales y geograficas (Clark-Tapia 2013, Rodriguez-Rivera et al.
2017), el grado de perturbacién (Maldonado-Ldpez et al. 2015) y si entre las especies hospederas existen eventos
de hibridacion (Pérez-Lopez et al. 2016).

Dentro de la seccidon Quercus, Q. rugosa ha sido la especie donde se registrado el mayor nimero de avispas
agalleras (33 especies [Pujade-Villar et al. 2009]) mientras que para Q. glabrescens solo existen dos trabajos en
donde se ha reportado la presencia de cuatro especies pertenecientes al género Atrusca y una especie de
inquilino (Pujade-Villar et al. 2016, Lobato-Vila y Pujade-Villar 2017). Los resultados obtenidos en este trabajo
confirman la alta prevalencia de avispas agalleras establecidas en Q. rugosa. En contraparte, Q. glabrescens con
una menor prevalencia de establecimiento, aunque las especies colectadas pertenecian al mismo nimero de
géneros que Q. rugosa. Cabe sefialar que en un trabajo realizado por Pascual-Alvarado et al. (2017) se menciona
gue no se encontraron agallas asociadas a Q. glabrescens por lo que es muy posible que las morfoespecies
encontradas en este estudio sean nuevos registros y/o nuevas especies. Para el taxon hibrido se documenté una
prevalencia intermedia entre ambos taxones parentales. En este taxdn las especies de agalleros fueron
agrupadas en seis géneros y dado que nos hay estudios previos para este taxdn puede mencionarse que las 16
especies de agalleros son al menos registros nuevos.

La variacion en la riqueza de avispas asociadas podria deberse al intervalo de distribucidon que presentan las

especies de encinos. Por ejemplo Q. rugosa se distribuye en 21 estados en México y a través de diferentes
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ambientes lo que puede facilitar el establecimiento de diferentes especies de agalleros a través del continuo
flujo genético intraespecifico que mantiene una gama de recursos y condiciones similares y que pueden otorgar
microambientes para un amplio nimero de avispas agalleras. Mientras que Q. glabrescens se distribuye en nueve
estados en México y en altitudes superiores a los 2500 m, lo anterior podria limitar el establecimiento de las
avispas agalleras debido a la potencial reduccidn de las areas de colonizacién. Asimismo, dadas las condiciones
ambientales y geograficas en las que se distribuye Q. glabrescens las especies de agalleros que se establecen
deberian presentar caracteristicas muy particulares que les permitan establecerse. Para el taxdn hibrido, aunque
solo fueron analizados dos sitios de estudio, la riqueza de avispas agalleras encontrada hace suponer que la
hibridacidn ha jugado un papel fundamental en el traspaso de informacidn genética a los individuos hibridos que
provoco la formacién y/o modificacién de los recursos y/o condiciones que pueden ser aprovechados por
diferentes especies de avispas agalleras. Posiblemente las condiciones ambientales de los sitios de estudio
presenten una serie de condiciones que favorecen su establecimiento.

Un trabajo realizado por Serrano-Mufioz (2016) documenté la presencia de nueve géneros (agrupados en cuatro
familias) de parasitoides asociados a seis géneros de avispas agalleras (en 17 especies de encinos). Asimismo, en
un trabajo realizado por Valencia-Cuevas et al. (2018) se documentd la presencia de 10 géneros (agrupados en
siete familias) asociados a 18 especies de agalleros (en Q. castanea). En este trabajo se encontraron seis géneros
de parasitoides (agrupados en cuatro familias) asociados a 24 especies de agalleros. La variacién en la riqueza de
especies de parasitoides puede estar directamente relacionada con el recurso (agalleros) que obtienen. Se ha
documentado que responden a los cambios en las especies vegetales (Schadler et al. 2010) por lo que si el recurso
alimenticio no esta disponible dificilmente podradn establecerse. Existen tres géneros (Torymus, Ormyrus y
Eurytoma) que se encuentran en los tres estudios previamente mencionados ademas de Sycophila que también
ha sido reportado en encinos rojos por lo que podria suponerse que se trata de géneros generalistas en el sentido

de que atacan a los agalleros independientemente de si se establecen en encinos rojos o blancos. Para el caso
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de Baryscapus y Galeopsomyia se encontraron asociados a agalleros establecidos Unicamente en encinos blancos

por lo que puede suponerse cierto grado de especificidad genérica.

Efecto de la diversidad genética y quimica sobre la comunidad de insectos inductores de agallas y sus
parasitoides

En este trabajo se documentd que las comunidades de agalleros y parasitoides responden significativamente
tanto a la diversidad genética como a la expresion cualitativa y cuantitativa de los ms en cada uno de los taxones
hospederos. Diversos estudios han documentado que la diversidad genética vegetal repercute en diversos
aspectos y tiene implicaciones ecoldgicas y evolutivas que incluyen desde el individuo hasta el ecosistema y que
ademas dicha diversidad no es afectada por factores ambientales (Vellend y Geber 2005, Hughes et al. 2008,
Bailey et al. 2009b, Lamy et al. 2017, Des Roches et al. 2018). Aunque dicho impacto difiere dependiendo del
nivel biolégico de organizacion, asi como los taxones estudiados (Raffard et al. 2018). Se ha documentado que el
impacto ecoldgico de la diversidad genética a estd relacionado con el ensamblaje de la comunidad y a nivel
ecosistémico se ve reflejado principalmente en los artrépodos (Raffard et al. 2018). Por otra parte, los
compuestos fendlicos regulan la interaccidn que las plantas tienen con el ambiente, los procesos ecosistémicos
y con diversos organismos (Moore et al. 2014). Por lo anterior, el analisis tanto cualitativo como cuantitativo de
diferentes ms puede ser importante para determinar la actividad especifica y la direccidn del flujo metabdlico,
asi como el uso de los recursos (Arnold y Schultz 2002, Yarnes et al. 2008b). La diferencia en la expresion
especifica de diversos ms puede resultar adaptativa al permitir que las plantas superen las disyuntivas de la
transferencia de informacién quimica y la relacién que esta tiene con depredadores y mutualistas (parasitoides)
gue estan mediadas por la misma expresién (Kessler y Halitschke 2009, Heil y Karban 2010).

La variacioén en la expresion cualitativa y cuantitativa, que en principio esta regulada por la diversidad genética
de la planta hospedera puede tener impacto no solo sobre los herbivoros que dependen directamente de ella,

sino que también pueden afectar el establecimiento y desarrollo de los parasitoides ya sea por la deteccion de
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presas potenciales, por la calidad nutricional que los herbivoros pueden presentar y por la produccién de ms que

pueden tener efectos negativos sobre su desarrollo.
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Legenda de figuras

Figura 1. La funcion sigmoidal que modela el comportamiento de las relaciones representadas en la red en
relacién con las influencias positivas.

Figura 2. Especies de avispas y agallas inducida en el complejo Q. glabrescens x Q. rugosa.

Figura 3a. Andlisis de red para relacionar la influencia positiva entre variables de la planta de encino hospedero
[diversidad genética (He), metabolitos secundarios (rutina, acido cafeico, quercitina, quercitrina, kaemferol,
escopoletina)] y la riqueza y abundancia de insectos inductores de agallas y sus parasitoides.

Figura 3b. Andlisis de red para relacionar la influencia negativa entre variables de la planta de encino hospedero
[diversidad genética (He), metabolitos secundarios (rutina, acido cafeico, quercitina, quercitrina, kaemferol,

escopoletina)] y la riqueza y abundancia de insectos inductores de agallas y sus parasitoides.
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1) Andricus georgei

2) Andricus nr georgei

3) Andricus sphaericus

4) Andricus nr validum

5) Andricus nievesaldreyi

6) Andricus nr maesi

r"

7) Andricus spl

8) Andricus sp2

9) Andricus sp3

10) Andricus sp4

11) Andricus sp5

12) Atruscaspl

Figura 2
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13) Atrusca sp2 grupo bulboides

14) Atruscasp3

15) Atrusca sod

16) Atrusca sp5

17) Disholcaspis sp1

18) Disholcaspis sp2

19) Disholcaspis sp3

20) Cynips spl

21) Cynips sp2

22.)— Cynips sp3

23) Cynips sp4

24) Neuroterusspl

Continuacion figura 2
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Tabla 1. Nombre de localidad, tamafo de muestra (N), altitud (m), coordenadas geograficas y taxén de encino
[Quercus glabrescens, Q. rugosa y Q. glabrescens x Q. rugosa (QgxQr)] por localidad en la Faja Volcanica
Transmexicana.

Tabla 2. Analisis no paramétrico de varianza (Krusskal-Wallis) para evaluar el efecto del taxén sobre la diversidad
genética (He) y concentracion [promedio + d.e.] de compuestos fenélicos (flavonoides y cumarina) en el complejo
Quercus glabrescens x Q. rugosa.

Letras diferentes denotan diferencias significativas P<0.05. *= P<0.05, **P=<0.01, ***P=<0.001. ND = no
detectado.

Tabla 3. Listado de avispas inductoras de agallas y sus parasitoides asociados al dosel del complejo Q. glabrescens
x Q. rugosa.

P es igual a presente, sin letra es igual a ausente.

Tabla 4. Promedios (td.e.) y andlisis de varianza para detectar el efecto del taxén (Q. glabrescens, Q. rugosa e
hibrido) sobre la abundancia, riqueza y porcentaje de infestacion de cinipidos y parasitoides asociados al dosel.
Analisis de delta para detectar diferencias significativas entre pares de indices de diversidad (Shannon-Wiener,
H’) de insectos inductores de agallas y sus parasitoides.

NOTA: letras minusculas diferentes denotan diferencias significativas con una P < 0.05 (prueba de Tukey). Letras

mayusculas denotan diferencias significativas con una P < 0.05 (Solow, 1993; 6 test).
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Tabla 1

. Altitud Coordenadas .

Localidad N Estado (m) (N-W) Taxon
Sitio alopatrido
Tlaxco 20  Tlaxcala 2,588 19°41'44.7" - 98°4'49.1" Q. glabrescens
Coajomulco 20  Morelos 2,667 19°2'3.5" -99°11'54.1" Q. rugosa
Sitio simpatrido
Huitzilac 30 Morelos 2,318 19°1'57" - 99°16' 34" Q, glabrescens, Q. rugosa, hibrido
Omitlan de Judrez 30 Hidalgo 2,522 20°9'57" - 98°39'16" Q, glabrescens, Q. rugosa, hibrido
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Tabla 2

Taxon Diversidad rutina acido cafeico quercitina quercitrina kaemferol escopoletina
genética
(He) (H2, 8) (H2, 28) (H2, 18) (H2, 28) (H2, 28) (H2, 28)

Limite de 3.701 1.232 3.234 1.348 2.374 1.455
deteccion (mg/g)

Q. rugosa 0.637 a 4.90+0.20 a 3.59+0.35a 5.78+0.23 a 16.46+1.53 a 10.65+2.00 ab  8.25+0.96 a

Q. glabrescens 0.447 b 3.3710.40 b 2.75+0.35 ab 3.55+0.03 b 6.64+0.39 b 5.95+0.51 b 2.62+0.16 b

hibrido 0.699 c 0.0 C 1.87+0.44 b 4.17+0.12 c 2.44+0.09 c 8.4710.29 a 1.49+0.24 c

Kruskal-Wallis 73.794*** 28.852%** 6.411% 37.880*** 38.470*** 7.639* 34.455***
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Tabla 3

Superfamilia Familia Género Especies Q. rugosa Q. glabrescens Qg x Qr
Avispas agalleras
Cynipoidea  Cynipidae Andricus A. georgei P P
A. nievesaldreyi P P
A. nr georgei P P
A. nr maessi P
A. nrvalidum P
A. sphaericus P P
A.spl P P
A.sp2 P
A.sp3 P P
A.sp4 P P
A.sp5 P
Atrusca A. grupo bulboides P P P
A.spl P P
A.sp2 P P
A.sp3 P
Cynips C.spl P P
C. sp2 P P P
C. sp3 P P
C.sp4 P
Disholcaspis D. spl P P P
D. sp2 P P
D. sp3 P P
Dros D. perlentum P
Neuroterus N.spl P P P
Parasitoides
Chalcidoidea Eulophidae  Galeopsomyia Galeopsomyia sp P P P
Baryscapus Baryscapus sp P
Eurytomidae Sycophila Sycophila sp P
Eurytoma Eurytoma sp P P
Ormyridae Ormyrus Ormyrus sp P P
Torymidae Torymus Torymus sp P P P
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Tabla 4

Taxoén Abundancia Porcentaje de Riqueza Diversidad
infestacion (H')
Avispas
agalleras
Q. rugosa 31.85+4.44 3 15.95+2.22 a 6.30+0.51 a 2492 A
Q. glabrescens 12.35+2.20 b 6.17£1.10 b 1.90£0.39b 0.8218B
Hibrido 5.35t1.35 b 2.67£0.67 b 2.25+0.39b 2429 A
Anova (F2,97) 14.979*** 15.717*** 29.644%**
Parasitoides
Q. rugosa 6.50+1.15a 23.16+3.49 a 1.42+0.14 a 0.620 AB
Q. glabrescens 0.70+0.27 b 9.46+3.88 b 0.25+0.07 b 0.905 A
Hibrido 0.75+0.42 b 11.3845.80 b 0.25+0.09 b 0.362 B
Anova (F2,97) 41.359*** 6.282* 89.138***
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Caracterizacion quimica de Q. glabrescens, Q. obtusata y Q. rugosa (Fagaceae:
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Resumen

El estudio fitoquimico de las tres especies de encinos blancos (Fagaceae: Quercus rugosa, Q. glabrescens y Q.
obtusata) permitié el aislamiento e identificacion de nueve compuestos conocidos: B-sitosterol (1), B-amirina
(2), acido usdlico (3), rutina (4), quercitina (5), acido cafeico (6), escopoletina (7), glucdsido de kaemferol (8)

quercitrina (9). Las técnicas de identificacion fueron CCF, HPLCy RMN de 1 y 2D.

Palabras clave: encinos, metabolitos secundarios, cumarinas, flavonoides, terpenoides
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Introduccion

De manera natural las plantas producen una gran cantidad de metabolitos secundarios que, aunque no estan
directamente relacionado con funciones esenciales si se encuentran asociados con otras funciones que
impactan en su sobrevivencia y capacidad reproductiva. Por ejemplo, los metabolitos secundarios pueden
cumplir con las siguientes funciones en las plantas que los producen: proteccién contra la luz UV,
pigmentacion, perfil aromatico, hormonas vegetales, cofactores en funciones enzimaticas (cataliticos),
compuestos alelopaticos, defensa contra la herbivoria o tener influencia sobre otro tipo de interacciones que
establecen las plantas con diversos grupos bioldgicos [1-3]. Considerando la estructura quimica su solubilidad,
asi como la ruta biosintética a partir de la cual se desarrollan, los metabolitos secundarios pueden agruparse en
familias tales como: terpenoides, flavonoides, compuestos fendlicos y polifendlicos aliados, alcaloides que
contienen nitrégeno y compuestos que contienen azufre [4].

A nivel mundial el género Quercus (Fagaceae) estd representado por aproximadamente 500 especies [5]. Se
distribuye principalmente en las zonas templadas, subtropicales y semidridas [6]. México contiene el 30.3% de
esta diversidad (161 especies) y es considerado uno de los principales centros de diversificacién para el género
[7]. Ademds, se estima que los bosques de encino ocupan el 7.5% del territorio nacional [8] siendo
particularmente dominantes dentro de la Faja Volcanica Transmexicana [FVT]. Recientemente se ha sugerido
que la diversificacién de este grupo vegetal en México estd relacionada con la heretogeneidad geoldgica,
gradientes climaticos y disponibilidad de habitats que pueden ser ocupados por poblaciones de encinos
provocando una alta variabilidad del género [7, 9, 10]. Finalmente, los encinos interactian con diversos grupos
biolégicos (p. ej. plantas epifitas, artropodos, aves, mamiferos pequefos), cumplen diversas funciones
ecoldgicas (p. ej. reguladores climaticos, aportan biomasa para el ciclaje de nutrientes y balance hidrico) y son
importantes en términos econdmicos para las poblaciones humanas (p. ej. alimentacién, combustible,
construccion) [5, 11-15].

A pesar del uso extensivo de algunas especies de encino en la industria vinicola, maderera y de alimentacién

animal (aves de corral y cerdos) [p.ej., 16-18] existen pocos estudios en donde se haya caracterizado su perfil
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qguimico. En general, en dichos trabajos se ha documentado la presencia (cualitativa) de diversos metabolitos
secundarios mayoritarios particularmente: taninos, fenoles, flavonoides, compuestos alifaticos, esteroides,
glucésidos, hidrocarbonos y triterpenos [p. ej., 19-22].

Considerando que México ha sido propuesto como uno de los principales centros de diversificacién del género
Quercus y que existe un conocimiento limitado sobre la diversidad de metabolitos secundarios que este género
puede presentar. El andlisis de los perfiles metabdlicos que presentan los encinos es una tarea de gran
importancia dada las implicaciones ecolégicas y econdmicas que dichos perfiles pueden tener, asi como por las
potenciales aplicaciones a la salud humana.

Quercus rugosa, Q. glabrescens y Q. obtusata son tres especies de encinos blancos (seccidén: Quercus) que se
distribuyen ampliamente en México principalmente en la FVT a través de un amplio gradiente altitudinal (entre
620 y 3300 msnm), filogenéticamente cercanas [10] con una alta diversidad genética y con reportes de
hibridacidn interespecifica [23-24]. Nuestro grupo de investigacion ha trabajado en el aislamiento, purificacion
e identificacion de diversos metabolitos secundarios que tienen implicaciones ecoldgicas, principalmente en la
interaccion planta-insecto. Con base en lo anterior, el objetivo de este trabajo fue caracterizar el perfil
metabdlico (compuestos mayoritarios) de tres especies de encinos blancos mediante el empleo de técnicas de
identificaciéon quimica (TLC, HPLC y RMN). Particularmente el estudio se centré en la expresidon quimica de tres

grupos de metabolitos secundarios: flavonoides, terpenoides y cumarinas.

Materiales y métodos
Material vegetal

Las poblaciones muestreadas en este estudio son las mismas previamente analizadas por Castillo-Mendoza et
al. (23). Se utilizaron como poblaciones parentales (alopatridas) para evidenciar un proceso de hibridacién
natural entre Q. glabrescens, Q. obtusata y Q. rugosa en la FVT (Tlaxco, Chamilpa y Coajomulco) mediante el
uso de marcadores genéticos y quimicos. En total, se muestrearon 60 individuos (20/sitio/taxén). Todos los
individuos muestreados fueron individuos maduros que no presentaban ningin dafo aparente. Para la

caracterizacién de los perfiles metabdlicos se colectaron Unicamente hojas maduras ya que se ha documentado
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que este tipo de hojas presentan una alta concentracion de metabolitos secundarios. Finalmente, para
minimizar la influencia del ambiente asi como de factores espaciales en la expresion de los metabolitos
secundarios todos los sitios de colecta en donde se muestreo el material vegetal presentaron las siguientes
caracteristicas en comun: bosques maduros con clima templado subhimedo, suelo de origen volcdnico o
derivado de rocas igneas o sedimentarias, en estos sitios no hay evidencia de disturbios a nivel local y todos los

sitios comparten la misma historia geoldgica (estan incluidos en la FVT).

Obtencién de los extractos de acetona

Para identificar los compuestos mayoritarios, las hojas obtenidas de individuos de cada especie/sitio Q. rugosa,
Q. glabrescens y Q. obtusata fueron secadas a temperatura ambiente y se trituraron para obtener 300 g de
polvo fino de cada especie. El material seco y molido se extrajo con acetona (1.5 L, MERCK) mediante
maceracion dejandolo reposar 24 horas. Posteriormente el disolvente se eliminé con destilaciéon a presién
reducida con un evaporador rotatorio BUCHI R-114, este procedimiento se realizd por triplicado y de la misma
manera para las otras dos especies. El extracto de acetona fue disuelto en una mezcla de acetona/metanol
(2:1) y fue analizado por cromatografia en capa fina (CCF). Se utilizaron gel de silice 60 y placas cromatograficas
de Merck KGaA (Darmstadt, Alemania). El rendimiento obtenido para cada una de las especies fue de 8% para

Q. rugosa (eaQr), 10% para Q. glabrescens (eaQg) y 11 % para Q. obtusata (eaQg]).

Separacion quimica de los tres extractos de acetona de (Quercus rugosa, Q. glabrescens y Q. obtusata)

Los extractos eaQg, eaQr y eaQo fueron sometidos a un proceso de fraccionamiento quimico aplicando
técnicas cromatograficas convencionales en forma consecutiva, se utilizé el modelo de cromatografia en
columna abierta (CCA) para la obtencién de compuestos mayoritarios presentes en Quercus rugosa, Q.
glabrescens y Q. obtusata utilizando silica gel fase normal (70-230 mesh, Merk) y de fase reversa POLYGOPREP®
50 Ci5 (fase reversa, MACHEREY-NAGEL). Para el método de cromatografia en capa fina (CCF) se utilizaron

placas de aluminio recubiertas de silica gel 60 Fs4 (fase normal, Merck) vy silica gel RP-18 Fys4 (fase reversa,
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Merck). Para la fase movil se utilizaron diferentes solventes en mezclas como metanol (CHsOH, BAKER),
acetona (CH3COCHs, Merck), diclorometano (CH,Cl,, Baker), acetato de etilo (AcOEt, J. T. BAKER), n-hexano
(Hex, Merck), metanol-HPLC (CH3OH-HPLC, TECSIQUIM), agua-HPLC (H.O-HPLC, Merck), acetonitrilo-HPLC
(CHsCN-HPLC, TECSIQUIM) vy acido trifluoroacético-HPLC (TFA, Merck). Las placas fueron reveladas con una
[dmpara de luz ultravioleta (UVGL-58, UVP, 254-365 nm UV, Cambrige, UK) y para la deteccion fisica de
terpenos y flavonoides se utilizaron los reactivos de Komarovsky (KOM), sulfato sérico y NP/PEG (Natural
Products-polyethylenglycol). El reactivo KOM contiene 1 ml de acido sulfurico-etandlico al 50% y 10 ml de 4-
hidroxibenzaldehido metandlico al 2% los cuales son mezclados antes de ser usados. Una vez rociada la placa
de aluminio con el reactivo KOM o sulfato sérico se calienta a 65°C durante 1-2 min, estos reactivos dan
pruebas positivas para terpenos, saponinas etc. El reactivo NP-PEG contiene difenilboroloxietilamina (NP) y
polietilenglicol-400 (PEG) disueltos en 40 ml de etanol. Después del revelado las CCF son puestas en la ldmpara
de UV-365 nm en donde si dan positivos para compuestos fendlicos y flavonoides hay una fluorescencia
(Wagner y Bladt 1996).

También se utilizé el método HPLC que consta de un sistema cromatografico de médulo de separacion (Waters
2696) y un detector de serie de fotodiodos (Waters 2996) y una columna Licrosphere® (100 rp-18, 250 x 4 mm,
5 um). se utilizaron como estandares de referencia al acido cafeico, acido ursdlico, rutina y escopoletina. Se
utilizé un método (flavonoides) en HPLC para analizar los extractos acetdnicos de las tres especies de encinos,
las fracciones y los compuestos. Una muestra (3 mg) de cada especie fue disuelta en metanol y fueron
analizadas por separadas eaQg, eaQr y eaQo. Tanto las fracciones y los compuestos fueron disueltos a una
concentracidon de 0.5 mg/ml. El tiempo de duracién del método fue de 30 min con un flujo de 0.9 ml por
minuto y la inyeccion de la muestra fue de 10 pl (ver cuadro 1). Se realizé un barrido de longitud de onda (A) de

200-600 nm.
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Cuadro 1. Método en el HPLC para flavonoides.

Tiempo Flujo %A %D
(min)
1 0.90 100.0 0.0
2 1.00 0.90 100.0 0.0
3 2.00 0.90 95.0 5.0
4 3.00 0.90 95.0 5.0
5 4.00 0.90 70.0 30.0
6 20.00 0.90 70.0 30.0
7 21.00 0.90 50.0 50.0
8 23.00 0.90 50.0 50.0
9 24.00 0.90 20.0 80.0
10 25.00 0.90 20.0 80.0
11 26.00 0.90 0.0 100.0
12 27.00 0.90 0.0 100.0
13 28.00 0.90 100.0 0.0
14 30.00 0.90 100.0 0.0

Aislamiento e identificacion de los compuestos (1-9).

El fraccionamiento cromatografico de eaQr, eaQo y eaQg, se realizd de la siguiente manera (Columna 1, fase

normal); se disolvieron 5 g de eaQr en acetona y se adsorbieron en 7 g de silica gel fase normal. Se realizé dicho

fraccionamiento en una columna de vidrio (30 x 1 cm) empacada con 60 g de silica gel (malla 70-230, Merck)

con un sistema de gradientes, iniciando la elucién con 100% diclorometano y un aumento de polaridad de 5%

con metanol. Se realizaron colectas de 180 ml y se concentraron. Se obtuvieron 43 fracciones las cuales fueron

analizadas por CCF y se reunieron de acuerdo con la similitud de sus compuestos (cuadro 2) obteniendo 9

reuniones (eaQrCi;R; A eaQrC;Ro).

Cuadro 2. Resumen cromatografico de eaQr

Sistema de elucién Fracciones clave
CH,Cl,-MeOH reunidas

100:0 17-21 eaQrCiR;
95:5 22 eaQrCiR;
90:10 23-24 eaQrC;Rs3
85:15 25-26 eaQrCiR4
80:20 27-29 eaQrC;Rs
75:25 30-31 eaQrC;Rs
70:30 32-35 eaQrC;R;
50:50 36-42 eaQrCiRg
0:100 43 eaQrCiRg

La presencia de los terpenos conocidos como B-sitosterol (1), B amirina (2) y acido usdlico (3) fue establecida

por CCF en las fracciones QrC;R; y QrCiR; por comparacién directa de estandares. Estos compuestos también
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se encuentran presentes en las otras dos especies (Q. glabrescens y Q. obtusata). En la fraccién eaQrCiRsde la
columna 1, se identificaron por HPLC, a la llamada rutina (4), a la quercitina (5) y al acido cafeico (6) y por
comparaciéon directa en CCF con una muestra estandar, la presencia de una cumarina denominada
escopoletina (7), en la fraccién eaQrCiRs se identificé por HPLC a la quercetrina (9) con un estandar comercial y
por RMN de Hy 3C.

La fraccion eaQrCiR; se le realizd una separacidon cromatografica en una columna, con un sistema de gradientes
en fase reversa agua-acetonitrilo, con colectas de 10 ml. Se obtuvieron 37 fracciones. El andlisis cromatografico
se muestra en la siguiente tabla:

Cuadro 2. Resumen cromatografico de eaQrCiR,

Sistema de elucién Fracciones clave
H,0-C,Hs3N reunidas
100:0 17-21 eaQrC;R;
95:5 22 eaQrC;R,
90:10 23-24 eaQrC;R3
85:15 25-26 eaQrC;R,
80:20 27-29 eaQrC;Rs
75:25 30-31 eaQrC;Re
0:100 32-35 eaQrC;R;
100 37

Debido al contenido mayoritario de los compuestos se decidid separar a la fraccién eaQrC;Rs en una columna
en fase reversa (C;FR;) quedando el andlisis cromatografico de la siguiente manera:

Cuadro 3. Resumen cromatografico de eaQr.

Sistema de elucién Fracciones clave
H,0-C;H3N colectadas
100:0 1-5 eaQrCsFR;
90:10 6-10 eaQrCsFR,
80:20 11-15 eaQrCsFR3
70:30 16-20 eaQrCsFR,
60:40 21-25 eaQrCsFRs
50:50 26-30 eaQrC;FRg
40:60 31-35 eaQrC;FR;
30-70 36-40 eaQrC,FRg
20:80 41-45 eaQrC,FRq
10:90 46-55 eaQrCzFRlo
5:95 56-67 eaQrCzFRn
0:100 68-70 eaQrC;FRy;

En la fraccion eaQrC;FR4 se observé un polvo amarillo soluble en metanol y de acuerdo a RMN de una y dos
dimensiones se identificaron a la mezcla de glucésido de kaemferol (8) y quercitrina (9) en menor proporcidn.

Para las otras dos especies en estudio (Q. glabrescens y Q. obtusata) se les realizd el mismo procedimiento.
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Analisis con HPLC

El analisis de los compuestos puros obtenidos se realizé en un mdédulo de separacién Alliance 2695 (Waters)
equipado con un detector de matriz de fotodiodos Waters 2695 y el software Empower Pro (Waters, Milford,
MA, EE. UU.). La separacidn quimica se logré utilizando una columna Supelcosil LC-F (4,6 mm, 250 mm de
didametro, 5 um de tamafo de particula; Sigma-Aldrich). La fase movil consistid en una mezcla de acido
trifluoroacético al 0.5% (disolvente A) y acetonitrilo (disolvente B). El sistema de gradiente empleado fue el
siguiente: 0—1 min, 0% B; 2—4 min, 10% B, 5—7 min, 20% B; 8-14 min, 30% B; 15-18 minutos, 40% B; 19—-22 min,
80% B; 23-26 min, 100% B; 27—28 min, 0% B. El flujo se mantuvo a 0,9 ml min, y el volumen de inyeccidn de la
muestra fue 10 pl.

Los cromatogramas obtenidos de los extractos de acetona de Quercus spp. fueron comparados (Q. rugosa, Q.
obtusata y Q. glabrescens). Cada compuesto tenia un tiempo de retencién Unico y un espectro UV. La
distribucién de los compuestos fendlicos, los tipos de compuestos presentes en estos extractos y sus tiempos
de retencién se muestran en la Tabla 2. El andlisis por HPLC de los extractos acetdnicos a 312 nm mostré la
presencia de seis metabolitos polifendlicos. Estos se identificaron por comparacién directa de sus tiempos de

retencién y espectros UV con los de los estandares comerciales (Sigma-Aldrich).

Resultados

El B-sitosterol (1), fue obtenido como un polvo incoloro. Su férmula molecular es Cy9Hso0. El analisis de los
espectro de RMN *H en CDCl; (600MHz, TMS, ppm) mostro sefiales en: § 3.53 (1H, m, H-3), 5.35 (1H, d, J=
5.35Hz, H-6), 0.68 (3H, s, H-18), 1.01 (3H, s, H-19), 0.92 (3H, d, J=6.8 Hz, H-21), 0.81 (3H,d, J=6.8 Hz, H-26), 0.82
(3H,d, J=6.32 Hz, H-27), 0.84 (3H, t, H-29), y en el espectro de RMN *3C mostrd los siguientes desplazamientos
(150 MHz, CDCI3; ppm): & 37.25 (C-1), 31.66 (C-2), 71.81 (C-3), 42.30 (C-4), 140.75 (C-5), 121.72 (C-6), 31.91 (C-
7), 31.91 (C-8), 50.13 (C-9), 36.51 (C-10), 21.09 (C-11), 39.77 (C-12), 42.32 (C-13), 56.77 (C-14), 24.30 (C- 15),

28.24 (C-16), 56.06 (C-17), 11.86 (C-18), 19.40 (C-19), 36.14 (C-20), 18.77 (C-21), 33.95 (C-22), 26.08 (C-23),
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45.84 (C-24), 29.15 (C-25), 19.03 (C-26), 19.81 (C-27), 23.07 (C-28), 11.98 (C-29). (ver espectros en anexos

FiglA-5A). Los datos espectroscépicos fueron comparados con los descritos en la literatura (25-26).

1

La identificacién de B-amirina (2) y acido ursdlico (3) fue a través de CCF comparada con muestras comerciales.

Fase normal

Sistema 8-2: Fase normal

n-hexano-acetato de etilo Sistema 7-3:

n-hexano-acetato de etilo

Q. rugosa

Q. obtusata

Q. rugosa
B-amirina,
referencia

jo]
-~
(o]
[
S
-~
Q
o
(e

Acido usdlico,

referencia
Q. glabrescens

(%)
N
]
)
<
=
S
8
&)
o

H

2 R1:CH3

3 R;=COOH
95



Finalmente, la identificacion de los compuestos rutina (4), quercitina (5), acido cafeico (6), escopoletina (7),

glucésido de kaemferol (8) y quercitrina (9). Se realizé a través de HPLC.

0.144
0.124
010
0.05
0.06
0.04
0.024

oo

Tabla 1. compuestos fendlicos mayoritarios presentes en tres especies de encinos blancos y referencia
comercial.

Especie quercetin-3- acido cafeico (2) quercitina (3) 3-O-glucosido de 3-O-ramndsido de escopoletina (6)
rutinésido (1) kaemferol (4) quercitina (5)

Q. rugosa 9.152 9.358 9.631 9.803 10.035 10.583

Q. obtusata 9.105 ND ND 9.590 9.997 10.529

Q. glabrescens 9.151 9.320 9.662 9.957 10.105 10.586

Referencia 9.071 9.226 9.530 9.960 10.067 10.524

comercial
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Cromatograma 2. Picos generados por las referencias comerciales utilizadas para la confirmacién de la

presencia de metabolitos secundarios mayoritarios presentes en tres especies de encinos blancos. En la
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imagen: (1) rutina, (2) acido cafeico, (3) quercitina, (4) glucdsido de kaemferol, (5) quercitrina y (6)
escopoletina.

El compuesto 8 y 9, fueron obtenidos como un polvo amorfo amarillo identificados como la mezcla de
glucésido de kaemferol (8) y quercetrina (9) en menor concentracion.

El andlisis de RMN de 'H en CDsOD (600MHz, TMS, ppm), mostraron sefiales caracteristicas de un flavonol; &
8.06 (2H, d, J=8.39 Hz, H-2' y H-6’), 6.89 (2H, d, J=8.39 Hz, H-3’ y H-5’), 6.38 (1H, br, s, H-8) y 6.19 (1H, br, s, H-
6): adicionalmente un azucar en 6 5.24 (1H, d, J=7.6 Hz, H-1"), 3.46 (1H, dd, J=9.1, 9.1 Hz, H-2"), 3.42 (1H, dd,
J=9.1, 9.1 Hz, H-3”), 3.31 (1H, m, H-4"), 3.23 (1H, m, H-5""), 3.69 (1H, dd, J=2.2, 12.2 Hz, H-6a") y § 3.56 (1H, dd,
J=6.1, 12.2 Hz, H-6b”) correspondiendo a la glucosa. Los datos del espectro de RMN de **C mostraron los
siguientes desplazamientos 6 157.57 (C-2), 134 (C-3), 178 (C-4), 161.6 (C-5), 98.6 (C-6), 165.1 (C-7), 93.4 (C-8),
157.1(C-9), 104.1 (C-10), 121.3 (C-1’), 138.8 (C-2’ y C-6"), 114.6 (C-3’ y C-5'), 160.14 (C-4’), 102.7 (C-1"), 74.3 (C-

2”"),76.0 (C-3"), 69.9 (C-4"), 76.97 (C-5"), 61.20 (C-6"). ver espectros en anexos (Fig. 6A-11A).

Discusién

Los cambios en la expresion metabdlica de las tres especies se encuentran en la tabla (1). A nivel mundial
existen diversos trabajos donde se ha documentado la expresidn de diferentes metabolitos secundarios
presentes en las hojas de los encinos. Aunque la caracterizacion de los perfiles metabdlicos se ha realizado
empleando diferentes técnicas y con diferentes propdsitos de manera general, dichos estudios se han realizado
desde dos perspectivas: por un lado, se ha caracterizado de manera muy fina la expresién de diferentes
metabolitos secundarios. Por ejemplo, una revisidn llevada a cabo por Glasby (19) documentd el estudio de 23
especies de encinos en donde las familias de metabolitos secundarios presentes son: compuestos alifaticos,
esteroides, triterpenoides, hidrocarburos, taninos, compuestos fendlicos y benzofuranos.

Asimismo, Yarnes et al. (20-21) reportan la diversidad de metabolitos secundarios presentes en individuos
hibridos del complejo Q. gambelii x Q. grisea: fendles (acido cumarilquinico, acido vescavaloninico, acido
castavaloninico etc.) y flavonoides (quercetina, glucésido de kaemferol, etc.). ademas, Noori et al. (27), con
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Quercus brantii, reportd una amplia diversidad metabolitos secundarios flavonoides: apigenina, glucésido de
kaemferol, rutina, etc.). En contraparte, Makkar et al. (28) documentaron la presencia de diversos metabolitos
secundarios, pero solamente a nivel de familia. Entre ellos se encuentran: fenoles totales, taninos
condensados, Procianiddlicos, flavonoides, flavan-4-ol, gallotaninos y proantocianidinas. Finalmente, una
revisién hecha por Vaca-Sanchez et al. (29) documentd la presencia de diferentes taninos expresados en 17
especies: acido castavaloninico, acido. vescavaloninico, acutisimina A/B, castalagina, catequinas, cocciferina,
elagitanina, gallotaninos, mongolinina A, oenotenina B, pedunculagina, proantocianidinas, procianidinas,
prodelfinidinas y vescalagina.

Para el caso de encinos mexicanos, pocos estudios han documentado la presencia de metabolitos secundarios
tanto a nivel fino como a nivel de familia. A continuacién, se presentan en orden cronoldgico dichos trabajos.
Yarnes et al. (30) en 12 especies de encinos documentd la presencia de 23 tipos de metabolitos secundarios
pertenecientes a 3 distintos grupos: acidos fendlicos, elagitaninos y glucésidos flavonoides. Por su parte,
Moctezuma et al. (31), mencionan la presencia de taninos y flavonoides presentes en Q oleoides de forma
detallada: Hexahudroxydifenoilglucosa, Di-hexahidroxydifenoilglucosa, Vescalagina, Flavan-3-oles, catequinas,
glucésido de kaemferol y quercetrina.

Asimismo, Maldonado-Lépez et al. (32) describieron la presencia de diversos metabolitos secundarios a nivel
de familia. Entre las que se encuentran: fenoles totales, taninos condensados, Procianiddlicos, flavonoides,
flavan-4-ol, gallotaninos y proantocianidinas. Por ultimo, Castillo Mendoza et al. (23) documentaron la
presencia de 10 diferentes tipos de compuestos fendlicos (p. ej. rutina, acido cafeico, quercetina, quercetrina)
en tres especies de encinos blancos. Lo anterior dificulta la comparacién con los resultados obtenidos en este
estudio, aunque de manera general se puede concluir que los encinos presentan una amplia diversidad de
flavonoides, taninos y terpenoides.

El analisis de los metabolitos secundarios mediante el empleo de diferentes técnicas permitié observar de
manera fina la constitucidon de los compuestos mayoritarios que presentan las especies de estudio. Aunque es

posible que diversos grupos o familias de metabolitos secundarios falten por ser caracterizados en las especies
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analizadas en este estudio, el acercamiento alcanzado en este trabajo resulta importante pues abre la
posibilidad de realizar mas anadlisis para estas u otras especies de encinos. Lo que a corto o mediano plazo
contribuird a conocer las variaciones cualitativas y en los perfiles metabdlicos de los encinos, asi como sus
posibles implicaciones ecoldgicas y/o econdmicas.

En pocos trabajos se ha realizado el analisis especifico del perfil metabdlico que presentan las especies de
encinos, posiblemente por las dificultades técnicas, econdmicas, asi como la falta de conocimiento (en estudios
ecoldgicos) pueden limitar fuertemente el andlisis de los metabolitos secundarios (mayoritarios) que
conforman a las diferentes especies de encinos. La identificacién especifica de cualquier metabolito secundario
requiere de: a) el aislamiento y purificacion de dicho compuesto (mediante cromatografia de columna) y b) una
concentracién minima de cada compuesto puro (para realizar cromatografia liquida de alta resolucion vy
resonancia magnética nuclear [HPLC, RMN]). Por lo que, en los andlisis donde se requiere conocer la identidad
especifica de cualquier metabolito secundario, se realiza Unicamente con la identificacion de compuestos
mayoritarios.

Dependiendo de la especie de estudio, asi como la parte analizada dentro de la misma (rama, tronco, hojas o
frutos), las especies de encinos muestran variaciones cualitativas en el perfil metabdlico que presentan (33-38).
De manera general, se ha reportado que las especies de encinos presentan metabolito secundario con diversas
actividades bioldgicas que tienen impacto en su relaciéon con otros grupos bioldgicos: atrayentes de insectos,
inhibidores de la alimentacién, reguladores de la cadena respiratoria, citotdxicos, reguladores del desarrollo
larval (39-40).

En conclusidn, en las hojas de los encinos puede encontrarse una amplia diversidad de metabolitos secundarios
gue pertenecen principalmente a tres grupos: taninos, flavonoides y terpenoides. La similitud en la expresién
de los compuestos en las diferentes especies de encinos puede estar relacionada con: a) la cercania
filogenética que presentan (10). Por lo que podria suponerse que comparten las mismas rutas metabdlicas. B)
dados los frecuentes eventos de hibridacién que se presentan dentro del género (23) podria haber un

constante flujo de informacién que conduce a una expresion similar en diversos metabolitos secundarios y c)
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condiciones ambientales similares podrian favorecer la expresién de perfiles metabdlicos similares. Dado lo
anterior, el analisis del perfil quimico en los encinos puede ayudar a entender diversos procesos bioldgicos o
ecolégicos en los que estan involucradas tanto las especies vegetales como los organismos asociados a ellas.
Por ejemplo, Castillo-Mendoza et al. (datos no publicados) encontraron que la expresion cualitativa y
cuantitativa de diferentes metabolitos secundarios puede afectar de manera positiva y/o negativa tanto a las
comunidades de insectos herbivoros especialistas como a los parasitoides asociados.
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DISCUSION GENERAL

El género Quercus ha sido muy estudiado debido a las caracteristicas que presenta que lo han definido como
un género ampliamente propenso a eventos de hibridacién. Debido a la dificultad que representa la deteccidon
de este proceso en condiciones naturales, su analisis se ha llevado a cabo utilizando diferentes caracteristicas
que presentan los taxones involucrados (genéticas, quimicas, morfoldgicas etc.) a través del empleo de
diferentes técnicas (RAPD’s, SSR’s, RAD, EST-SSR, SNP, caracterizacion quimica, secuenciacién etc.). En este
sentido, Ortego et al. (2017) sugieren que en los estudios sobre hibridacidn, la presencia de individuos dentro
de una misma localidad con diferentes niveles de ancestria indica que la mezcla genética encontrada es
resultado de hibridacién.

En este estudio se analizaron eventos de hibridacidon en dos complejos formados por tres especies de encinos
blancos (Q. glabrescens, Q. rugosa y Q. obtusata) mediante el empleo de nSSR’s y ms (compuestos fendlicos)
que presentan una alta heredabilidad (definida como la medida de la reproducibilidad de un fenotipo al
interior de un grupo de genotipos y/o la fraccién de la variacidn fenotipica total explicada por un locus
especifico [Lynch y Walsh 1998, Soltis y Kliebestein 2015]), por lo que se pueden emplearse como marcadores
especificos en eventos de hibridacién. Por otra parte, se analizé el efecto que tiene la hibridacién y la expresion
de diversos ms sobre la comunidad de cinipidos y sus parasitoides asociados (en términos de riqueza,
diversidad, porcentaje de infestacion y abundancia). Este trabajo aporta informacién valiosa con respecto a las
consecuencias que tiene la hibridacién sobre la diversidad genética y la expresidn de ms asimismo cémo el
binomio formado por estos componentes regula de manera importante la configuracion de la estructura de las

comunidades de avispas inductoras de agallas y sus parasitoides asociados.

Hibridacion en tres especies de encinos blancos
Con la finalidad de documentar si la simpatria entre tres especies de encinos blancos (Q. glabrescens, Q. rugosa

y Q. obtusata) generaba eventos de hibridacién, en este estudio se emplearon ocho nSSR’s y 10 ms
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mayoritarios. Los resultados muestran que en los sitios de simpatria existen eventos de hibridacidon
formandose tres complejos (Q. glabrescens x Q. rugosa, Q. glabrescens x Q. obtusata y Q. glabrescens x Q.
rugosa x Q. obtusata). Aunque la hibridacion es frecuente entre diferentes especies del género existe evidencia
que los patrones de hibridacion cambian segln las especies involucradas y dentro/entre poblaciones,
existiendo muchas zonas hibridas formadas principalmente por individuos hibridos F1 (De la Torre 2015). Los
resultados obtenidos en estudio (capitulo 1) muestran una alta variacion (entre complejos y entre sitios) en los
porcentajes de hibridacién, sin embargo, la totalidad de los individuos hibridos fue catalogada como hibridos
F1. Lo anterior podria deberse a que existen barreras pre y postcigéticas que pueden impedir tanto la
formacion de retrocruzas avanzadas o que la introgresién uni o bidireccional genera combinaciones genéticas
gue no son capaces de desarrollarse y/o establecerse en los diferentes sitios donde se lleva a cabo este
proceso. Ademas, existe la posibilidad de que el tamafio de muestra analizado en este estudio no haya sido lo
suficientemente grande para confirmar que no existen generaciones hibridas posteriores a F1 y en caso de
existir, conocer su abundancia relativa. Sin embargo, la variacién en el nimero de hibridos obtenidos en este
estudio hace suponer que puede existir variacién en las mezclas genéticas que se dan entre estos taxones.

En este sentido, la hibridacion repercute en la formacidon modificacién y/o alteracion de diversas
combinaciones alélicas que los hibridos presentan y que pueden modificar el drea de distribucién de distintos
genets en diferentes dreas donde se encuentran diferentes especies favoreciendo un comportamiento invasivo
a través de la “invasion del genoma” (Mallet 2005). Aunque el éxito de dicha invasién puede verse
minimizado/incrementado por las condiciones ambientales donde los individuos hibridos pueden establecerse
potencialmente (Lihova et al. 2007, Tucker y Behm 2011, Ortego et al. 2017). Por otra parte, este estudio
encontré que el contacto entre taxones genéticamente compatibles no garantiza que habrd eventos de
hibridacidn. Lo anterior podria deberse al hecho de que las condiciones ambientales particulares de cada sitio
pueden tener una fuerte influencia sobre la formacion y/o desarrollo del hibrido o como se menciond

anteriormente, ciertas combinaciones genéticas que se dan entre los mismos taxones parentales no generen
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individuos hibridos capaces de establecerse. Lo anterior podria también explicar el relativamente bajo nimero
de hibridos encontrados.

La estructuracidon de las zonas hibridas esta determinada por las caracteristicas particulares que presentan
tanto las especies que hibridan como los sitios donde lo hacen (De la Torre 2015). En Quercus, se ha propuesto
que la hibridacidn actia como un mecanismo de dispersién (Petit et al. 2003). Si este proceso funciona como
un mecanismo efectivo de dispersidon entonces mediante el mismo, la informacién para adaptarse a diferentes
sitios puede encontrarse fuertemente regulada. Dado lo anterior, las zonas hibridas estan formadas por
diferentes genotipos que son el resultado de la mezcla de dos o mds genotipos en diferentes ocasiones y
aungue sean las mismas especies parentales se pueden obtener diferentes combinaciones que pueden afectar
la adecuacion de los individuos hibridos provocada por la variacion en la expresién de diversos caracteres.

Los hibridos que logran establecerse pueden presentar una mezcla de caracteristicas particulares y/o
novedosas debido a las combinaciones genéticas exitosas que contienen. En este trabajo se encontrd que las
zonas hibridas estaban formadas unicamente por individuos hibridos F1. Sin embargo, los cambios en la
expresion de diferentes caracteres que se expresan en mayor o menor grado pueden verse reflejados desde la
primera generacién. P. ej., Adams y Wendel (2005) encontraron que los patrones de expresién de los genes
que codifican para enzima alcohol deshidrogenasa cambian inmediatamente después del primer evento de
hibridacién y diferentes alelos fueron silenciados en diferentes érganos. Por tanto, la hibridaciédn puede actuar
como un mecanismo con implicaciones ecoldgicas y evolutivas de efecto inmediato tanto en los taxones

involucrados como en las comunidades asociadas a ellos (organismos generalistas y/o especialistas).

Variacidn en la expresion de ms en encinos
En este estudio se encontré que los taxones parentales tenian al menos un marcador quimico especifico
mientras que los individuos hibridos tenian una mezcla de ms que presentaban las especies parentales.

Ademas, no se detectd la presencia de ms novedosos en los hibridos. Los resultados muestran que la
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hibridacidon tiene un efecto sobre la expresidon cuantitativa pero no cualitativa de los ms. el patrén
documentado en este estudio coincide con lo registrado por Cheng et al. (2011), donde se encontré que la
expresion cualitativa en los ms es en mas del 70% similar a las especies parentales.

En general Q. rugosa presentd los valores mas altos de concentracidn en los ms con respecto a Q. glabrescens y
el taxdn hibrido. Lo anterior podria estar relacionado con el intervalo de distribucion que presentan las
especies parentales en México (21 estados Q. rugosa, 9 estados Q. glabrescens, Valencia 2004) y a través de
una amplia gama de condiciones ambientales, asi como un amplio intervalo altitudinal. Posiblemente el flujo
genético intraespecifico que de manera natural se da en Q. rugosa y en Q. glabrescens podria estar
incorporando en diferentes poblaciones informacion genética que le permita expresar una mayor variedad
(cualitativa y cuantitativa) de ms. En este estudio, se lograron aislar e identificar inicamente a seis compuestos
mayoritarios, sin embargo, debido a las diversas funciones que tienen los ms es posible considerar que la gama
contenida (principalmente de compuestos minoritarios y/o cuya puede modificarse cuando se extraen las hojas
del arbol) en las especies parentales es mucho mas amplia. Aunque en el taxén hibrido no hubo expresién
cualitativamente novedosa, si se detectaron diferencias en la expresién cuantitativa con respecto a sus taxones
parentales y dicha variacion también puede ser considerada novedosa en el sentido de las posibles
modificaciones a las rutas metabdlicas que provocan patrones de expresion variados dependiendo del ms
analizado. En este sentido, Los resultados podrian estar relacionados con el tipo de herencia que presentan los
ms purificados en este estudio ya que se ha sugerido que la expresidon de los compuestos fendlicos (flavonoides
y cumarinas [Clarke 1995, Irchhaiya et al. 2014]) esta regulada por genes dominantes (Rehill et al. 2006) y que
en procesos como la hibridacidon presentan un tipo de herencia aditiva (Crawford 1974). Finalmente, se ha
sugerido que la hibridacidn es el principal factor que determina la calidad y la cantidad de los fendlicos (Rehill
et al. 2006, Scioneaux et al. 2011) (capitulo 1y 2).

Aunque se ha sugerido que la expresidn de los algunos ms en las plantas es afectada por variaciones en las

condiciones ambientales, interacciones sinérgicas o antagdnicas con otros ms, asi como interacciones
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alelopaticas (Hamilton et al. 2001, Baldwin et al. 2006, Mithofer y Boland 2012). La eleccién de ms con las
caracteristicas que presentan los compuestos fendlicos puede ayudar a entender como diversos procesos
(como la hibridacién) que incrementan la diversidad genética pueden tener un impacto directo sobre la
expresion cualitativa y cuantitativa de los ms. Ademas, este estudio analizd sitios dentro de la FVT que
presentaron condiciones homogéneas (dentro de las posibilidades, cuando se hace un estudio de campo) y que
también pueden contribuir a la obtencidn de conocimiento especifico sobre los efectos que tienen tanto de la
diversidad genética como la expresion quimica (no afectada por el ambiente) sobre las interacciones que se
dan entre planta-herbivoro-parasitoide (capitulo 2).

De manera general, existen pocos trabajos en donde se haya documentado de manera fina la variacién en la
expresién de ms en encinos. Aunque se ha sugerido que la expresidén de los ms tiene una fuerte base genética
la dificultad para separar, purificar e identificar a los diferentes ms parece ser la limitante principal en los
estudios de identificacion. Como se menciond previamente, la eleccion de los ms (flavonoides y cumarinas) en
este estudio fue considerando la heredabilidad que presentaban dichos compuestos, ademas de las
implicaciones ecoldgicas que presentan en las plantas (defensa contra estrés ambiental, alta intensidad
luminica, bajas temperaturas, infeccidon por patégenos [bacterias y hongos], herbivoria (insectos) y deficiencia
de nutrientes) (Lattanzio 2013).

La constitucion quimica que presentan los encinos tiene diversas implicaciones ecolégicas y econdémicas (p. €j.,
Rios-Villa 2006, Raffard et al. 2018). No obstante, existen pocos trabajos donde se haya realizado el andlisis
especifico del perfil metabdlico que presentan las especies de encinos, como se mencioné anteriormente las
dificultades técnicas, econdmicas, asi como la falta de conocimiento (para el caso de los estudios ecoldgicos)
pueden limitar fuertemente el andlisis de los ms (mayoritarios) que conforman a las diferentes especies de
encinos. Aunque existen diversas técnicas que pueden ayudar a la identificacidn (casi siempre subjetiva, en el
sentido de que se realiza por observacion directa de la coloracion y la comparacién con estandares conocidos)

de algunos ms presentes en concentraciones relativamente bajas (principalmente cromatografia en capa fina
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[TLC]). La identificacidon especifica de cualquier ms requiere de: a) el aislamiento y purificacién de dicho
compuesto (mediante cromatografia de columna) y b) una concentracién minima de entre 18 y 20 mg de cada
compuesto puro (que serda ocupado para realizar cromatografia liquida de alta resolucién y resonancia
magnética nuclear [HPLC, RMN]). Por lo que, en los andlisis donde se requiere conocer tanto la identidad
especifica de cualquier ms, asi como su concentracidon se realiza Unicamente con la identificacion de ms

mayoritarios (capitulo 3).

Influencia de la diversidad genética y los metabolitos secundarios sobre la comunidad de cinipidos y sus
parasitoides asociados

Diversos estudios han documentado que la variacidon genética de las especies vegetales tiene implicaciones
directas e indirectas sobre la estructuracion de las comunidades de insectos asociados (generalistas y/o
especialistas) y que dicha variacion puede llegar a afectar a las comunidades de parasitoides asociadas
(interacciones tri-troficas). En este estudio se encontré que el incremento en la diversidad genética (como
resultado de hibridacién) tiene una fuerte influencia (positiva o negativa) sobre la concentracién del 66.66% de
los ms mayoritarios identificados y sobre las comunidades de cinipidos y sus parasitoides. Finalmente se
documentd que dependiendo del ms analizado este puede tener una influencia positiva/negativa sobre la
riqgueza y/o diversidad tanto de cinipidos como de parasitoides (capitulo 2). De manera general, los ms no
actyan de manera aislada en la defensa contra la herbivoria ya que, dependiendo de las modificaciones a la
ruta metabdlica, diversos ms pueden actuar como precursores de otros ms (p. ej., dacido cafeico)
potencializando las respuestas que las plantas tienen contra la herbivoria. Asimismo, existen reportes que
indican que existe un sinergismo entre los ms y otros mecanismos como la calidad nutricional, complejidad
estructural y una gran cantidad de compuestos con un alto peso molecular (p. ej., celulosa y lignina) (Bryant et

al. 1987, Pastor et al. 1993).
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La hibridacién es una forma de recombinacion genética que entre otras consecuencias favorece el incremento
de la diversidad genética de las especies involucradas en dicho proceso. Diversos estudios con encinos
muestran este patrén (p. ej., Tovar-Sdnchez et al. 2008, Hata et al. 2011, Tovar-Sanchez et al. 2015, Valencia-
Cuevas et al. 2015, capitulo 2 de esta tesis). En general, dichos estudios han cuantificado la diversidad genética
a nivel poblacional (p. ej., He, nimero de genotipos), e individual (p. €j., IR). El incremento en la diversidad
genética puede estar relacionada con el hecho de que la mezcla de diferentes pools génicos incrementa las
posibilidades de formar nuevas combinaciones, incrementando con ello la posibilidad de desarrollo de
novedades genéticas que bajo un escenario de seleccién natural pueden establecerse y formar nuevas especies
(Rieseberg y Willis 2007, Wisseman 2007). Por otra parte, la relativa adecuacidon de los genotipos hibridos
permite potencialmente el establecimiento de individuos que eventualmente diversificaran y se podrian
adaptar a nuevas condiciones (Arnold et al. 2012). Se ha sugerido que, para el caso de los genotipos hibridos, la
interaccion genotipo x ambiente impacta directamente en el tipo de adecuacidn relativa que presentaran
(Arnold et al. 2012). Ademas, dependiendo del tipo y la cantidad de informacidon que se mezcla dentro de los
individuos hibridos se esperaria la adaptacidon a un ambiente particular por las caracteristicas particulares que
presentan.

Los resultados obtenidos en este estudio (capitulo 2) muestran que la diversidad genética tiene un impacto
directo sobre la expresion cualitativa de los ms y estos a su vez tienen una influencia directa sobre la riqueza 'y
diversidad de cinipidos y parasitoides. Diversos estudios han documentado que los cambios en los ms son
particularmente importantes debido a que interactian directamente con el medio donde se desarrollan y por
tanto estan relacionados con los herbivoros, patégenos y competidores (p. ej., Moore et al. 2013, Hughes et al.
2008a, b, Bailey et al. 2009, Des Roches et al. 2018). En este sentido, las agallas producidas por avispas de la
familia Cynipidae pueden ser utilizadas como un modelo de estudio para interpretar las respuestas que las
plantas presentan ante el establecimiento de los cinipidos y/o sus parasitoides asociados. Esto, debido a que el

nivel de sensibilidad de los agalleros es tan alto que les permite detectar los pequefios cambios que presentan
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las plantas a nivel fisiolégico, quimico, desarrollo y fenologia para poder ovipositar en las especies y/u érganos
especificos (Abrahamson et al. 1998, Raman 2005). En este sentido, Mccalla (1962) mostré que la formacion de
la agalla depende principalmente de la correcta colocacién del huevo, la cantidad y tipo de compuestos
presentes en la saliva del cinipido. Lo anterior supone que el establecimiento depende de la interaccidn
guimica entre la especie hospedera y el cinipido, en donde cualquier modificaciéon hecha por cualquiera de las
partes involucradas puede alterar la relacién y/o suspenderla, al menos provisionalmente.

El perfil quimico de Quercus esta fuertemente relacionado con la distribucidon de Cynipidae (Abrahamson et al.
2003, capitulo 2). Los cinipidos pueden formar comunidades Unicas en las especies de Quercus a las que se
establecen (Abrahamson et al. 2003, capitulo 2) y dichas comunidades pueden estar estructuradas con base en
la filogenia que presentan las especies de agalleros (Li y Hsiao 1973, Solomon 1983, Abrahamson et al. 2003).
Abrahamson et al. (2003) sugieren que uno o dos compuestos fendlicos (o la mezcla de fendlicos especificos)
pueden ser claves en la oviposicion de los cinipidos. Diversos estudios han sugerido que los perfiles quimicos
vegetales frecuentemente alteran el patron de consumo de los herbivoros por lo que los cambios que
presentan las plantas pueden estar dirigidos hacia un insecto fitéfago particular (Schuman y Baldwin 2016).
Dada la especificidad de la relaciéon Quercus-Cynipidae se ha sugerido que el cambio de hospedero en cinipidos
esta influenciado fuertemente por el perfil quimico de la planta hospedera (Kessler y Baldwin 2001). Lo
anterior, refuerza la teoria de que la Unica forma de cambiar de hospedero es a través del mecanismo
denominado “puente hibrido” (cambio de especie hospedera mediante introgresion bidireccional [Floate y
Whitham 1993]). Ya que, se ha sugerido que las hembras de cinipidos son mucho mas especificas como para
“equivocarse” de hospedero (Ronquist y Liljeblad 2001). Por otra parte, se ha propuesto que la alta
especificidad de los cinipidos sobre Quercus esta regulada fuertemente por la presidon top-down que ejercen
los parasitoides (Ronquist y Liljeblad 2001).

Todos los parasitoides asociados a cinipidos son especificos para el grupo (Hayward y Stone 2005) y solo atacan

a los géneros que pertenecen a una sola tribu particular de cinipidos. Sin embargo, diferentes tribus de
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cinipidos pueden atraer a una sola tribu de parasitoides (Jones 1983). Diversos estudios han documentado que
la presion que ejercen los parasitoides ha provocado la modificacion de los sitios de oviposicidén y/o consumo lo
qgue ha provocado la diversificacién de los cinipidos al reducir la competencia interespecifica e incrementando
la coexistencia (Bruce 2014, Schuman et al. 2016). Por su parte, la estructura de la comunidad de parasitoides
estd determinada por la estructura de la agalla, la localizacién de la planta hospedera, la estaciéon de
crecimiento, el color, olor, forma y tamafio de la agalla (Askew 1984, Raman 2005). Las plantas pueden afectar
a las comunidades de parasitoides asociados a los herbivoros mediante a alteracion y/o modificacion de la
calidad nutricional o los mecanismos de defensa (Ode 2006, Stireman 2016). Finalmente, los estudios en la
interaccion Quercus-Cynipidae-parasitoides puede ayudar a dilucidar importantes procesos ecolégico-

evolutivos que pueden extrapolarse en la teoria de la interaccién planta insecto.
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CONCLUSIONES GENERALES

Con base en los resultados generales, se formulan las siguientes conclusiones:

1. Los taxones hibridos (Q. glabrescens x Q. rugosa y Q. glabrescens x Q. obtusata [datos no mostrados])
mostraron los valores mas altos de diversidad genética en comparacion a los taxones parentales.

2. Dentro de los compuestos fendlicos, existe al menos un marcador especie especifico para cada taxdn
parental (Q. rugosa, Q. glabrescens y Q. obtusata).

3. La expresion de los compuestos fendlicos estd fuertemente regulado por la diversidad genética del taxén
que los produce.

4. Se encontrd que, de manera general los metabolitos secundarios en los taxones hibridos varian cuantitativa
pero no cualitativamente con respecto a los taxones parentales.

5. La presencia, frecuencia y proporciones de mezcla (hibridos) entre las diferentes combinaciones entre Q.
rugosa, Q. glabrescens y Q. obtusata difiere entre localidades simpatridas.

6. La coexistencia de Q. rugosa, Q. glabrescens y Q. obtusata no es condicidn suficiente para que haya flujo
genético interespecifico.

7. La diversidad genética de los taxones (Q. rugosa, Q. glabrescens e hibrido) tiene influencia (positiva o
negativa) sobre la expresidn cualitativa y cuantitativa de los compuestos fendlicos.

8. La diversidad genética de los taxones (Q. rugosa, Q. glabrescens e hibrido) tiene influencia (positiva o
negativa) sobre la diversidad y abundancia de cinipidos y de los parasitoides asociados.

9. La variacidn en la expresidn cuantitativa de los compuestos fendlicos tiene influencia (positiva o negativa)
sobre la diversidad y abundancia de los cinipidos y de los parasitoides asociados.

10. Dada la especializacién de los cinipidos dentro del género Quercus y la fortaleza de dicha relacién, los
cinipidos responden de manera puntual a los cambios genéticos y quimicos que el taxén hospedero presenta.
11. Las modificaciones en la diversidad genética y quimica del taxdén vegetal pueden tener impacto sobre

diversos niveles bioldgicos asociados a ellas (parasitoides) mediante efectos genéticos indirectos.
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PERSPECTIVAS

El presente estudio revelé que Q. rugosa, Q. glabrescens y Q. obtusata son tres especies de encinos blancos
que cuando se encuetran en simpatria pueden tener eventos de hibridacién. Asimismo, se documento que la
hibridacidn entre estos tres taxones de encinos blancos puede modificar sus niveles de diversidad genética y
modificar la expresion cuantitativa de los ms, lo que en ultima instancia puede tener impacto sobre la
diversidad y abundancia de sus comunidades de insectos especialistas asociados. Estos resultados abren la
posibilidad de abordar diferentes temas de investigacién. Por ejemplo, seria interesante evaluar la influencia
de la hibridacidn sobre las comunidades de insectos generalistas y/o pertenecientes a otros grupos funcionales,
para conocer si dichos grupos funcionales tienen los mismos patrones de respuesta. Otro aspecto importante
es determinar si las barreras reproductivas presentes en Q. rugosa, Q. glabrescens y Q. obtusata estdn
impidiendo la formacion de generaciones hibridas avanzadas (F2 y retrocruzas) o si las condiciones ambientales
tienen impacto sobre la formacién de dichos individuos. Por lo que, un monitoreo detallado de la fenologia de
las especies, experimentos de polinizacidn y el analisis de su direccion mediante andlisis de paternidad a nivel
local, podrian ser de utilidad para identificar barreras al flujo genético interespecifico entre Q. rugosa, Q.

glabrescens y Q. obtusata.
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Abstraet  Interspecitic gene Now between more than two
species is a commen phenomenon in oaks, which can occur
simultoncously among different specics, promaoting  the
tramsfer of genetic material awcross species  boumdaries.
However, the  hybridization  dynamics in multispecies
hybrid zones remain unknown. In this study, we provide
senctic evidence of hvbridization and introgression of
Cuercus castanea across o natural grodient of red ook
species nchness, We analyeed five populations recognized
morphologically as “pure”™ (0 castenea, one allopatric and
four sympatric populations, where the number of red oak
species associuted with @, castanea ranged from one 1o
four, Adso, cae allopateic population of cach red oak spe-
cies that pecurs in sympatry with @ casranea was chosen
as relerence populabion (L crassipes, @ lowrma, @
miextcamd and Q. crassifolia). In tixal, six nSS5R= were used
i 10 and 20 individuals from each allopatae and sympatric
populations, respectively, Our results showed that allopor-
ric populations formed completely distinet genetic clusters,
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In sympatric populstions, we found evidence of hybrid-
teation and introgression among (0 casfanea and three of
it associnted ned ouk species. However, the occurmence and
fregquency of hyvbrds between QU casramea and these spe-
cigs varied among stamds, Our analyses provide evidence
and pew  insights into hybridization and  introgression
dynamics within a Mexican med oak species comples,
through a focal spoecies, Q. eaxtanea.

Revwords  Imerspecific gene Tlow - Multispecies
hybril somes - Nuckear microsaiellings - Oaks

Introduction

Namral hybrdization and subseguent  intrognession e
fmportant processes o plant evolution and  speciation
(Barton MK Coyne and Orr 20043, For example. the
mawvement of genes across species boundaries can promate
genetic recombination and an incrense in genctic diversity
levels (Riescherg 1997), the presence of oew lineages
(Sechausen 20047, adaptive solutions (Ricseberg et al
2003 ), or colonueation abilities (Pous and Reid FOSE; Peut
el ul, 20H), In contmst, genetic pollution by alien alleles
may disturb the endemism of rane species (Ellstrand and
Elam 1993; Amold 1997 Wolfl et al 2000; Lopes-Canmal
el al, 20035 1t is thes important o clanly the direction in
which species or populations are driven by mutural
hybridizaion, w0 predict their future saius in the context of
evolutionary and conservalion genclics.

Oaks ( Quercus) represent good models Tor hybridization
studies. because reproductive barriers between some spe-
cles appear to be weak (Williams et al. 200105 Abadie et al.
2002; Lagache et al. 20013) and hybridization is common.
Inmerspecitic gene exchange within this genus has caused
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mued debate aboul species concepls, suggesting that the
hinlogical species concept i inappropriate for oaks ( Burger
1975; Coyne 1994). Aloe, oaks have played a central mole
in guestions concerning the impoance of iAgnession in
plam evolution (Goneiler-Bodriguer et al. 2004; Tovar-
Sanches and Oyvama M0 Lepais et al. 2000 ), stimulating
discussions about the role of ecological factors 0 promote
or limit hybradiztion events (Buerkle 200895 and have
served as a model in the development of o species concept
that relies on ecological critena (Muller 1957; Van Valen
19760, In general, the existence of plants momphologically
and ecologically intermediate between recopnized oak
specics (requently hos been explained s the result of
interspecitic hybrdization (Howard et al, 1997; Gonealez-
Boddnguez et al. 2086 Burgarella et al. 2008 Pemaloga-
Ramirez et al, 20000, However, the wide intmspecific
variahality of leal and scorn muarpholoey withim the genera
Cuerens commanly  limits s utility  for hybridization
dingnosss (Curu el al. 20073, In recent studies, valuable
information to detect amd evaluate the level of hybridiza-
thom s aintrogression direction has been oblsined using
genctic markers such s microsuatellites, o complementary
ool 1o study hvbrdization ond introgression in oaks (eg.,
Muir et ul, 2000; Valbuena-Carobana et al. 2005; Curnu
el al, 2007 Burgarella el al. 2000; Lepais et al. 20806
Penalown-Ramirez et al. 20010 Neophytou et ol 2011:
Lagache et al. 2003), In eeneral, hybridiztion has been
imensively stodied in white oaks (section Quenciesh how-
ever, few studies hove examined gene fow in ned ooks
{section Lobatee, Moran et all 2002) Red oaks are an
important part of the Noah American fora and there s
evidence that suggests that species harriers may be weaker
than in white oaks (Gurtman and Weigt 1959 Kashani and
Daowdd 2002: Aldrich et al. 2003 ),

Despite of a high frequency of interspecific gene Oow
that hes been inferred from many combimitions in ouks.
most of the sudics have been carmed out in mixed stands
eonsisting of only two parental taxa and their hybnids (eg..
Tovar-Sanchez and Ovama 20045 Valbouena-Carabana et al.
2005: Albarrin-Larm et al. 2000; Neoplytou et ol 2011:
Lagache et al. 2003) Nevertheless, other species com-
plexes of simultancous hybridization among more parental
tana have been studied in natore (Dodd and Afeal-Ratii
2004: Curtu et al, 2M7: Lepais et al, 2009 Peaaloga-
Ramirez et al. 2000; Moran et al. 2012}, As a consequence,
the dyramics of gene Dow i multispecies hybrad zones are
poorly known (Lepais et al. 2008, Also, most of these
studies have analyeed the hybridication dynamics in o
restieted ane.

Recently, mites of hybridization in Quercus have been
estimated by means of multilocus microsatellite genoty pes
combined with Bavesion statistical procedures. In these
studies, the results have been contrasting. For example, a
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study in three species of Mexican cabs (@, hvpoleteoides
Camus, . sevtaplivlla Lichm.. and Q. sideraxyla Bonpl.)
found that hybrids, including backerosses and  probable
triple hybrids, were dominant in the contact zone (Pefia-
loza-Ramirez et al. 2000), Also, a sudy in four species of
European oaks (Q. rebur Lo, @0 petraea (Mt Lichl.
Q. pvrenaica Willd,, and Q. peehesceny Willd.) found thae
the percentage of hybrid individuals ranged from 10.7 1o
35 % in different stunds (Lepais et al. 2000, A recem
study in four species of American red oaks (0. rabva Lo, Q.
veluting Lam., @ faleara Michs, and @ eoccinea
Minchh.)y found that the percentage of hybrid individuals
wos 20 %, In contmst, other sidies have reported lower
rates of hybridization. For example, analysis of interspe-
cific gene low between @ robur, (0 petraca, . pulres-
cens, and . frainerro Ten, in Romania showed that the
level of hybridication vared from 1.7 o 162 % between
species pairs (Curtu et al. 2007), Burgarcila et ol (2008)
found that the hybrids between two Meditermanean ever-
green vaks, @ suber Looand @ ilex L., comprised less than
2% of adults i arcas where their ranges overdap, In a
study of @0 virgindarea Mill. und @ peminara Small, two
common specics in the southeastern United States, 55 5
of adults showed mixed wcestry (Covender-Bares and
Pahlich 204K,

These carlier studies have contributed important insights
(o the isspe of hybndization in oaks, and ot the same time
show the complexity of this phenomenon. For instance, it
haes been eported that hyvbndeeation sl only depends on
the intrnsic characteristics of the species involved, but also
on the environmental context. Particulardy, it has been
documented that habitwt conditions (Willlams and Ehle-
ringer 200N Williams et al. 2000; Himrane et al, 2004;
Lagache et al, 2033, geopgrphical localization of the
hybrid zone (Tovar-Sdnchez and Oyama 20H4), establish-
ment and survivorship of hybrid individuals (Valbuena-
Carabana et al. 20073, different raes of gene ow (Cunu
et ul. M7, relative abundance and identity of species
{Lepais et al, 20060, spatial structure of species | Salvini
el al. 20009, or proporion of conspecitic pollen and the
density of individuals available to mating (Lagache et al.
203N con influence the levels of hybrdieation and intro-
gression in oaks. Also, recent studies hive reported that the
reprowhuctive barniers thalt opemte among  oak  specics
invalved in hybrdization events changes between species
pair {Curta et al. 2007 Jensen et al. 2000 Lepais et al,
a0y, 2000 3, depending on which species act as matermal or
paternal panental (Boavida et al. 2000; ok and Kjer
K17 Lepais et al. 2003) and in response 0 envimonmental
varation (Lepais and Gerber 20013 Abadie et al. 2012;
Lepais el ul. 2013). In conseguence, variation in the rich-
mews ol the local ook community and in ecological and
peographical  Factors  among  sites could  prooise
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differences in the occurrence, (vpes of hybrids and their
freguency. A better understanding of the conditions that
cnable the hybridization process o occur as well as the
prediction of when aml where hybridizaiion is likely to
happen, still wday. is therefore an imponant reseanch goal
{Lepais and Gerber 200 1; Lagache et al, 200 3).

Mexico is considered the center of diversification of the
gents Cheercis (Nison 1993, including 161 species, out of
which 68 % are endemic to the country (Valencia 2004,
OF the total, Th species belong o the section Lobarae (red
oks ), considenng 61 as endemic (Valencin 2004), Several
studies condvcted on Mexican red oaks have focused on
hybridization between two  (Gongsilez-Rodriguez et al
200K Tovar-Sanchez and Oyvama 2004) or three (Peialoza-
Rumirez el al. 2010) species. However, ok species com-
plexes constituted of more species have been deseribed in
Mexico (Valencia 1'WdL, The consideration of such mul-
tispecics interactions ks fundamental 1o understand the
dynamics and consequences of hybodization, becawse this
i the way that the phenomenon occurs in noture, Tn this
context. the high number of oak species that coexist nat-
urlly at different sites plus the complex topography, alt-
tude and climatic diversity of the temperate forest of
Mexico, allogether provide o greal opponunity o invesii-
pute the dynamics of gene flow in multispecies hvbrid
eones and how the frequency and types of hybods vary
among forests and ecological settings. Quercus castanea
Ne¢ is o species that presents o wide geographical distri-
butiom and it s a dominant element of Mexican emperle
forests, This species presents morphological diagnostic
chamcteristics in allopatric conditions. However, individ-
uals with atypecal leal shapes have been detected when
other red vaks species ocour i symipatry with this species,
Inside sympetric arcas, the overdap in Bowering phenology
among red oaks s common, a et that suggests that the
phenomenon of hybridization may explain the observed

vanation, In a previoes stody osing 14 microsatellites
(55R) primers isix nS5Rx and eight ¢pSSEs) we showed
that the genctic diversity of @ castanes  populations
increases as the number of associaed red oaks species also
increases in sympatric sites (Valencia-Cuevas et al, 2004,
We have suggested that this result is the consegquence of
inerspecilic penetic exchunge.

In this work, we amilyesed if inlerspecific gene low
hetween 0 castanes and s associated species across o
nutural red oak species gradient occurs, The specific mms
of this study were: (1) o determine i . castanea indi-
viduals hybridize with other red oaks species thal grow in
sympatric stands, (2 1o detect the level of hybndization
and introgression between Q. castanea and their associuled
species aeross the gradient and (30 w0 determine the influ-
ence that local red oak community nchness has on
hybridization patiems,

Materials and methods
Species description

Querciy castanea Nee (Lobatae: red oaks) includes trees
from 5 to 15 m in height with o wmmk dinmeter of
30600 cm, These trees can be recosnized easily in the lield
by its leal chamctenstics such as shape {oshovate, oblon-
ceolate), underside veins  conspicuously  elevated  and
reticulnte, margins [with 2-5 () shon teeth], secondary
veins (8-12 on each side of the midvein), coloration (gray-
ercenish), and trichomes (fasciculate sessile). The Bower-
ing season is from April 1o May and froiting nom August
1o December (Valencia 1995 Viegues 200600, I s located
between LSO and 2000 m gl and it distnbutes along
all the major Mexican mountain mnges (Swerra Madre
Oriental, Sierm Mudre Occidenal. Siema Mudre del Sur

Tahle | Locality name, state, and nuember of red oak species assoctated with (uiercmy castane in populations from the Transmexican Volcanic

Beh
Populotion  Locality State Ok species
Allopateic stand
A Coapnmuleos Muowebos {1 crsfaned
B Pl San Luis Potosi (L cransipes
c Kuchiteper Oaxnca 2. laviring
D Cuesia Colorada Hidalgn . e icams
E Cuoesta Blanca Duerango . crassfilia
Svimpratric stand
PNT Parque Nacional El Tepozteco Muowebos @ castaed, () crossipes

PECM Parque Ecobdgico de [n Ciodsd de Méxhen  Mexioo ity
PBT Pargue Barmanca de Tarmango Mexico city

L Parque Ecobipico Las Pefias Mexicn state

@ casrane. {1 crassipes, § kit
(. castanea, (3 crasipes, (8 lawrine, (1 mevicana
. castanes, (1 crussipes, @ lwring, (0 wedione, (1 crassifolio
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and Transmexwan Volcanic Belt: Valencia 20040 It s
found frequently in perturbed arcas with a xerophyviic shrub
type of vegetation, it is also localized in mountaim cloud
forests (Reedowski and Reedowski 20003, Also, when
other red oak species occur o sympatry with @ cestanea
the existence of individuals with atvpical leal shapes has
been detected.

The red oak species that were idemtified coexisting with
. castanea through the species gradient were: . crasst-
Sordiee Bonpl., Q. crassipes Bonpl., Q. lanrina Bonpl., and @,
mexicama Boapl. (Table 1), All Tour oak species are
broadly distributed in Mexico (Valencia 2004},

Quercus crassipes, inclodes trees up o 17-m tall and
0.40-1 m i trunk diometer. Leaves are deciduous, cori-
ceous, namowly ellipic and lanceolate, their surface s
barcly Justrows and the lower surface is wmentose, white
grayish and with revolute margins (Rangel et al. 2002),
Quiercus fewring includes trees between 10 and 300m in
height with a trock dinmeter of 30 cm or more, Leaves are
coriaceous, anceolate or elliptic ohlancealate, their surface
is green and lustrous, The Bower surfice bs lustrous, shightly
vellow with glandular hairs persisting in the axils of the
larger veins (Valencia 1), @ mexicana includes rees
between 3 and 15 moin height, Leaves ane deciduous,
conaceous, elliptic, lancealae or oblong. their surfice s
dark with stellate hairs scattered like dusty dots (Rangel
et al, 20020, (L crassifolia includes large trees up 1o 23 m

i height with a tmank diameter of 1 ome Leaves ane decid-
woes, prastate, ovile, obovate o ellipic, with coriaceous
upper surfuce, the lower surface is yellow womentose,
orange or brown (Rangel et al, 2002),

Study sites and sampling

The Transmexican Voleanic Belt (TVER) is an orographie
systern thal traverses the central part of the country 10 an
east—west direction, whse fommation process began during
the Quatemary-Pliocene (Gomes-Tuoena et al, 2007% I is
considered the youngest mountain range in Mexico and
contains valleys higher than 2A6K m in altitude and the
highest  mountains 0 Mesico  (Fermusguia-Yilkifrnca
15, In panticular, in the central region of the TVE, the
predominant climate is emperate subhumid, with annual
summer sinfall in excess of LOOD mm and avemge tem-
peritures ranging between 3 and 22 °C, ahe donminan
altitodinal wone is between LSK and 25000 m. the soil tvpe
onigin is volcanic or derived from igneous and sedimentary
rocks (Femusguia-Villafranes  19985) Trees recognized
maorphologically as “pure” (1 castanea were sampled from
five populations (20 reesfse), one alloparric population of
Q. costanea (population A and four sympatric stonds
between Q. castanea and other red oaks species (populi-
fion =4, Fig. 1) throwgh the central part of the TVB. The
number of associated species with Q0 castanea in cach

Mexico

(b)

¢ Red oaks allopatric stands
o (& castanea sympairic stands
Fig. | Sampling populations. a Allopatric populations of red ok

species: Ouemus castanea (A), Q. crasipes (B), @ bewring (€) .
mexcams (0, (0 crooifidia (E). b Sympatric popalations of (3
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cosmeg with different red oak species nchness, | PNT, 2 PECM, 3
PHT, 4 PLP. See Table |
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sympatric locality rnged from one to four (Table 1), These
species wene: @ cragsipes (B). Q. fawrina (C), Q. mexicana
(D, and @ crassifofia (E) (Fig. 1). Ten individoals from
one allopatric population of each red oak species co-
oceurring o sympaley with 0 cesfenea were sampled
(Table 1), Allopatric and  sympatric  populations  were
sefected based on wypical diagnostic churcters of each
species. Vabencia-Cuevis et al. (2004) docamented that the
otk species density dndividualsfhectane) per svmpatric site
wis Pargue Nacional El Tepozeco [ casanea (56.7),
@ crassipes (44.11), Pamgue Ecologico de la Ciodsd de
México Q. castanea (149.0), Q. crassipes (135.2), Q. lo-
tring (127.9], Parque Barrmea de Tarango [Q. castanea
(161,60, Q. crassipes (12001), Q. lawring (1404}, Q. mexi-
camr (84M] Pargque Las Pedas [Q castanea (156.7),
Q. crassipes (1M0V0), Q. lanrina (202.2), Q. mexicana
(1331, Q. crassifedia t 1397 ). Three wansects of 1,000 m
in ecach locality were done. Al cach 50 m. the nearest
individual was sampled,

Muolecular dinta

Leaves wath noapparent damage were collecied from 18 o
200 individuals from esch allopimnc (. castanea, Q.
erassifolia, Q. crassipes, @ lawring, amd Q0 mexicana) and
svmpatne popalistion, respectively. Leal tssue was frosen
in liguad nitrogen and transponted o the laboratory  Tor
DNA extroction. Total DNA was extracted and purified
using the DNAcasy Plant Mini Kit (Qaagen, Valencie, CA,
UISA), DNA quantification was done by fluorometric ana-
Iysis (Eppendorf, Germany), and DNA guality was visu-
alized by comparing the imensity of bands with known
standards of lambda DNA on agarose gels an 08 %,
Genetic analyses were performed wsing =ix nuclear
microsatellite primers (nS5Rsk OC 11, OEM, COXR. FOT
{ Addrch et al, 2002), QpZAGTHIO (Seinkellner et al, 1997),
and QpZAGH (Kampfer et al. 1995) that showed w be
polymorphic in (. castanea, PCR reactions were set-up s
follows: 15 ng of DNA temphie, 530-mM KCI, 20-mM
Tris—HCI (pH 8,45, 2-mM MgClz, 0.13 mM of cach dNTP,
25 mM ol each primer and 0.8 U of Tag polymerase, in a
final volume of 15 pl. Resction conditions wene an initial
denaturation step at 95 °C for 5 min. followed by 30 cveles
al 94 °C for | min, | min @t the appropriate annealing
temperiture, Tollowed by 30s om0 72 °C, and o final
extension at 72 °C lor & min, Anncaling temperature dif-
fered for each pimer pair. 44 °C for ZAGHO, 50 °C for
COE, 53 °C for OCH1, ZAGI] and EOY, and 58 °C for
FOT. PCR products were resolved on polyvacrylamide gels
al 6 % 7 M urca) wt 60 W for 3 b o determine the poly-
morphic primers. We measured the length of the amplified
microsatellites fragments by unning an aliquol of ecach
PCR product on an automatic sequencer ABL 3100

(Applicd Biosystens, CA, USA) m 35 W for 80-4K) min,
using gene scan ROX-2500 (Applied Biosystems, CA,
LISA) as sive standurd. Alleles woere scored using the Gene
Mapper ver. 3.7 Software {Applicd Biosystems, CA, USA),

Statistical analysis

Genetic assigmment of allopatre and symparric
popiclarions

To confirm the genetic wentity of allopatric pure populi-
tioms amd 1o determine the proportions of ancestry of
individuals from sympatric populations, we mn the pro-
gram STRUCTURE 2.3 (Pritchard et al. 20000 with daa
obtained from six nS5Rs. This program s based on a
Bayestan  clustering 1o infer populstion structure with
eenotype duta. In this analysis. cach population is chame-
terized by a set of allele frequencies st each locus, Indi-
Viduals are probabilistcally assigoed 1w K populations
{species in our case), or o parental populations in the case
of admixed ancestry. To determine the optimal number of
genetic groups (K3, we ran STRUCTURE with K varying
from | o 1L with ten runs Tor each K value, w find the
K value with the highest posterior probabilities. Also, we
used the AK statistics to evalwate the change in likelihood
{ Evanno et al. 2005}, Our parameters were 50,000 bum-in
perods and TOOM Markoy ¢hain Monte Carlo repetitions
after bum-in. First, we did the genetic assignment anal ysis
of the individuals of the allopatric populutions, using the no
admixture model with correlated  frequencies  without
populstion information. Later, we used the mixed model
with correlated frequencies o analyee all sympairic pop-
ulations, including as reference populations the four red
ouk species potentially connected by gene flow with .
castaned i cach min. We classified each individual using
the classitication scheme proposed by Viihi and Primmer
(20060 fe.g., Curtu et al, 2007; Burgarella er al, 2008
Lepais et al. 2000 Orego and Bonal 20003, in which
individuals with dssignment coclficient: @ = .90 is con-
sidered a5 3 purchred genotype and individuals with
£ < 0. a5 a hybrid penotype. However, individuals with
Q= (0.0 for one cluster, but @ < 000 for each of the
remaining clusters was supposed o have the majority of
their genome from one species withoul any  significint
influence from olher species, and they  were thus alse
classified as pure species, Introgressed forms are defined as
those showing @ = 0,90 1 belong their own species cluster
amd >0 10 probability of belonging to other species clus-
ters, After this analysis, cach individual was assigned 1o
one genetic eategory based on @ value and species genome
combination. Output from STRUCTURE was  postpro-
cessed for publication wsing the program DISTRUCT
{Rosenberp 2004,
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Resulis

Gienetic assignment of allopatric and sympatnc
populitions

In general, the results showed a clear comespondence
between species  designation amd  the inferred  penetic
cluster. According 1o the values of log likelibood, the
highest posterior probability was obained for five genetic
clusters: InAD) = =6007.56, In consequence, STRUC-
TURE program determined that five genetic clusters best fit
the duta, which agrees with the existence of five pheno-
ivpically pure species, This reselt was also confimmed by
the AK values, indicate that K =35 is the most likely
number of genctic groups (Fig. 21, Using the no admixture
misdel in the program STRUCTURE, the allopatric reler-
ence  populations had o high  proportion of  ancestry
(0 = 0.9 from & single genetic group (Fig. 3),
Considering a threshold value of 0.90 1w classify cach
individual as purebred or hyvbnd genotypes, the genetic
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Fig. 2 Estimated genctic groups (K) from STRUCTURE chistering
analysis: o mean and standard deviation of 10 D) for ten independent
runs of STRUCTURE. and b plot of statistics AK with nespect in
genetic clusters K (from 1 1o 10), In both cases, the peak imdicates the
munst probalde mimber of gemetic groups
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anmalyses of 80 Q. castanca Irees across [our sympatric
popilations revealed the presence of 15 hybeid individuals
(1875 % of the twtal of individeals analyzed) with indi-
cations of genctic introgression between Q. castarea and
three of four associated red ok species (Fig, 3 An
exception was the Parque Nacional El Teposteco (PNT)
population (Tahle 1), where . castanea is coexisting with
. erassipes, bul we did not find individuals that showed o
significant contribution of Q. crassipes or other genctic
group, being prctically a pore population. In the Pargue
Ecologico Ciudmd de México (PECM) population. where
. castanea coexasts with (. crassipes and . faurina, only
the first species contributed w the G castanea genetic poal,
Specifically, we found five individuals with evidence of
admixtune between (0 castanea and Q. crassipes genctic
groups (). costanea and Q. crassipes, respectively:
Q=079 and 0.197; @ = 0297 amd (L6892 Q0 = 0,405
and (L5583 @ = 0448 and 0.544; @ = 00502 and 0.490),
Similarly in the Parque Barmnca de Tarngo (PET) pop-
wlaion, we found three individoals showing  admixture
between (. castanea and Q. crossipes penctic groups (L
casfanea and @ crassipes. respectively: @ = 0617 and
037 Q=072 and (1255 Q=050 and (0.447),
However, we did not detect hybrids with @, faurfme or Q.
mexicana although both species were present in this site. In
the Pamque Ecologico Las Pefias (PLP) populition gene
floww occumed between 0 castanen and L crassipes, Q.
et and Q. crassifolia. In this populstion, 0. mexicana
was present as well, but hybrids between this species and
Q. cavtanea were nol found (Fig, 3. Specifically, we
detected seven individuals with indication of introgression,
two between 0 castanea and Q. erassipes (), castamea
aml Q. crassipes. nespectively: @ = 0,738 and (L255:
@ = (ishd ndd 10,3150, four between (0 castanen and Q.
lanring (. castames  and Q. fenrine,  respectively:
£ = (L3806 and 0581 @ = 0580 and (0,409 @ = 0.584
and (400 @ = (0,444 and 0.5461 and one individual that
presenmts a combination between QL castanea, (. crassifolia
amd Q. crassipes genetic groups (@ = 0,422, 0.8, and
0213 respectively), Finally, one individual from this
populbation, showed high probability of belonging to the Q.
crassipes penelic group (assignment coefficient: @ = (400
Fig. 3.

Hybrdization frequency and genetic combinations

We found that the occumence and frequency of the dil-
ferend combinations between O eoctares and  red ook
species varied among stands (Fig. 4). For example in the
PNT population, we did not find evidence ol a sigmificant
contribution of other genetic groups to the . cashamea
gene pool, In contrst, our analysis detected five @, cas-
tanea « Q. erosgipes hybrids (25 %) and 15 Q. costanea

145



Hybridization of (wercuy castanoa (Fagaceae)
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genodvpes (75 900 in the PECM population, Similarly, we
found three @, castanea = Q. erassipes hybrds (15 %)
and 17 (85 %0 . costanen penotypes m the PRT popula-
tiog. Finally, in the PEP population four (. castanea = ().
fawring (20 %), two . castanea = (. crassipes (10 %)
and one . costanea = . crassifolia < Q. crassipes
(5 %) hybrd individuals wene detected, The rest of the
individuals of this lust population were @0 castanea gomo-
Iypes (65 9.

Discussion

Chur resulis provide genctic evidence that (. castanea 15
invelved i mbrogressive  hybndization  evens  with
Q. crassipes, . lawring, and @, crassifelia, three of the
it commmion red oak species thit coexist with . castanea
in the temperate [orests of The Trunsmesican Volcanic
Belt (TVRYL In contrast, hybnds between @, castanea and
Q. mexicanda were not Tound, suggesting that difTerences in
the reproductive barmiers between species could be oper-
ating. Also, we found that the ocowrrence, frequency and
pdmixture  proportions of the different  combinations
between . castamea and red oaks change through the sites,
profuibly due o influences of the variaton i ecological
foctors poross sympatric populations. Finally, our nesults
suggest that the inercase in the species richness of red vak
local community favors the imerspecific gene flow among
Q. castenea and these associated species: however, the co-
exisience of dilferent red ook species with Q. castares in
syimpatne =lands is nod sulficient for hybridization. Our
analyses provide evidences and new insights into hybrid-
teation and introgression dynamics within o Mexicon red
vk species comples, through a focal species, Q. castanea.

Cienetic assignment of allopatric populations

The maorphological identification of species was supporied
by genetic analyvses basid on six nSS5Rs that identified the
same number of genete groups, which agrees with the
number of taxy involved in this complex. As suggested by
Evanne et al, (20055, the intensity of sampling both indi-
vidunls and murkers playvs a mle in the correct detection of
the sumber of genetic groups. In this sense. studies in
closely related European (Valbuena-Cambana et al, 2005;
Cur et al. 2007; Salvini et al. 2009) and Mexican oaks
{Pefiziloea-Ramire et al. 20000 have suggested that five or
six microsatellite boci are sufficient o distinguish hetween
pure species, On the other hand, an effect of the pantial
sampling of individeals on the cornect detection of penetic
groups has been detected (Evanno et al, 2005}, However, in
this study, ten individuals were sulficient W cormectly
assign tiv o species. This result, suggest that in the allopatric
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populations, cach species remains distinet and has ils own
degree of genetic cohesiveness ( Templeton 19549),

We found that the mujority of the individuals Trom
allopatric populations of each red oak species lincluding
. castanea) were assigned 1o o single genetic group
(0 = 1.9, a Foct thit sugpests that these populations hive
not @ significant genetic contnbution from other species
(Lepais et al. 20000 as o consequence they were uselul as
reference populations. Nevertheless, although these spe-
cies are genetically isolated in allopatric conditions, the
existence of genctically mixed individuals within Q. cas-
fanea popolations indicates that the genctic solation
among 0. costerea and  pssocioted  species is o nof
complete.

Gienetic evidence Tor hybrdization of Q. casranea
aeross o natural gradient in red oaks

In this swdy, the Buyesian analys<s showed the occurmrence
of 13 hybnd individuals that showed vanows degrees of
admistune ameng @, castanea and three of the Tour genetic
groups invelved in this comples, in svmpatac populations
acrss o naturl gradient of red ouk species nchness
(Fig. 31, These results are congruent with o significant
increase in genctic diversity levels in (. castanea popu-
lations (He) as the red ook specics richness increases
(Valencia-Cuevas el al, 2004), This suggests that the pre-
sence of admined trees in the sympatrc populations is the
fuctor that promstes an incredse in genetic diversity levels
of @ castanea. Sumilar results were obtdned by Sanches-
Orti (20021 in a gradient of white oak species associated
with (2. glabrescens Benth, (scction: Quercus) in Mexico,
Moreover, the genctic diversity levels (Valencia-Cuevas
et al. 20014} showed a positive and sgmiicant elalionship
with the number of hybrid individuals reporied in this study
(r=1() Y P < 00025 However, it is important 1o point
out that the co-existence of other red ook species with
Q. castanea not necessarily keads w hybridization, because
this species did not shisw genetic evidence of hybridization
with other red ook species present in the sympiatne sites.
Likewise, the genelic exchange thal has oceurred among
Q. eastanea and three of s associated red ok species
suggests that the hybridization possibly has contributed 1o
shape the patterns of mivpical foliar momphological varia-
tion observed in sympatnie populations of this species.
Atypical morphological vanation has been observed in
other studies with oak species that oceur in sympatry
(Gonzdiler-Rodrigues e al. 2004; Tovar-Sanches and Oy-
amn 20045 Cavender-Bares and Pahfich 2000 Albarmin-
Lara et al. 2000; Penaloza-Ramaree et al. 20000 and this
fact has wsually been imterpreted 4 supporting  1he
hypothesis of interspecific gene fow. In the fulare, it woold
he interesting to study the influence of hybridization on
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morphological  Features of 2 castanea, W lest this
hypothesis.

In particular, genctic data indicated that the major pro-
portions of hybrid individuals were @ castanea = (.
cragsipes, and @, costamea < Q0 lowring, In contrast,
hyvbrid individuals that seem o be an sdmixtore smong Q)
costanea and two parental genomes were scarce. Our
analysis only detected ome hybrid individusl @ casta-
nea < (A crassipes = (L crassifolia in PLP. Similar
results have been reported in o white ook species complex
in Europe (Lepms et al. 20000 and in two red ook species
complexes, one in USA (Dodd and Afzal-Rafii 2004 ) and
o in Mexioo (Pefialoza-Ramines ¢4 al. 20000 Tis deficit
of ta-hybridizations has been explained on the basis that
pre-gygotic reproductive bamiers are not todally los in
hybeids, o condition that  promotes  that  they  reman
reproductively solsted Trom non-parental species. In con-
sequence, high fidelity towards their parental species and
the production of numerous backerosses in both directions
results in the recovery of purchreds within a few genera-
tions, avoiding the compleie species mixture in a hybrid
swantrn §Lepanis and Gerber 20015 In spite of this, hybrid-
iention involving more than twi species seems (o happen in
watud populatins (Lopais et al. 2009, Peiuluoca-Ramines
et al, 2000 this study), Koplan and Fehrer ( 2007} explains
that for a triple hybridization 1o ogcur it is required the
production of fertile hybrid genotypes between at least two
specics, and then the crossing between hybrids and o third
specics, or between hybads from different species combi-
nations, In this sense. we suppose that the wree-hybrid
individuwil that presented a combimation between . eas-
tanea, Q. crassifalia and Q. crassipes genetic groups can
b the result of the cross between a fertile hybnd genotype
of @ crassipes = @ crassifoldia and o Q. coastanea geno-
type This last possibility arises because @, < dysophylla
Benth. individuals thybrid between Q. cmssipes and Q.
crassifelia; Tovar-Sanches and Owviama 2004 are coexis-
ting with 1. castanea in this locality and probably, o cross
ting with €% casforea in this lecality and probably, o cross
among this type of hybrid and (. costanea has been the
route of incorporstion of @, crassifolia genome into the
genetic pool of this last spectes,

Hyhbridization mte between Q. casranea und red ouks
across symipatic populations

The pereentage of hybridization between @ castanea and
the associated red ook species varied from 15 o 35 %
depending on the <ond. These estimations are in aveor-
dance with previous studies on oak hybadization. For
example, a sty with three stands in Spain detected
between 6 and 22 % of hybrids between Q. perraea and
Q. pyremaica (Valbuena-Combana et al. 2007), Also, Le-
pais ef al. (20007 found that the percentage of hybrid

individuals ranged from 1.7 to 3005 % in different stunds
(0. robur. Q. perraea. Q. pyrenaica. and €. pubeseens).

Als, we found that the level of hybndization varies
depending of the species combination: 126 % () casfa-
nea « (3 cressipes) =51 % (@ ecastonea = @ fauri-
nal =012 % Q. castanea < Q. crassipes < (0 crassifoli-
al; these valugs are similar o other studies, For example,
analysis of interspecific gene [low between Q. rabur,
0. petraea, (0. pubescens, and . froinetro showed thit the
Tevel of hybridization vared from 1,7 w0 16.2 % between
pairs of spectes (Curto et al. 2007), Burgarella et al, (2006
found thar the hybrids between @, suber and Q. flex,
compnsed less than 2 % of wdults in areas where their
ranges overlap, In o siedy ol Q. virgintama and Q. geon-
natir, showed that 5.5 % of adults presented mixed oncesiry
(Cavender-Bares and  Pahlich 2009), These last studies
repart that the percemage of hybrids found seems o vary
between species pairs and stand imvestigoted. Moreover,
heteroge neous patterns of hybridizaion between the sume
spectes pair in different pans of its geographic distribution
are not infreguent in osks (Willims s ol 2000 Corte ct ol
20075 Jensen et al. 200, Lepais et al. 2004, These dif-
ferences in admixture mtes between species pairs and
stands bave oo eaplained  due e differciees i the
reproductive  barriers among species amd environmental
variation, respectively (Petit et al. 2002; Abadic et al. 2002;
Lepais et al. 2003), For example, some studies report that
panticular vak species present differences in the strength of
their reproductive barmers thor Bimat the  hybridieation
phenomencn (Abadie er al. 2002 Lepais ¢t al. 20033, There
is  abo evidenwe ol asvmmetrie  omoss-compatibility
between wak species (Steinhofl 19955, & fact that indicaes
thit the success of hyvbrdization events i preferentially
directional and depends on the identty of the species that
acted as matemal or patemal donor (Olrik and Kjaer 20005
Lepas et al. 20135 In this context, it is probable that there
might be some species more prone o hyvboidiee with Q.
castanea than others, o (el that might explain in part the
casfanea than others, @ fect that might cxplain in pan the
higher frequency of (U casramea = cnessipes hybrids or
the ahsence of @, casfanea =< Q. mexieana hybnds, at least
for our study sites.

W foumd that the ocourrence and hybodization level
hetween @, costanea and red oaks varted geographically,
For example. we did not find hybrds of @, costa-
nea = () erassipes in PNT or Q. castanea = Q. lauring in
the PET and PECM populations, although Q. crassipes was
present in the Girst site and Q. fawring was present in the
fust two sites, Also, both types of hybrids were the most
common found in this work. These results acknowledpe the
importance of local environmental conditions on dy mamics
of interspecific gene flow between Q. castamea ond asso-
ciated red oaks. There are several studies that have doce-
mented that the levels of hybridization and introgression in
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oaks vary with habitat conditions (Williams et al. 2060 ;
Himrane et al. 2004; Lagache et ul. 2003, geographic
localization of the hybrd zone (Tovar-Sanches and Ovama
20K, establishment and survivorship of hybrid mdividu-
als (Valbuens-Carabana e al. 2007), differemt mites of gene
flow (Curtu et al. 2007), relative abundance and identity of
species (Lepais et al. 2009), spatial struclure of species
(Salvini et ol 2HE, or proportion of conspecific pollen
andd the density of individoals gvailable for mating (Lag-
ache et al. 20030 In tus contexl, we sugeest that the dif-
ferences in the ovcurrence and Trequency of hybrids could
be influcnced by the vuriotion in ecological and geo-
grphical conditions along our study sites, The TVE s
charscterized by s complex wopography, altitude and cli-
matic diversity, which combined with s geographical
position. provides a mosaic of eovironmems, habitats and
microhabitats (Challenger 19981 This ecological virition
among stands may promote varation in Bsolating birders
hetween specics (Buerkle and Ricseberg 20010 ; Lepais ¢t al.
2008, 2003 Abadie et al. 20020, Previous work (Rieseherg
and Willis 2007; Lexer and Widmer 2008; Lowry et ol
20018 ) has concluded that there is large diversity in barier
types and strength i differemt plant systems, consistent
with different numbers, effects or ypes of genes podentially
Invelved In reproduective isolmion. Oaks are me excepuon,
since recent studies repon thot several oak species present
variation in the degree of reproductive isolation, which has
been atributed 1o the plasticity in the expression of
repriductive barriers as o oomsequence of  vamation in
ecological conditions scross mixed sites (Lepais and Ger-
ber 200 1: Abudie et al, 2002: Lepais er al. 20035 A good
example s the contrast in the mte of hybadieation that has
been reponted in differenmt mixed stands of @, rabur and
Q. perraca across Europe (Cunu et al. 2007, Lepais et al,
2008 Jensen ¢t al. 20080, Under this scenario, it is possible
that the varisation in the occumence and percentage of
hybrids found between @ castanea and red oaks in our
different sympatric populatons has been promoted by
iierences in the expression of reproductive  harriers
mrocited 1o environmental vanation that chameterizes the
TVE.

The PLP population is of paticular interest as i this
population more species were coexisting with 0, castanea,
and mwone hybrds were detected and  different genetic
comvingtions were found. This site is a natural protecied
area thal presents an abrupt change in microclimatic con-
ditions, combining mesc amd xeric setmngs in a fine geo-
graphical scale. This environment has permitted the co-
oceurrence of Q. castanea, . crassipes, Q. et
Q. mexteamg ond Q. crassifolia, because the first two spe-
cies have preferences for xerie conditions and the last three
for mesic conditions, Under this scenario, it 15 probable that
an increase in multi-species pollen as a resalt of floral
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overlapping between Q. castanea and the other red oaks
may favor the occurrence ol interspecific crosses (Lepas
el al, 2Ry, promotimg hyvbrdization and  subsequent
imtrogression in this site, Similarly, several studies at the
stund fevel hove reported that hybridizaton and introgres-
ston in oaks may be facilitated when species co-ocour in an
anea with smaller-scale environmental heterogeneity (Curu
et al. 2007; Valbuena-Carabana et al, 2007),

Manogement of genetic diversaty in hybridizing oaks

Recent stwdies have reported high levels of nDNA and
cpDNA diversity of (. castamea populations located in
TVE (Acostn 2008; Pefnloea-Raminez 2001 Herrera-
Armoye 2003 Alvarado-Ddivalos 2004; Valencia-Cuevas
et al. 2004y These authors suggest thal these resulis can be
explained becavse Q. castaned is a4 species that probably
has maintained high levels of gene fow through pollen,
efficient dispersion of <ecds, large and continuous popi-
lations during its evolution and o broad geographic mnge,
Unfortunately, the twemperte forests in Mexico are being
cleared and fragmented for agriculture, cattle grozing and
wrban areas (Challenger 19983, 4 condition that puls under
threst the maimtenance of genetic diversity (Young et al.
Py Lavwe ¢ al, 20008), Studies have shown thin the levels
of genetic diversity of (L castamea are preserved in both
nuclear and chlomoplast genomes in adults and seedling
populations of (mgmented habitats located in the TVBE
(Herrera-Armoyvo 2013; Alvarado-Davalos 20045, These
results are interesting. because studics on seversl tree
species in frugmented landscapes have reported a reduction
in genetic diversity levels. particulady in necently estab-
lished individuals in comparson o older individusls due to
reduction of gene flow, elevated inbreeding and genctic
drift (Young et al. 19 Lowe et al. 2K05), These findings
suggest thul fragmentation is nob a factor that influences the
levels of genetic diversity of Q. castanea populations
inside the TVE. In contrast, Valencia-Cuevas ¢t al. (2004)
fommd @ posiiive and  significamt  relationship  between
genetic diversity of (. castanea (nDNA and cpDMNA) and
the number of red oak species growing in sympatry with i
These results suggest that interspecific hybridizaton might
b nesponsible for the increase in genetic diversity levels of
the sympatnic populations of @& casterea. Using a Bavesian
chsstering omlyses, Alvarado-Davalos (2004) found three
differem genetic groups through several Q. castanea pop-
ulations in the TVE. whose proportions change with the
fragmeniation kevels of the population. The suthor suggests
thiat this condition 1= o consequence of the reduction i the
proportion of conspecific pollen and loss of connectivity
among individuals available o mating in the frupmented
landscape. Therefore, the gene poo of the individuals in
fragmented populations comes from external parents, a fct
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that promotes the maintenance of the gencic diversity
leve's of @ castanea. In addition, Valencia (1*94) pro-
posed that @ castarea might probably exchange genes
with Q. affinis Scheidw.. Q. crassifolia. Q. crassipes. (.
fawrimag and @, mevicama, forming o syngameon, This
infemation alomg with the data of previons ecological and
wenclic studics abowt @ castarmea populations within the
TVE suggest that interspecilic gene flow bs an imgportant
Tactor thal promades high genelic diversity kevels inihis red
oak species.
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Background: Recently it has been proposed that the genetic diversity of foundation species influences the
structure and function of the cammunity by creating locally stable conditions for other species and modulating
ecosystem dynamics. Dak species are an Ideal system to test this hypothesis because many of them have a wide
geographical distribution, and they are dominant alements of the forest canopy. In this study we explored the
response of canopy arthropod community structurs [diversity and biomass) 1o the level of genetc diversity of
Cuercus crassipes and G rugosa, two Imporant canopy species. Aleo, we examined the effect of sak species and
locality on some community structure parameters (diversity, biomass, rare species, and richness of anhropod fauna)
of canopy arthropeds. In total, 160 canopies were fogged in four localities at the Mexican Valley [ten trees per

Results: 0. crossipes registered the highest number of rare specles, diversity index, biomass, and richness in
comparison with & rugosa. We found a positive and significant relationship between genetic diersity pamameters
and canapy arthropad diversity, However, canogy arthrapod biomass registered an fnverse pamern, Qur results
suppoit the hypothesis that the genetic diversity of the host-plant spedies influences the assemblage of the canopy

Conclusions: The pattern found in our study provides a powerful tool when trying to predict thez effects of the
genetic diversity of the host-plant species on different community structure parameters, which permits assignment
of a new conservation status 1o foundation species based on their genetic diversity,

Keywords: Arthropods community; Canopy; Foundation species; Genetic diversity; Ouercus

Background

In the last decade, varions studies have documented that
genes can have an extended effect beyond the individual,
leading to interactions with other species to produce
community and ecosystem phenotypes (genetic diversity
of foundation species. Whitham et al. 2006), Foundation
species have been delined as ‘species that structure a
community by creating locally stable conditions for
other species and by modulating and stabilizing funda-

mental ecosystem process’ (Dayton 1972). This emphasis
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on foundation species, which are a small subset of the
total species in an ecasysiem, s because different studies
have showed that the analysis of their genctic attributes
can reveal strong and predictable effects on communities
and  ecosystems  (Whitham et al. 2008, 2006). For
example, studies in cottonwoods (Wimp et al. 2004},
eucalyptus (Dungey et al. 2000, caks (Tovar-Sinchez
and Ovama 2006ab), and willows (Hochwender and
Fritz 2004) have evidenced that plant genetics can influ-
ence the associations and interactions of the communi-
ties associated with these species, The associated
communities that have showed a response to the genetic
differences within foundation species included taxa as
diverse such as soil microbes (Schweitaer et al. 2008),
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aquatic invertebrates (Le Roy e al. 2006), mycorrical
fungi (Sthultz et al. 2009), understory plants {Adams
et al. 2001}, lichens {Lamit et al. 2011}, and foliar arthro-
pods (Wimp et al. 2004 Tovar-Sinchex and Oyama
2006 Tovar-Sdnchez et al. 2003), Likewise, eoosystem
processes like nutrient cycling (Schweltzer et al. 2008),
primary production (Crutsinger et al. 2006}, and ecosys-
tem stability {Keith et al. 2000) are affected by the genctics
ol loundation species.

Most of the evidence that indicates that the genetic di-
versity within the foundation species of terrestrial and
aguatic habitats affecting the distributions of their asso-
clated species come [rom studies under experimental
conditions (eg. Wimp et al. 2007; Keith et al. 2010
Bangert et al. 2012}, Nevertheless, it has been suggested
that these studics do not show the potential conse-
quences of different levels of genetic diversity in natural
setlings (Hughes et al 2008) and may overestimate the
importance of host-plant genetic attributes for structur-
ing the communities {Tack et al. 2000, 2001). However,
there are several studies in which the results oblained in
experimental gardens have been corroborated in natural
conditions [e.g, cucalyplus (Whitham et al. 1999 Dungey
et al, 2000), and willows (Wimp et al. 2004, 2005}].
These results suggest that a genetic perspective of the
community may be applicable, but there s sl lide
understanding about the relative importance of a
genetically-based trail vanation within the foundation
species and other factors for structuring communities in
natural conditions (Wimp et al. 2007), These kinds of
studies are valuable because they offer a realistic ap-
proach to processes that occur under natural conditions
and the ability to span relatively large spatial or tem-
poral scales, even when it is difficult to contral variables
related to the spatial location of host plants that can in-
fluence the abundance, distribution, and diversity of the
species associated (Vellend and Geber 2005},

In general, both in natural and experimental condi-
tions, the genetic diversity of the host plant has been an-
alyred under the assumption of the following gradient of
genetic diversity [parental < F1 < backcrosses (Whitham
et al 1994 Wimp et al. 2005, 2007; Tovar-Sinchez and
Ohvama 2006h; Adams et al. 2011)] or considering that
genetic diversity increases when more than one genotype
is present (Bailey et al. 2006). In contrast, few studies
have evaluated the relationship between some measures
of host-plant genetic diversity on community metrics
(Wimp et al 2004; Tovar-Sancher and Ovama 2006b;
Tovar-Sanchez et al. 2013).

Canopy arthropod communities have been widely used
to evaluale the influence of the genetic diversity of host
plants on their associated communities (Whitham et al.
1999; Hochwender and Frite 2004 Wimp et al. 2004,
2007; Bangert el al 2006; Tovar-Sinche: and Oyama
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2006h: Keith et al. 2000; Tack et al. 2000; Castagneyrol
et ol 2012 Tovar-Sdnchez et al, 2013). This preference
is probably because the canopy is a habitar that can be
physically delimited as their arthropod communities arne
considered the main component in terms of abundance
and spedes diversity (Stork and Hammond 1997), Re-
cently made estimates suggest that the global average
richness of this group is of 6.1 million species (Hamilton
et al. 2003), Additionally, arthropods play an important
role in ecological terms, acting as pollinators, prey, para-
sites, parasitoids, herbivores, and detritivores (Melntyre
et al. 2001).

The effects of the foundation species” genetic charac-
teristics on the arthroped community structure have
been detected in metrics as a composition (Bangert et al.
2005 Wimp et al. 2005 Bailey et al. 2006, nchness
(Dungey et al. 2000; Bangert et al. 2005, 2006, 2008;
Crawford and Rudgers 2013) and species  diversity
(Wimp et al. 2004 Tovar-Sinchez and Ovyama 20065
Ferrder et al. 20012 Tovar-Sinches et al. 2013). In gen-
eral, the studies have reported that unigue arthropod
communities were associated with different genotypes ol
the host plant (Bangert et al. 2006 Ferrier et al. 2012)
and that the richness and species diversity increases as
the genotype number also increases [eg., genotypic
diversity (Wimp et al. 2005; Ferrier ot al. 2002)] when the
genetic diversity of the population ircreases (Wimp et al
04 Tovar-Sinchez and Ovama 2006k Tovar-Sinchez
et al. 2013} or when the individual genetic diversity level
increases ( Tovar-Sincher et al. 2003} These patterns have
been explained considering that an increase in the host-
plant genetic diversity con generate changes in their mor-
phological (Lambert et al. 1995; Goneiles-Rodriguez e al
2004 Tovar-Sancher and Ovama 2004}, phenological
{(Hunter et al. 1997}, and plant architecture (Martinsen
and Whitham 1994 Whitham et al 1999 Bangert et al
2005), as well as in their secondary chemistry (Fritz 199%
Wimp et al 2004). These characters constitute a wide
array of resources and conditions that can be exploited by
their associated herbivores. These results suggest that the
ellects of genetic diversity on community function can be
equal or greater in moagmnitude compared to species diver-
sity (Hughes ot al. 2008}, emphasizing the important role
that genetic diversity can play in ecological processes. The
incorporation of these types of studies into the field of
biodiversity research is a logical extension of the theory
underlving previous diversity studies, recognizing that
genetic diversity is one of the undamental levels of bio-
diversity (Hughes et al 2008),

Enowledge of mechanisms that may be driving the
associations between arthropods and plants plays a key
role in our understanding of the impact of plant gen-
etic diversity on dependent arthropod communitics;
however, these mechanisms remain poorly understood
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(Wimp et al. 2007). It has been suggested that phenotypic
traits that affect arthropod communities as phenology,
physical defenses, and follar chemistry are features that
have a genetic basis {(lohnson and Agrawal 2005 Bangen
et al. 2006) but have only rarely been linked to both plam
genetics and arthropod community structure (Wimp et al
2007). Also, these attributes can vary between host-plant
species (Foss and Rieske 2003 Forkner et al 2004;
Marquis and Ll 2000, affecting both the quantity and
quality of resources available to arthropods (Murakami
et al. 2007). Understanding the strength of these associa-
tons is important as they provide a mechanistic approach
to comprehend the relationship between plant genetic di-
versity, environment, and arthropod community structire.

Ohaks (Fagaceae, Quercns) are an ideal system (o study
the effects of host-plant species genetic diversity on their
associated canopy communities becanse of their high
levels of genetic variation (eg. Tovar-Sinchez et al
2008; Valencia-Cuevas et al. 2004, 2005} many of their
species show o wide geographical distribution and can-
opy dominance [ Valencia 2004), and constitute the habi-
tat of different species, Therefore, some of them can be
considered as foundation species. Unfortunately, there
are i few studies that have analyzed the influence of the
oak host genetic diversity on their canopy arthropods
community. In addition, the results of these studies have
been  contrasting. For example Tovar-Sanchez  and
Chyama (20060), reported a positive and significant rela-
tionship between population genetic diversity of seven
hybrid zones from the Q. crassipes « O crassifolic com-
plex in Mexico and the canopy endophagous insect
community diversity, Similarly, the €@ castaiea and
critssipres plants that were genetically more diverse sup-
ported higher richness, diversity, and specics density of
the canopy ectophagous insects (Tovar-Sanches et al
2013) in central Mexico, In contrast, Tack et al, (2010,
2001} found that genetic diversity has little influence on
the endophaguos insect community associated to Q)
robiir in Finland Similar results  were reported by
Castagneyrol et al. (2012), who found that the host-plant
genetic attributes  (genetic diversity, relatedness, and
genetic identity) did not have a significant effect on the
phytophagous insect community structure (endophagous
and ectophagous) associated to CL miver canopy in France.
The contrasting results of these investigations show the
need for further studies that help us understand the im-
portance of the penetc diversity of oak populations on
canopy arlhropod communities.

The aims of this study were to analyze the canopy
arthropod community structure of Qreerces crassipes and
(1 rugosa from a genetic perspective, to answer the
following questions: 1) Does the genetic diversity of
host-plant species allect the arthropod community struc-
ture in terms of species diversity and biomass? 2) Does
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the canopy arthropod-community structure vary be-
tween oak host species and localities? We predict that
more genetically diverse host plints should support
more diverse communities because they offer o wider
array of resources and conditions to be exploited.

Methods

Study sites and oak species

The Mexican Valley has a well delimitated biogeograph-
ical arca of 7500 km? covering several states of Central
Mexico surrounded by the main Mexican Sierras. Alti-
tude ranges from 2,230 m o 2,500 m at the boltom and
3000 m to 5450 m in mowntain areas. The most import-
ant vegelation types in the Mexican Valley are Abies,
Pinws and Orercus forests (Rredowskl and Rezedowski
2001). To minimize geological historic and environmen-
tal site effects, we chose four localities [Parque MNacional
El Chico {(FNECh) in Hidalgo State, Parque Ecoldgico de
la Ciudad de México (PECM) in Mexioo Gity, and Jilotepec
and Tuchitepec in Mexico State] (Figure 1) that have the
following commeon traits it has the same geological his-
twory [the Mexican Valley & part of the Trans-Mexican
Voleanic Belt |{Bredowski and Reedowski 2001), and jts
formation process began during the Chuaternary- Pliocene
(Ferrusquia-Villafranea 1998)], weather (temperate subhi-
mid), altitude (between 2540 m to 2720 m), vegetation
type (mature gak), tree age (between 100 m to 13 m), and
soil type (volcanic origin or derived from igneous and
sedimentary rocks). These arcas present almost no local
disturbance inside the forest because they are under pro-
tection standards or because its rocky substrate prevents
agriculiure and livestock (Table 1)

Ceecrcis orassipes Humb, & Bonpl. (Lofafae) and €3
rogesa Mée (Qherces) are abundant species in the four
study sites. Both can be recognized casily in the feld
from its leaf characteristics such as shape, stze, color-
ation, and pubescence. (1 erassipes include trees up to
17 m tall and 1 m in trunk diameter, Leaves are decidu-
ous, coriaceous, namowly  elliptic, and lanceolate. It
Nowers in May and bears fruits from September (o
lanuary. 1t is distributed within the southeast part of
the Sierra Madre Oriental and the Trans-Mexican
Volcanic Belt (TVE), between 1900 m 1o 3500 m asl
. rugosa includes large trees of up to 20 m in height
with a trunk diameter of | m. Leaves are evergreen or
semi-deciduous at maturity: they are thick and rigid,
strongly rugose, and obovate o elliptic-obovate. The
flowering season is in August Fruils are produced an-
nually iNovember te March), This species is distrib-
uted in the major Mexican mountain ranges [SMOr,
Sierra Madre Occidental (SMOc), Sierra Madre del Sur
(SMS), Sierm Norte de Oaxaca (SNO), Sierra de Chinpas
(SCh}, and TVB], at an altitude of 1800 m to 2900 m
(Rangel of al, 2003).
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Malecular data purificd by using the DNeasy Plamt Mini Kit (CQiagen,

Leaves with no apparent damage were collected from
twenty individuals per species in each study site [€) cras-
sipex (n = 80} and €} rugosa (0 = 80)). Leaf tissue was
frogen in ligquid nitrogen and transported o the labora-
tory for DA extraction. Total DNA was extracted and

Valencia, CA, USA) DNA quantification was done by
fluorometric analysis, and DNA quality was visuolized by
comparing the intensity of bands with known standards
of lambda DNA on agarose gels at 008%. Genetic
analyses were performed using mandomly amplified

Table 1 Locality name, state, geographic coordinates, altitude, annual precipitation, slope, and Quercus species

Locality State Latitude (N}, Altitude (m)  Annual precipitation  Slope ") Quercus species
lengitude (W) mm]

PNECH Hidalgo 2070, wEar 2540 1, Jo0d W Q orasipes, (L rugose. O mevoana,
@ launng, Q aossiioka, O desarticol,
and (0 greggd,

PECM Manco Ciy 1S, 2400 (K] " 0 orasipes; [0 fugosa, O Gasianed,
Q2 loera, &nd O igurng

Fotepec Memco Srate |55, ST 25T0 753 B 0 cronpet, O rugosd, QL deen, and
Q eramifola

huchitepac Mesicn Stabe 1905, 28" ITH T Q 0 orosspes, (O rugasa, and QL gragd,
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polymorphic DNA (RAPDs) and microsatellite markers
(55Rs).

For RAPDs, sixty 10-base pair (ph) primers of random
sequence (Kits A, B, G Operon Technologies, Alameda,
California, USA) were tested. Eighteen of them were
selected based on the amplification results and reprodu-
cibility. The selected primers produced a total of 121
polyvmorphic bands. PCR reactions were done ina PTC-
100 Programmable  Thermal Controller (M] Research
Inc,) as follows: 10 ng of ONA templete, 50 mM KCL 10
mM Tris-HC (pH 84), 2 mM MgCly, 0.1 mM of each
dNTE 0.2 mM of each primer, and 1 U of Tag polymer-
ase in a final volume of 25 pl. Reaction conditions were
the following: an initial 2 min denaturation step at 94°C,
followed by 45 cycles at 94°C for 1 min, 1 min at 36°C.
followed by an annealing tempersture at 72°C for 30 =
and a final extension at 72°C for 7 min. DNA fragments
were separated through electrophoresis on agarose gels
at 28%, stained with ethidium bromide, and developed
on an UY light table. The molecular weight of the DNA
fragments was estimated by comparison with a | kb
DNA ladder.

Microsatellites primers (Comp3, Compd, and Compdl)
were obtained from Welsing and Gardner (1999), PCR
repctions were done as follows: 15 ng of DNA template,
50 mM KCL 20 mM Tris-HCL (pH 84), 2 mM MgCl,.
0.13 mM of each dNTP, 25 mM of each primer, and 0.8
L of Tag polymerase in a final volume of 25 pl. Reaction
conditions were an initial denaturation step at 95°C lor 5
min, followed by 30 cyeles at 949°C for 1 min, | min at
the appropriate anncaling temperature, followed by 30s
at 72°C, and a final extension at 72°C for & min. Anneal-
ing temperature differed for each primer pair. Z0°C for
Cemp3, 48°C for Compd, and 55°C for Cempdl, PCR
products were resolved on polvacrilamide gels at 6%
(7 M urea) at 60 W lor 3 h in order to determine the
polymorphic primers. We measured the length of the
amplified microsatellites fragments by running an ali-
quot of cach PCR product on an automaltic sequencer
AR 3100 (Applied Blosystems CA, USA) ot 35 W for
80 min to 90 min using gene scan ROX-2500 (Applied
Biosystems, CA, USA) as size standard. Alleles were
scored using the Gene Mapper ver. 3.7 Software (Applied
Biesystems, CA, LISA),

Canopy arthropod communities

The arthropod community structure was surveyved in
forty trees of both species. Ten individuals per species
were vouchered and fogged during miny (August 2005)
and dry (February 2005} seasons on each locality.
Sampling was done seasonally, which allowed hoving a
representative annual sample of the canopy antheopodio-
founa, as suggested by previous studies, which have dem-
onstrated that seasonality modifics both composition and
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richness in oaks (Tovar-Sincher and Ovama 2006a
Tovar-Sincher 2000}, The individual trees sampled in this
study had a height between 10 m and 13 m (mean £ de,
11.0 £ 0.13 m).

Arthropods were collected by fogging the entire can-
apy of a single tree with 750 ml of non-persistent in-
secticide (AqualPy, AgrEvo, Mexico), This insecticide is
composed of 30 g pyrethring/l and 150 g piperonyl-but-
oxide/1L at a concentration of 30% viv. Fallen arthropods
from each fogged tree were collected in ten plastic trays
{each 0,32 m® area) located randomly under the crowns,
Canopies of trees selected for fogging were isolated from
other trees as far as possible, by avoiding overlapping. A
measure of the exploited canopy volume was estimated
by multiplying the difference between the wtal height
and the height o the lowest branch with denser leal
cover of each tree by 3.2, which is the area of collecting
travs { Tovar-Sanchez 20090, The arthropods were sepa-
rated into morphospecies and after sorted to major o
ders. All samples were sent to arthropod specialists for
taxonomic identification, Abundance of each morpho-
spectes was also counted.

The biomass of canopy arthropods associated o QL
crassipes and (0 rugosa was caleulated wsing the model
proposed by Tovar-Sanchez (2009) for oaks in the
Mexican Valley. A sample of six individuals/taxa was
chosen and then put in a drier at 40°C until constant
weight. Weight was determined on an analytical scale.

Statistical analysis

Genetic diversity of oak hast species

Genetic diversity of . erassipes and € rugesa was esti-
mated for 55Rs and BADPD: molecular markers as the
average expected heterozygosity (Hel. We used this par-
ameter of genetic diversity in order to compare the re-
silts with others studies in oaks, Genetic data were
analveed with TFPGA v. 1.3 and POPGENE v. 131 The
data were transformed as Yx (Zar 2000, and we used a
f-student test o examine differences in genetic diversity
between species. A Kruskal-Wallis analysis of variance
wits used to determine differences in oak-species genetic
diversity among sites. Thereafter, a Tukey fest was con-
ducted 1o determing significant differences (Lar 2000),
Statistical analyses were conducted using STATISTICA
fow Windows v. 8.0 software (StatSolt 2007).

Canopy arthropods

The diversity of the canopy arthropod community was
estimated at the morphospecies Tevel by using  the
Shannon-Wiener index (/). This index was then com-
pared between pairs of localities with 2 randomization
test as described by Solow {1993). This test re-samples
100 times from a distribution of species abundances
produced by the sum of the two samples. In addition,
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rare species number (RB5) was analyzed, Rare species
were defined as those species represented by fewer than
four individuals in the samples (Tovar-Sinche: and
Chama 2006a),

The arthropods biomass (W) was calculated according
to Tovar-Sinchez (2009):

W= [E-Hr.b-l-l-} {L!H.'}

where W is the biomass in mg (dry weight) and L &
the body length in millimeters. A mean size and aggre-
gate biomass of the morphospecies population in the
sample was estimated from the number of individuals,
the mean size of all others measured, and the number of
individuals of the same morphospecies. This estimation
was calculated lor oak canopy arthropod biomass in
temperate forests from the Mexican Valley,

Two-Factor Analysis of Varlance (Model | fixed of-
fects, Zar, 2010) was conducted to test differences in
canopy arthropod biomass, species richness, number of
rare species among localities (L), species (S), and inter-
action L = 5, Rata were transformed as follows: X' = log
X - 1 {Zar 20000, To determine significant differences in
species richness, number of rare species, and biomass
between localities, a posterior Tukey test was conducted
(Lar 20100, Statistical analyses were conducted  using
STATISTICA for Windows v. 8.0 software (StatSoft 2007).

General Linear Model (GLM) Analysis of Covarlance
(Model 1 fixed effects; Zar 2010) was performed to
determine the effect of the locality (L), oak species (5],
Genelic diversity, and interaction locality = oak species
(L = 5) on canopy arthropod bomass and Shanion-
Wiener diversity index.

Diversity (4] and biomass (W) variables were not
correlated with each other. In order to determine the ef-
fects of locality, oak species (L crassipes, QL nigosa) and
host-plant genetic diversity (expected heterozygosity es-
timated with microsatellite and RAPDs data) on canopy
arthropods diversity index (H7) and biomass, we per-
formed a GLM. The model used a Poisson ervor distri-
bution and log link function. GLM descrbes the effects
of variables in a multivariate-maodel setting. This analysis
has the advantages that even if a variable has a non-
significant effect on a variable when subjected o univari-
ate analysis, it may stll be a significant variable in a
multivariate-model setting when accounting for covari-
ance with other factors (Hillebrand et al. 2008]. We
poaled the following genetic data from 20 trees within
each locality: the community was quantified at the siand
level and the occurrence of individual S5Rs and RAPDs
markers present in each locality, resulting in a unigue
genetic diversity value for each locality. Locality and oak
species were considercd as categorical fived fctors and
genetic diversity a continuous factor. Statistical analyses
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were conducted using species diversity and richness ver-
sion 303, and the General Linear Model platform within
STATISTICA for Windows v. 80 software (StatSoft 2007).

Results

Genetic diversity of Quercus crassipes and Q. rugosa
Genetic diversity analyses revealed that the expected
heterozygosity was significantly higher in €. crassipes than
(2 miposa populations [RAPDs {1 = 3.59, < 0,05 55Rs
(= 345, £ < 0.05)] (Table 2). A Kruskal-Wallis analysis
of varfance showed significant differences in genetic di-
versity indexes (He) among populations of Q. crassipes
and among populations of Q. rugese (SSRs: H = 11.29,
P = 000 RAPDs: i = 9.87, P = 0009, A multiple
comparison Tukey teat (RAPDs) showed that € rugoses
and & crassipes present the following He gradient
PNECh = PECM = lilotepec = Juchitepec. While 55Rs
registered the next He pattern @ rugosa: PNECHh =
PECM = lilotepec = Juchitepec, and €. erussipes:
PNECHh < PECM = lilotepec = Juchitepec,

Arthropods compaosition (abundance)

Canopy arthroped communities were represent by a total
of #4627 arthropods included in 614 morphospecies
belonging to the following 24 orders: Amnee, Astigmata,
Coleoptera, Cryptostigmata, Dermadtera, Diptera, Ento-
mobryomoerpha, Hemiptera, Hymenopler, lsoptera. Lepi-
doptera, Mecopter, Mesostigmata, Meuroptera, Orpilionida,
Cribatida, Onthoptera, Poduromorpla, Pseudoscorpiones,
Psocoptera, Prostigmats, Symphypleona, Thysanopter,
and Trichoptera (nomenclature based on Evans 1992

Table 2 Genetic diversity parameters for three chloroplast
microsatellite loci and 18 RAPD loci, in Quercus crassipes
and Q. rugosa populations

Average expected heterozygosity
Population N RAPDs 551
[ cromipel
FNECH r.1] 043 51
FECM 0 e 58
lilatepec ki) nan B3z
Juchdtepes .1} o0 o6
Average F Q37 o a4 jnome
. ragasa
PHECH 0 033 040
FECM 0 K 035
Tiatepe: X 015 21
Juchdtepes X 03 20
Average ¥ 028 {@an= 48 o

Numbirs in parenthess are susndard error, “Significant diffesences (P < 0051
(- seudent test).

N, umple sne: Wandard erond
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Hopkin 1997; Deharveng 2004 Triplehorn and Johnson
2005).

Community structure of canopy arthropods associated to
Q. crassipes and Q. rugosa

Shannon-Wiener diversity (), species richness (5],
number of rare species (RS), and biomass (W) total
values were significantly different (£ < 0.05) between €3
crassipes (' = 52, § = 569, RS = 575, W = 560.20 | and
€. rugosa (M = 44, 5 = 450, RS = 438, W = 313.25). In
addition, in all localities these parameters were higher in
0 erarssipes than in €L rigosa (1 < 0.05) (Table 3), PNECh
and Juchitepec consistently showed significant differences
for ML 5, BS, and Wvalues in both ook species. In contrst,
PECM and lilotepec had similar values, excepting M in
(). erassipes, and RS for both oak species (Table 3). For
(), erassipes and Q) rugesa, the Shannon-Wiener diver-
sity index (f) differed significantly between localities
(P« 0.05), except from PECM and Juchitepec for 03, ru-
gosa, However, some oak host individuals presented
the same diversity values within and among localities
for both species. In general, a statistically significant
effect of the locality (Fy 50 = 8151, P < 0,001), the spe-
cies (Fy s = 23.902, P < 0.001) and interaction L = &
(Fagse = 3.205, P < 0001 ) was detected on rare spe-
cies, O erassipes had more number of mre species (less
than four individuals) than €. rmgoesa. Between local-
ities, PMECh showed the highest number of rare
species, [ollowed by PECM, lilotepee, and Juchitepes
(Figure 2}, Similar results were registered in arthropod
species richness, a statistically significant effect of
locality (Fypse = 16023, df = 3, P < 0.001), species
(Fy g5 = 32007, P < 0.001), and interaction L = §

Table 3 Shannon-Wiener diversity index (H'), species
richness (5), rare species (R5) and coefficient of variation
(CV) of 5 and RS [in parentheses); and biomass (W) mg
DWim® [standard error In parentheses] of canopy
arthropods associated to Quercus crassipes and Q. rugosa
in four localities in the Mexican Valley

Locality H 50N RS (CV) W

0 crassipes
PMECH 50% MO0 17300200 43753 o4n”
PECM 44" MEIT 165 (7300 33815 {00540
Halepsc g 183 (343" 124012480 45029 Do0°

heCreTepeT Eli 62 a5 13 (1 22af a7 5 e
2 nagosa

PNECH 44" 165 8" 127 (834" 20092 0os3"

PECM 407 158 (o™ 119 (586" M9 moxn"

latepec 15?153 506" 105 (1268F 35409 podn™

luchilepae ~ 27* 117 [Ga3fF B? [13.36]° 41561 OOIT°

Samie letters show that the rean walies o each locality did nos differ an
@ = 005 (capieal letiery = Solow test; lower ase bemers = Tukey's vestl.
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(Fyyse = 3283, P < 0.05) was detected. For arthropod
hiomass, a statistically significant effect of the locality
(Fiam = 12952, I < 0,001), the species (Fy 53 = 30.741,
£ 001 ), and interaction L = 5 (Fas: = 9708 , P < 0001)
wias registered,

Effect of genetic diversity of oak host species on canopy
arthropod community

In general, the diversity (M) and biomass of canopy
arthropod species differ significantly among localities,
oak species and genetic diversity (He). Also, the inter-
action locality = ook spedes was significant, independ-
ently of molecular marker used {55Rs and RAPDs). The
anly variable that had not a significant effect on cinopy
arthropod  diversity was oak species ($) using both
molecular markers, and the interaction locality = oak
species on arthropod biomass (Table 4).

Discussion

The hypothesis that genetic diversity of foundation spe-
cies affects the community structure of the canopy
arthropods was supported by our results. Also we found
that the arthropod community structure was signifi-
cantly different between host oak species and localities.

Genetic diversity of Quercus crassipes and Q. rugosa

In general, our study demonstrates that € crassipes had
higher kevels of genetic diversity than € reggosi. These
high genetic diversity levels in & crassipes may be due
to incipient reproductive barriers, which facilitate inter-
specilic crosses with closely related species. For example,
Valencia (1994) proposed that a group of oaks conformed
by Q. affinis, Q. carssipes, Q. crassifdin, Q. lanrina, Q)
mexican, and € riclwamenta may experience genetic ex-
change when they occur in sympatric/mived stands. This
last scenario has been cormoborated by Tovar-Sinchez
and Ovama (2004} for the O crassipes « C0 crassifolia
camplex, Gonzdlez- Rodriguez el al. (2004) for the Q.
Farering = QL affiorts complex, and Valencia-Cuevas et al.
(2015) for Q. castanca, Q laurtna, and Q. crassifolia.
The species mentioned above are distributed along the
Mexican Valley, a fact that may facilitate the genetic ex-
change with £ crassipes.

Moreover, when the study sites are classified by their
number of red oak species, the ollowing pattern s ob-
served PMECh = PECM = Jilatepee = Juchiteper, which
is congruent with the genetic diversity pattern for both
species (Table 2). Therelore, we suggest a possible rela-
tionship between the number of red oak species and
their genetic diversity levels. This is supported by the
work of Valencia-Cuevas et al. (2014), who reported an
increase on the levels of O, castanea genetic diversity
as the local richness of the red cak community also
increases,
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Table 4 Results from the General Lineal Model (GLM Analysis of Covariance) testing the effects of locality (PNECH,
PECM, Jilotepec, and Juchitepec), oak species (Quercus crassipes and Q. rugesa), host-plant genetic diversity (expected
heterozigosity, estimated with microsatellites and RAPDs data), and the interaction L x 5 on canopy arthropod

diversity and biomass
Arthropod community responses
Shannon-Wiener diversity Biomass
df M5 F P ol M5 F P
Microsxefites
Liocalny (L) 3 186 2317 <0000 3 Cudds FoTu| <0000
Ok species () 1 an 123 oan 1 056 5054 <0000
el ic chveriiy 1 450 EG18 <0000 1 (BT 58 AR000
LxS F 123 1536 <0000 2 ong 256 110l ]
Reteciiasl s aoa I oo
AAPTH
Loscalmy (L) 3 an 831 =000 3 o0za 1732 0000
Clak species () 1 an3 148 (1t 1 os? 440 <000
Genetic divesiny 1 G4 10aEd <000 1 QRS 5274 <000
L5 d ar3 853 <0000 2 als el <000
el s (16 ] H ooz

Particularly, the hybridization phenomenon has been
documented between Q) crassipes and Q. crassifidia in
lilotepec (Tovar-Sinche: and Chvama 2006a), and pos-
sible hybrids have been observed in PNECh between 0
crassipes and ) crassifolia (5. Valencia, Science
Faculty Herbarium, Universidad Nacional Autdnoma
de México). In addition, there is evidence that €L e
gosa hybridizes with QU glabrescens at the PNECh
(Mufez-Castillo et al, 2011). The above statements
support that Q. crassipes and €. migosa presents higher
genetic diversity levels at the PNECh as a result of in-
tepspecific hybridization, since genetic combinations
produced by introgression exceeds the possible combi-
nations resulting from mutational processes {Anderson
1949). This may increase the genetic diversity levels.

Effect of genetic diversity of oak host species on canopy
arthropod community

We found a significant effect of the host genctic diver-
sity on parameters of arthropod community structure
[Shannon-Wiener diversity (F) and biomass (W)], These
results are consistent with those reported by Wimp et al.
(2004), who found that the cottonwood’s genetic diversity
(heteroeygosity) (Popeelies fremsontll = P aagrestifolia) has a
significant influence on the diversity (1) of their associ-
ated gall-forming insects, explaining about 60% of the
variahility in the community. Similarly, Tovar-Sinchez
and Crhvama (2006b) reported that the oak genetic diversity
(Shannon-Wiener) (Quercus crascipes « €L crassifilia) ex-
plained about 78% ol the diversity (1) of associated gall-
farming nsects, This could be explained due to the high

level of specialization of gall-forming insects, since they
have been considered a5 spechs-organ-tissue  specific
(Stone et al. 2002), This high leve of specalization along
with their tight relationship with host species may account
for their high level of response to host species in compard-
s Lo canopy epiphyte insects.

Host-plant genetic diversity not only has direct impact
on the associated community of herbivores, vet, its ef-
fects con be extended to the following trophic levels
indirectly, bv promoting a cascade effect throughout the
community (Whitham et al, 2006). For example, an
increase in host-plant genetic diversity can promote an
increase in their architectural eomplexity and nutritional
quality {Bailley et al, 2004). This may favor a greater
density of herbivores (Bailey et al. 2006), depredation in-
tensity, and parasitism degree {Sarfraz et al. 2008).

Canopy arthropod community structure (F 5, RS,
and W) differed significantly between host species, 0
crassipes had the highest values in all the parameters
mentioned. This pattern may be explained by the higher
dominance and genetic diversity of Q. crassipes in all
lecalities. In general, this species dominates oak lorests,
and its preat abundance and genetic diversity may be
favoring the availability of resources and conditions,
resulting in a more complex arthropod assemblage.
These results are supported by several studies that have
showed that the increase in genetic variation in plants
can generate a large amount of varation in morpho-
Iogical (Gonedlez- Rodrigues et al. 2004; Tovar-Sdnchee
and Oyama 2004, Lopez-Caamal et al 2013), pheno-
logical (Hunter et al. 1997), architectural (Bangert et al.
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2005), and chemical traits (Fritz 1999). All these fea-
tures are genetically controlled given that arthropods
are sensitive to these host-plant traits; it is not surpris-
ing that they would closely track the plant genetic via
these traits (Bangen et al. 2008). A similar response has
been reported in canopy cottonwoods (Wimp et al. 2004),
willows (Hochwender and Frite 2004, and eucalypius
(Dungey et al 20040},

In general, the canopy arthropod community associated
with € ermissipes and Q0 rugosas was represented by few
abundant species and many e species, which agrees
with that reported in other studies (eg. Tovar-Sinchez
20049). Particularly, the results showed that the canopy of
{) crassipes supports a greater number of rare species
than €2 rugosa. Probably because the first species olfers a
wider range of resources and conditions as a result of their
genetic diversity as already explained. This is supported by
the work of Towar-Sdnchez and Oyama (2006a), who
reported a greater number of mre species in hybrids of 0
crasipes = QL cressifolia complex, where genotic diversity
is incroased.

These studses have suggested that the areas with more
genetically diverse hosts can be considered as centers of
diversity and species richness {Tovar-Sinches and Oyama
2006a), arcas of great ecological and evolutionary activity,
providing new habitats for assoctated communities. Our
results showed that the arthropod diversity (1) lor 2
crassipes and Q. rigosa presents the following gradient:
PNECHh = PECM = lilotepec > luchitepec. i general, this
pattern is consistent with the level of genetic diversity
among localities. [n addition, this pattern could be related
tor the number of arboreal species growing in simpatry
with €. crassipes and @ regesa in each locality, a
phenomenon that is known as "associational suscepti-
bility™ (White and Whitham 2000), in which plant
species present greater diversity of herbivores when
spatially associated with heterospecific neighbors (White
and Whitham 2000,

Implications far conservation

Mexico = one of the centers of diversification of the
genus Quercys with more than 161 species (Valencia
2004, Oak and pine trees are the dominant species in
most of the temperate forests of Mexico and they pro-
vide lundamental ecosystem services. In particular, some
oak species can be considered foundation species. Un-
Tortunately, deforestation rates are increasing in Mexican
forests (=314 thousand hafyear, FAD 2006) with poten-
tially serious implications. From a conservation perspec-
tive, this study suggests that the maintenance of the
genetic diversity of the host plants s crucial for the pres-
ervation of associated species. Also, it is a priority to as-
sign a new conservation status for foundation species
and propose  strategies to safeguard mechanism o
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maintain their genetic diversity. When the foundation
species are the habitat, a loss of gemetic diversity will re-
sult in a loss of habitat that could have a potential effect
on species across multiple trophic levels and major taxo-
nomic groups (Bangert et al. 2005}, This serves as a
guide for future conservation efforts and provides a
mechanism for why conservation efforts may fail il they
do nol consider the community consequences of genetic
variation in foundation species, because their extended
phenotypes affect the rest of the community.

Conclusions

In order 1o understand the assembly of natural communi-
ties, some fctors such as interactions, degree of disturb-
ance, type and quality of resources and environmental
conditions have been widely studied. Recently, a genetic
approach has reveled that the influence of genetic diversity
extends to the community kevel In this study, we found a
genetic diversity effect of oak host spedes on cinopy
arthropod community, regardless of the melecalar marker
used as well as the host plamt species type, Since oaks
represent dominant trees in Mexican temperate forest,
these findings may be important locally and ot a landscape
level The consideration of the genetic diversity of the
foundation specics can be a genceral and efficient approach
L conserving processes and diverse assemblages in noture.
The devdopment of this community genetic perspective
should help us to understand the natueal world, its complex
interactions, and the effects of anthmopogenic change.
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2 E. Tovar-Sanchez, E. Castillo-Mendoza, L. Valencia-Cuevas et al.

ABSTRACT

Plant-insect interaction has maintained stable for more than 300
million vears, a fact that has been related with these groups capacity to
escape or associate with their counterparts for reproduction. protection and
feeding. among others. Arthropod communities are influenced by various
factors; however, some studies suggest that genetic, chemical and
morphological variability of host plants are the factors which influence the
most on arthropod community structure. In contrast, mtrinsic insect
charactenistics, such as the exoskeleton, wings. and feeding preferences can
explain their evolutionary success. In general, it has been proposed that
proximal (ecological) and distal (evolutionary) factors are responsible for
population abundance and distribution and for the community structure and
functioning. Among proximal factors. we can mention: diversity (genetic
and specific), mteractions, disturbances, geographical and seasonal
variations and edaphic factors. Among distal causes we can point out:
natural selection, coevolution and adaptive radiation. For all the
aforementioned, in this chapter we will deseribe and discuss factors the
influence plant-insect interactions which are very important to
clucidate the reasons for the ecological and evolutionary success of both
groups.

Keywords: arthropod communities, distal factors, proximal factors

1. INTRODUCTION

Studying the interactions between living beings and their environment
has interested human beings since they appeared on earth, even though the
formal study of ecology started less than 200 years ago (Egerton, 2001).
Recently, ecological studies acquired great importance due to the increasing
degradation of ecosystems all around the world (Brehm et al., 2005), a
development that has altered the interactions between different biological

groups and endangers the dynamics that sustain most ecosystems (Diaz and
Cabido, 2001).
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One of the main challenges of studying ecology is to recognize and
understand the mechanisms that enable species to coexist with each other.
and to understand how their interactions affect the structure and functioning
of biological communities. One of the approaches that have been used to
understand these mechanisms is the grouping of species by ecological
similarities (Sheley and James, 2010). Lindeman (1942) proposes the
classification of species based on their position in the trophic chain:
producers, consumers and decomposers. This classification is directly based
on the mteraction between ammals and the plants from which they obtain
resources. This chapter will use the defimition of functional groups of De
Bello et al. (2010), who grouped organisms according to the characteristics
that are similar between them and that lead them to respond in a similar way

to changes in the environment and/or to have a similar impact on ecosystem
processes, Numerous studies support tlus type of classification (e.g.,
Hochwender and Fritz, 2004; Franks et al.. 2009: Morais and Cianciaruso,
2014). This defimtion of functional group allows researchers to
contextualize. in a broader way, their understanding of how the presence of
different species of arthropods and their intra and interspecific
interactions influence the structure and functioning of arthropod
communities.

This chapter describes how proximate (ecological) and distal
(evolutionary) causation factors have influenced the distribution and

abundance of arthropod populations and the structure and functioning of
arthropod communities. The proximate causes that will be analyzed include

plant diversity, associational susceptibility, plant productivity, plant genetic
diversity, chemical composition, structural complexity, environmental
oradients, seasonality and disturbances. The distal causes include
coevolution, hybridization and adaptive radiation. The chapter will focus on
examples of arthropod species associated with oak species and will describe
the mamn factors that influence the interaction between plants and insects and
how this relationship contributes and/or has contributed to the ecological and
evolutionary success of both groups.
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4 E. Tovar-Sanchez, E. Castillo-Mendoza, L. Valencia-Cuevas er al.

2. BioT11C FACTORS
2.1. Plant Diversity and Associational Susceptibility

Arthropods maintain a close relationship with their host plants, from
which they obtain a wide range of benefits (e.g., food, shelter from predators
or adverse conditions, places for sexual display, etc.) (Strong et al. 1984;
Schoonoven et al., 2005). It has been proposed that plant diversity may be
important in determining the diversity of the associated fauna (Hunter and

) S T O e e e a1 TN . Ol c ke <d <1 AT Thae ccssccdc e ca

that a greater diversity of plants provides a broader range of resources and
conditions that can sustain a greater number of associated species (Siemann
et al., 1998:; Haddad et al., 2001; Crutsmger et al., 2006: Vehvildmen et al..
2008). Field and experimental studies have confirmed this hypothesis by
reporting an increase in the diversity of phytophagous arthropods as a result
of the increase in diversity of the associated plants (Siemman, 1998; Knops
et al.. 1999: Hawkins and Porter, 2003). This increase in the spectrum of
resources and conditions associated with plant diversity not only reduces the
competition between arthropod species with similar requirements but can
also facilitate the armival and colonization by new species that exploit other
available resources and conditions (Schowalter et al.. 2011), which results
in greater diversification.

Moreover, it has been reported that the diversity of plant species can
have a positive influence on the richness of parasitoid arthropod species and
their predators (Hunter and Price 1992; Siemman et al., 1998 Wojtowicz et
al., 2014: Valencia-Cuevas et al., 2017). For example, Brown and Ewel
(1987) proposed the phenomenon known as “associational susceptibility,”
which suggests that host plants spatially associated with heterospecific
aeighbors can sustain a community of herbivorous arthropods with greater
abundance and diversity. This phenomenon is expected to occur when
generalist arthropods benefit from the wide range of resources and
conditions provided by diverse plant communities (Unsicker et al., 2008). It
would also occur when the focal plant 1s the least preferred host but grows
near the preferred host plant (Atsatt and O'Dowd, 1976). this promotes the
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Proximal and Evelutionary Factors That Influence Arthropod ... 5

mobility of arthropod species to neighboring plants after using the preferred
host plant (White and Whitham. 2000).

The greater diversity of herbivores associated with host plants that
coexist n flonstically complex plant communities has been reported in
temperate Mexican forests with respect to communities of ectophagous
arthropods associated with the canopy of Quwercus crassifolia (Tovar-
Sanchez et al., 2015a), Quercus crassipes and Q. rugosa (Tovar-Sanchez et
al., 2015b). and with respect to the community of gall-inducing endophagous
insects (Cynipidae) associated with the canopy of Q. castanea through a
gradient ol species richness of red oak (section: Lebatae) in temperate
forests of the center of Mexico (Valencia-Cuevas et al.. 2017).

This suggests that a diverse community of plant species favors a greater
diversity of the associated arthropod communities by making available for
them a broader range of resources and conditions. This information should
be considered when planning the management and conservation of diverse
ecosystems.

2.2. Plant Productivity: Biomass

All organisms need energy to synthesize the molecules required to
perform survival, growth and reproduction processes. The ability to obtain
energy is an essential factor for individuals that is associated with their level

of adaptation (Schowalter. 2011). In terrestrial ecosystems, plants are the
main responsible for transforming solar energy into chemical energy through

photosynthesis. Part of this energy 1s stored n plants i the form of organic
matter or biomass: the rate at which this biomass 1s produced 1s known as
primary productivity., Vegetable biomass can be used for energy by
heterotrophic organisms. including arthropods. Thus, a higher primary
productivity leads to a greater availability of resources for consumer species,
increasing their abundance and the number of species associated with plants
(Srivastava and Lawton, 1998).

Herbivore arthropods obtain the matter and energy they need to carry
out their vital functions directly from plants. Predatory or parasitoid
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6 E. Tovar-Sanchez, E. Castillo-Mendoza, L. Valencia-Cuevas et al.

arthropods benefit indirectly from plant biomass because they use herbivores
as a resource and can even respond directly to changes n vegetation
(Siemman, 1998; Begon et al.. 2006; Haddad et al., 2009). This dynamic
should be considered when trying to understand the close relationship
between plants and arthropods from ditferent trophic levels. as well as the
influence of plant biomass on the functioning and structure of arthropod
communities (Strong et al., 1984).

In general, the biomass of plant communities can vary spatially and
temporally (Begon et al., 2006). which has been explained as a result of the

heterogeneity of environmental conditions and biotic processes (Valencia-
Cuevas and Tovar-Sanchez, 2015). In tumn, the characteristics of arthropod

communities such as the abundance, richness and diversity of species
respond to variations in plant biomass, that is, variations in conditions and
in the availability of resources (Crutsinger et al.. 2006; Haddad et al.. 2009;
Tomas etal., 2011: McArtetal., 2012). An example of the influence of plant
biomass on arthropod communities can be seen in temperate ecosystems,
where the phenology of plants 1s influenced by precipitation patterns. Plant
biomass increases (production of branches. leaves and fruits) during the
rainy season, which also creates the necessary conditions for the growth of
various species of epiphytic plants in the canopy (Valencia-Cuevas and
Tovar-Sanchez, 2015). Arthropod communities associated with the oak
canopy (Quercus) of temperate forests have shown an increase in species

abundance, richness and diversity when the range of resources and
conditions becomes broader as a result of the increase in the biomass of host

plants hosts duning the rainy season (Forkner et al.. 2004; Southwood et al..
2005: Tovar-Sanchez, 2009: Tovar-Sianchez et al., 2013: Tovar-Sanchez,
2015a).

At a spatial level. differences in biotic or abiotic factors may create
differences in the amount of biomass generated by plant communities
(Valencia-Cuevas and Tovar-Sanchez, 2015). Changes in biomass and plant
productivity have been reported as a result of the changes in temperature and

precipitation that occur along altitudinal gradients (Sundqvist et al.. 2013).
This has consequences for the abundance. diversity and richness of
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arthropod species (Kérner, 2007; Lessar et al., 2011: Sundqvist et al., 2013:
Bernardou et al., 20135).

Biological processes can also affect the production of plant biomass and,
in turn. the arthropod communities associated with plants. Some studies
have found that the diversity of plant species (Tilman et al., 1996; Cardinale
et al.. 2007 Haddad et al., 2009) and genotypes (Crutsinger et al.. 20006;
2008 a. b) favors plant productivity [due to niche complementarity or
tacilitation (Hooper et al.. 2005)]. which benefits species richness and
abundance of arthropods (Johnson and Agrawal, 2005; Johnson et al., 2006;
Crutsinger et al.. 2006; 2008a, b).

2.3. Plant Genetic Diversity

Genetic diversity 1s defined as the magnitude of genetic variability at the
individual, population or species level (Nason, 2002). It 1s considered the
raw material for evolution through natural selection (Fisher, 1930) and a
fundamental source of biodiversity (Huges et al.. 2008). In the last 20 years.
different studies have found evidence that the genetic diversity of host plants
1s an mmportant ecological factor that can influence the structure of the
animal communities associated with them (Whitham et al.. 2012; Crustinger
et al., 2016). This evidence is associated with the recognition that the

phenotypic characteristics of plant populations present substantial genetic
diversity (Geber and Griften, 2003). High-impact genes with influence at

the community level have already been identified using QTLs (quantitative
trait loci): they include genes that are responsible for the phenological pulses
imvolved n the formation of buds (Frewen et al., 2000), tree growth and
architecture, (Bradshaw and Stettler, 1995). resistance to pathogens
(Newcombe and Bradshaw, 1996), and production of secondary metabolites
(Shepherd et al., 1999; Freeman et al.. 2008).

The study of plant-arthropod interactions has made it possible to
demonstrate the influence of genes at the community level. The preferred
study systems include founding species and their associated phytophages
(herbivores) (Whitham et al., 2003, 2006, 2012). Founding species are plant
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8 E. Tovar-Sanchez, E. Castillo-Mendoza, L. Valencia-Cuevas et al.

species that structure communities by creating locally stable conditions,
providing resources for other species and contributing to the modulation and
stabilization of ecosystem processes (Ellison et al.. 2005). In general. the
genetic diversity of host plants is positively and significantly related to the
diversity, richness and relative abundance of the associated herbivore
communities. An example of this pattern can be found in poplars (Wimp et
al., 2004; Bangert et al., 2005, 2006, 2008: Compson et al., 2016). oaks
(Tovar-Sanchez and Oyama, 2006b; Tovar-Sanchez et al., 2013, 2015a, b;
Valencia-Cuevas et al.. 2017), eucalyptus (Dungey et al.. 2000). and willows
(Hochwender and Fritz. 2004). Even in poplars and oaks, the response of
phytophagous organisms to the genetic diversity of host plants has been
consistent regardless of the host species, type of forest and geographic scale
(population and region). It has been suggested that an increase in the genetic
diversity of host plants can generate changes in their morphological
(Lambert et al., 1995: Gonzalez-Rodriguez et al., 2004; Tovar-Sanchez and
Oyama, 2004), phenological (Hunter et al., 1997), architectural (Martinsen
and Whitham, 1994; Whitham et al., 1999; Bangert et al., 2005), and
chemical (Fritz, 1999) characteristics, broadening the range of resources and
conditions that can be exploited by herbivores.

Likewise, it has been observed that the genetic identity of host plants is
an mmportant regulator of the structure of arthropod communities, since
genetically similar hosts sustain associated communities of genetically
similar arthropods (Bangert et al., 2006; Compson et al., 2016)This fact has
been explained by considering that genetically more similar populations
have greater similarity in their physical. chemical and phenological
characteristics, which will favor the establishment of more similar arthropod
communities (Bangert and Whitham, 2007). The ability of herbivorous
arthropods to discriminate between plant genotypes has been observed in
different plant species, including poplars (Wimp et al.. 2005; Compson et
al.. 2016). eucalyptus (Dungey et al.. 2000), willows (Hochwender and Fritz,
2004) and oaks (Tovar-Sanchez and Oyama, 2006b).

The atorementioned studies have analyzed communities of specialized
(endophagus) and generalist (ectophagous) herbivores, showing that the first
group is more sensitive to the effects of the genetic diversity of the host

Complimentary Contributor Copy

177



Proximal and Evolutionary Factors That Influence Arthropod ... 9

plants (Bangert et al., 2005, 2006, 2008; Shuster et al.. 2006; Tovar-Sanchez
and Oyama, 2006b; Valencia-Cuevas et al., 2017). Endophagous herbivores
are an important functional group that inhabits the canopy of trees. and
mcludes msects such as gall-formers. leaf miners and leaf-rollers. which are
characterized by living within the tissues of leaves and feeding on the
mesophyll tissue (Comnell, 1990). It has been proposed that the heritable
phenological and chemical signals that are produced by host plants
determine the selection of oviposition and gall formation sites by
endophagous herbivores (Abrahamson et al.. 1993). For example. when
choosing oak trees, gall-forming wasps of the Cynipidae family choose
specific species, organs and tissues (Stone, 2002). This high degree of
specialization and the close relationship of these insects with the host plant
could be the reason why this group is so sensitive to the genetic diversity of
the host (Tovar-Sianchez and Ovama, 2006b).

The genetic diversity of host plants not only has a direct effect on the
associated herbivore communities: its influence can extend mdirectly to the
following trophic levels, creating a cascading effect through the ecosystem
(Whitham et al., 2003, 2012). For example. an increase i the genetic
diversity of the host plant may promote an increase in its architectural
complexity and nutritional quality (Bailey et al., 2004; Glynn et al., 2004).
which will favor an increase in the diversity, abundance and quality of the
associated herbivores (Bailey et al., 2006; Valencia-Cuevas et al., 2017)
which, in tum. will increase the intensity of predation and the degree of

parasitism (Sarfraz et al., 2008).
In the coming vears. a major challenge will be to understand the

connections between evolutionary and ecological processes, given the
continuing loss of genetic diversity throughout the world (Butchart et al..
2010) and the potential consequences on biological communities of the
changes in the patterns of genetic variation caused by large selective events
(Genung et al.. 2011). Recognizing the influence of the genetic diversity of
host plants on ecological processes constitutes a valuable contribution to
ecological theory: the study of arthropods and their host plants has
undoubtedly made a significant contribution to this theoretical advance.
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2.4. Chemical Composition: Nutritional Quality and
Secondary Metabolites

The plant chemicals that can influence the associated arthropod
communities can be divided in two categories: food and defense (Strong,
1984). An example of food chemicals 1s foliar nitrogen. a critical component
for phytophagous insects (Strong et al., 1984); its concentration is positively
and significantly associated with the growth. reproduction and survival rate
of herbivorous nsects (Mattson Jr., 1980). The content of nitrogen in the
leaves can vary due to leaf ontogeny or between plant species (Jeftnes et al.,
2006), altering the feeding preferences of herbivorous insects (Coley and
Barone, 1996; Marquis and Lill, 2010). For example. low nitrogen content
has been associated with a low preference and reduced performance of
herbivorous insects, as the palatability of a plant depends on the
carbon/nitrogen ratio of the leaves (Schidler et al.. 2003).

From a community-focused perspective, there are several smidies that
show the importance of the mitrogen content of host plants on their
associated msect communities. Some studies have reported a positive and
significant relationship between the concentration of foliar nitrogen and the
density of herbivorous nsects (e.g.., leal’ miners, chewmg insects, gall-
formers and leaf rollers) in various species of oak: Quercus alba (Wold and
Marquis, 1997), Q. prinus, Q. rubra (Forkner and Hunter, 2000), Q. dentata
(Nakamura et al., 2008), Q. germinata, Q. laevis (Cornelissen and Stiling,
2006. 2008), Q. alba, Q. coceinea and Q. velurina (Marquis and Lill, 2010).
Likewise, a greater richness of species of chewing insects (Lepidoptera) has
been reported when there is a greater amount of foliar nitrogen in Q. crispula
(Murakami et al., 2005, 2007, 2008),

It has also been well documented that plants produce other chemical
substances (e.g.. oxalic acid, alkaloids, phenolic compounds, toxic lipids,
flavonoids, tannins and lignins) that act as defenses or insect attractants
(Becerra et al.. 2001). In response to these signals or chemical defenses,
there can be changes in the structure of arthropod communities associated
with the canopy of trees (Inoue et al., 2003).
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Tannins stand out among secondary metabolites for their defensive role
and their effect on herbivorous insects and on the structure of their
communities (Feeny, 1970). It has been reported that tannins reduce the
growth and survival of phytophagous nsects (Kause et al., 1999; Lill and
Marquis, 2001), produce lethal deformities (Barbenhenn and Martin, 1994)
and increase parasitism rates (Faeth and Bultman, 1986). At the community
level, a negative relationship has been reported between the concentration
of tannins in host plants and the abundance and richness of herbivorous
msects (e.g., chewing insects, leaf miners and gall-formers) that inhabit the

canopy of the following oak species: O. alba. O. velutina (Le Corfl and
Marquis. 1999: Forkner et al.. 2004), O. crispula (Murakami et al.. 2005.

2007, 2008), Q. germinata, Q. laevis (Comelissen and Stiling, 2006, 2008)
and Q. gambelii * (). grisea (Yarnes et al., 2008).

There are reports that the species of individual plants has a significant
effect on the concentration of nitrogen and secondary metabolites (Suomela
and Ayres. 1994), which suggests that species variability affects the foraging
activity and spatial distribution of arthropods. The concentration of nitrogen
and secondary metabolites may depend on the following factors: 1) the
genotype of the host plant (Glynn et al., 2004), 2) the environmental
conditions (Larsson et al., 1986), and 3) the resources of the host plant
(Ricklefs, 2008).

Gall-formers (Cynipidae) are a group of insects that is sensitive to the
differences in leaf chemistry between species of oaks. Abrahamson et al.
(1998, 2003) found that the structure of gall-wasp communities was different
and particular in each of six different species of oak (Q. laevis, O. myriifolia.
Q. inopina, Q. chapmanii, Q. geminara and Q. minima). Similar results were
reported for the complex Q. crassipes = (. crassifolia in Mexico (Tovar-
Sanchez and Oyama. 2006b), for Q. infectoria and Q. brantii (Nazenm et al.,
2008) in Iran, and for Q. castanea and Q. crassipes in Mexico (Tovar-
Sanchez et al., 2013). Researchers suggest that this sensitivity is explained
by the close relationship between plants and insects, which is behind the
high degree of specialization of these insects with respect to the chemicals
of their host oaks.
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Moreover, oaks have been observed to show seasonal variations in foliar
chemistry. Some examples have been documented in Q. rebur (Feeny, 1970,
Salminen et al., 2004), Q. alba, Q. velutina (Le Corff and Marquis, 1999),
Q. alba (Lill and Marquis, 2001), Q. erispula (Murakami et al., 20035, 2007,
2008), 0. germinata and Q. laevis (Comelissen and Stiling, 2006, 2008).
These studies found temporal variations in the nutritional quality of the
leaves: as the ontogenetic development of leaves progressed, the content of
tannins and lignins increased and the content of water and nitrogen
decreased (Feeny. 1970). Several studies have shown that the richness.
diversity, abundance and biomass of the arthropods associated with the

canopy of oak trees decrease as the season progresses, while the structure of
the communities changes in response to variations in the chemistry of the

host plants (e.g.. Forkner et al., 2004; Southwood et al., 2004; Yames et al..
2008).

Studying the chemistry of host plants and of'its influence on plant-insect
interactions 1s crucial for understanding the structure of arthropod
communities and the preferences of individual arthropods regarding
oviposition site, feeding habits, ontogenetic performance and change of host,

2.5. Structural Complexity

Since plant communities determine the physical structure of different
environments. they have a great influence on the structure of the associated
amimal commumities (Strong et al., 1984; Halay et al., 2000; Tews et al.,
2004). It has been suggested that structurally more complex environments
offer a wider range of available habitats and shelters and create the
conditions for the occurrence of speciation events as a result of the
adaptation of species to various environmental conditions (Halaj et al.. 2000;
Tews et al.. 2004: Kallimanis et al.. 2008: Antonelli and Sanmartin, 2011).
all of which promotes the coexistence, persistence and diversification of
species (Stein et al., 2014). In the case of arthropods, the abundance and
architecture of the plants with which they are associated (e.g.. shape and size
of leaves, shoots, branches and epiphytic plants. as well as the texture of the
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stem or bark: Halaj et al.. 2000: Sobek et al.. 2009) constitute a very
mmportant element of the structure and complexity of their habitat. Its
importance lies in the fact that the heterogeneity of the habitat 1s related to
the availability of basic resources for herbivores such as: food. shelter and
foraging, oviposition and sexual display sites (Halaj et al., 2000; Novotny et
al., 2006)For example. some studies have shown that the presence of
epiphytic plants (e.g., orchids, bromeliads, ferns. mosses, lichens, etc.),
which differ substantially between them n their structure, growth habit and
function, increases the structural complexity of the tree canopy. offering a
great diversity of microhabitats and resources (Ishii et al., 2004) that can be
used by the arthropods associated with the trees.

Another factor that increases the complexity of the habitat of arthropods
associated with plants is the richness of species in plant communities. Plant
communities rich in species have also greater richness, diversity and
abundance of arthropod species (Sobek et al. 2009). The posituve
relationship between the richness of plant species and the richness of
arthropod species has been widely documented (Gaston, 1991 Siemman,
1998; Knops et al., 1999; Hawkins and Porter, 2003: Vehvildmen et al.,
2008). An increase in plant diversity represents an increase in the diversity
of resources available for herbivores, which allows more consumer species
to coexist (Hutchinson, 1959), since it 1s more likely that a particular
resource is available to a particular consumer. Under this scenario, the
diversity of herbivores is promoted by plant diversity (Chown et al., 1998:
Novotny et al., 2006; Kumar et al.. 2009). Moreover, plant diversity can
indirectly influence predator communities through its effect on the diversity,
abundance and quality of thewr prey (herbivores) (Chown et al., 1998:
Scherber et al., 2010; Valencia-Cuevas et al., 2017).

Another scenario in which the effect of habitat complexity becomes
evident 1s of the succession of plant communities. For example, the
structural complexity of forests increases with their age. that is, mature
forests are structurally more complex than young forests or plantations
(Schowalter, 1995: Hardiman et al.. 2011), since the former tend to have a
greater number of large in terms of height and biomass, more tree species
and different strata of vegetation (herbaceous, shrubs, trees) (Bazzaz, 1975:
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Fernandes et al., 2010). Mature forests also contain trees of different ages,
which gives them greater structural complexity (Ishii et al.. 2004). In short.
the presence of tree species with diverse physiognomy and growth patterns,
as well as individuals of different sizes, generates horizontal and vertical
variation, which promotes microenvironmental heterogeneity (Stein et al..
2014) and provides more diverse resources and conditions that can be
exploited by arthropods.

An example of the positive effect of the structural complexity that age
gives to a forest habitat on the richness of the arthropod fauna associated
with the tree canopy was observed in the community of chewing insects
associated with the canopy of . alba and Q. velutina (Marquis and Le Cortt.
1997) and the community of lepidoptera associated with the canopy of
Quercus spp. (Summerville and Crist, 2002, 2003). Furthermore, Marquis et
al. (2002) showed that the abundance of shelter-building caterpillars
(Lepidoptera) is related to the architecture of their host caks (Q. alba). Their
results showed a positive and significant relationship between the structural
complexity of the canopy of this tree species, measured as the proportion of
overlapping leaves, and the abundance of caterpillars, which indicates the
importance of tree architecture for these herbivores.

The results of the different studies included here suggest that habitat
complexity is a crucial factor favoring the diversity of arthropod species,
which means that management and conservation plans aimed at the
preservation of these organisms should contemplate the inclusion of this
factor when designing strategies for the maintenance of biodiversity.

2.6. Interactions

Galls are considered a "hot spot" because, throughout the different
stages of thewr development. they are the place where several species
interact. Gall-inducing insects (Cynipimi) are found there durning the
formation stage (Pujade-Villar, 2013). Galls are induced by the chemical
action caused by the secretions and excretions of insect larvae, which control
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the development of galls; 1f the larvae die the development of galls stops
(Folliot. 1977: Pujade-Villar, 2013).

Synergini insects also appear in galls. as inquilines or commensals. The
synergini lost their ability to induce their own galls (Pénzes et al., 2012), but
they can still induce their own larval chambers and create their own
nutritional tissue; furthermore, they can kill inducer organisms by competing
with them for space and/or food (Ronquist, 1999: Maldonado-Lopez. et al..
2013). Chalcidoid insects (Chalcidoidea) can also be found during the
formation of galls. They belong to six families (Eulophidae, Eupelmidae,
Eurytomidae, Ormyridae. Pteromalidae and Toryvmidae). and their
ecological function in galls 1s not yet completely understood, since they can
act as phytophagous insects, predators, parasitoids and hyperparasitoids. It
1s thought that chalcidoids regulate the populations of gall-inducing insects.
since they can kill between 40 and 100% of inducer insects (Gibson. 2006).

There are few studies on the primary fauna of galls: however, it is
already possible to associate some genera of synergini and chalcidoids to
certain gall-inducing insects. Examples of this have bzen documented by
Serrano-Murnioz (2016), who mentions that the msects found in the galls
induced by Trigonaspis oscura in Q. rugosa include the inquiline Synergus
sp. and the chaleidoids Barvseapus, Brasema, Eurvtoma, Svcophila and
Ormyrus. Furthermore, the inquiline Svwergus and the chalcidoids
Galeopsomyia. Eurvioma. Ormyrus and Sveophila have been found in galls
induced by Anusca pictor in Q. frurex, while the inquiline Synerus and the
chalcidowds Barvsecapus, Ewrvioma. Galeopsomyvia. Ormvrus and Torvimus
were found in galls induced by Disholcaspis potosina in Q. obtusata. Once
a gall 1s established, secondary fauna can be found in them. constituted by
small arthropods that use the gall as a refuge and/or food (Pujade-Villar,
2013). Valencia-Cuevas et al. (2017) collected Diptera (Cecidomyndae and
Chloropidae). Lepidoptera (Bedellinae and Gelechiidae) and Hymenoptera
(Apidea, Bethylidae. Braconidae, Figitidae and Sphecidae) from galls of Q.
castanea. That was the first study carred out in Mexico that mentioned the
secondary fauna that can be found in plant galls, providing a background for
future studies. After a gall falls to the ground, it is consumed by soil
organisms such as fungi and small arthropods. However, sometimes the galls
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are consumed by birds or mammals. It 1s expected that future studies expand
our knowledge of the biological interactions centered around galls, and of
the ecological function of each of their mnhabitants.

3. ABIOTIC FACTORS
3.1. Environmental Gradients

The ability of arthropods to establish themselves m a given habitat 1s hmited
in part by vanations n the physical environment (Menke and Holway, 2006).
Factors such as temperature, hummdity. precipitation. solar radiation and wind
speed directly affect the survival, reproductive capacity and longevity of
arthropods (Willmer. 1982). For example. the desiccation of mnsects in immature
stages increases in environments with high temperatures and lower humidity
(Willmer, 1982). In fact, it has been reported that insect larvae survive and grow
better under conditions of higher hunmdity (Hunter and Willmer, 1989; Larsson
etal.. 1997). Likewise, it has been observed that herbivorous arthropods can be
directly affected by solar radiation (light and heat), but also mdirectly by
affecting the nutritional quality of their host plants (Fukui, 2001). Finally,
radiation and wind cause changes in the temperature of the air, which affects the
survival and growth of arthropods (Porter and Gates. 1969). These changes n
the physical environment can modify the behavior, physiology and morphology
of individual arthropods. inducing alterations in the distribution and abundance
of populations (McKinney, 2008) and., consequently, in the structure of
arthropod communities (Valencia-Cuevas and Tovar-Sanchez, 20135).

Abiotic factors can also affect plant communities along environmental
gradients, inducing changes in species richness, genetic diversity, abundance
and total biomass (Begon et al.. 2006); this creates heterogeneous habitats (in
terms of conditions and resources). which in turn induce changes in the
associated arthropod commumties (Valencia-Cuevas and Tovar-Sanchez,
2015). If the composition and diversity of plant communities vary predictably
across habitats and biogeographical zones (Gurevitch et al., 2002). it is
reasonable to assume that the strength of plant-herbivore interactions can also
vary. Two of the most recognized and studied environmental gradients are those
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associated with latitudinal and altitudinal changes (Gaston. 2000: Lomolino et
al.. 2006b). In general, chimatic variables (temperature, hunudity, precipitation).
solar radiation and edaphic parameters (pH. availability of nutrients). among
others. vary with latitude and altitude (Komer, 2007). Several studies have
reported the response of various biological groups. including arthropods and
their host plants. to environmental gradients (Hodkinson. 2005: Sundgvist et al..
2013; Bernadou et al.. 2015). Changes in the abiotic factors described above
affect the phenology. morphology, physiclogy and chenustry of host plants
(Hodkinson. 2005), altering their ability to defend agamnst herbivorous
arthropods. (Pellisier et al., 2012). Thus, changes in altitude (Rodriguez-
Castafieda et al.. 2010; Beck et al.. 2011: Sundqvist et al.. 2013; Bernadou et al..
2015) and latutude (Gaston and Lawton 1988; Hillebrand 2004; Dyer et al.,
2007; Kraft et al. 2011) correlate with changes in the diversity. composition and
abundance of plant-associated arthropods. One of the most frequently observed
patterns along altitudinal gradients 1s the decrease in species richness as altitude
mereases (Rabhek, 2005; Grymes and McCain, 2007; McCain et al., 2011).
However, some studies have found peaks of species richness at intermediate
altitudes (Rahbek, 2005: Kessler et al.. 2011). Both patterns have been
documented n arthropod communities (Olson, 1994; Sanders et al., 2003).

A study camied out in Mexico along an altutudinal gradient in a temperate
forest (Abies-Quercus) evidenced a decrease m the abundance and diversity of
species of the arthropod community associated with the mulch forest, as well as
changes i the composition of species along the gradient (Rodriguez-
Dominguez, 2010). The author suggests that this response from the arthropod
community can be partly explamed by changes in factors such as temperature

The study of the influence of abiotic factors along environmental gradients
has served to understand the limits imposed by environmental conditions on the
distribution of arthropods. which. in tum. helps to understand their biology and
abundance (Andrew and Hughes, 2005; Sundqvist et al., 2013). Furthermore,
the response of arthropod species and communities to changes in abiotic factors
associated with environmental gradients can be used as a predictive tool to
understand the potential impact of climate change (Hodkinson, 2005) and the
future of arthropod biodiversity (Fukami and Wardle, 2005; McCain and
Colwell, 2011).
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3.2. Seasonality

The abundance and distribution of arthropods can change across space
and time. An arthropod species will only be present in a given habitat when
it has the capacity to reach it (dispersion), when the resources and conditions
necessary for its establishment become available and when its competitors,
predators or parasitoids allow it (Begon et al., 2006). Thus, the temporal
sequence of the appearance and disappearance of an arthropod species in a
given habitat depends on how the influence of resources. conditions and
enemies changes over time. Needless to say, the factors that affect vegetation
will have an effect on arthropod communities (Valencia-Cuevas and Tovar-
Sanchez, 2013).

Highly synchronized phenological events are characteristic of deciduous
temperate forests, where the foliage of most tree species regrows in spring
and falls in the autumn (Strong et al., 1984). These seasonal cyclical changes
in plant species change the distribution and abundance of the arthropod
species associated with the tree canopy. Different studies have documented
the seasonal changes mn the composition of arthropod communities and the
decrease in the relatve abundance and nichness of arthropod species
associated with the canopy of temperate forests (Gering et al.. 2003; Tovar-
Sanchez, 2009; Tovar-Sanchez et al., 2013). These responses have been
explained by considering that the nutritional quality of the leaf tissue found
in temperate forests decreases as the season progresses (Feeny, 1970): leaves

become harder, their content of water and nitrogen content decreases and the
concentration of tannins and fiber increases (Feeny, 1970). These changes

in fohiage charactenstics contribute to the appearance of arthropod species
with different feeding preferences (e.g., leaf-chewing insects at the
beginning of the season, sucking insects at the end of the season: Strong et
al.. 1984: Southwood et al.. 2004, 2005). changing the composition of
arthropod communities.

Another charactenstic of temperate forests 1s the seasonal pattern of the
rainy season. which lasts six to seven months and is followed by a dry season
that can last from five to six months (Rredowski, 1978). These annual
variations in the rainfall pattern affect the phenology of vegetation and its
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associated arthropod communities. The formation of branches, foliage and
fruits. and the growth of epiphytic plants. increases during the rainy season.
broadening the range of resources and conditions that can be exploited by
the arthropods inhabiting the canopy. These events can create microclimatic
changes (Basset and Novotny, 1999) and increase the heterogeneity of the
habitats used by arthropods (Yames and Boecklen, 2005). Moreover, young
leaves, which are less hard. of higher nutritional quality and with a smaller
amount of chemical defenses. are more abundant during the rainy season
(Kursar and Coley. 2003: Forkner and Marquis, 2004). Finally. the increase
in plant biomass during the rainy season in temperate forests can create for

foliage arthropods to colonize new trees (Basset et al., 1992).
Oaks are one of the most representative genera of temperate forests.

Studies of the arthropod communities associated with the canopy of this
plant group have documented the effect of their phenological changes on the
communities associated with them. For example, as the seasons progress, a
decrease in density, richness, diversity and biomass has been reported in the
community of leaf-chewing insects associated with the canopy of 0. alba
and Q. velwtina in Missouri (Forkner et al.. 2004), the community of
herbivorous insects that inhabit the canopy of Q. cerris, Q. ilex, Q. petraea
and Q. robur in France (Southwood et al., 2004, 2005), and the community
of beetles associated with the canopy of Quercus spp. in Turkey (Sen and
Gok, 2009).

Likewise, greater diversity, species richness, density and biomass have
been reported during the rainy season in the collembola community living
in Tillandsia spp., which grows associated with the canopy of Quercus spp.
in a temperate forest in central Mexico (Palacios-Vargas and Castaiio-
Meneses, 2003). These changes have also been observed in the community
of ectophagous insects associated with the canopy of Q. laurinag and Q.
rirgosa (Tovar-Sanchez, 2009), and the canopy of Q. castanea and Q.
crassipes (Tovar-Sanchez et al.. 2013) m a temperate forest in central
Mexico.

In general, the lugh sensitivity of arthropods to changes in biotic and
abiotic parameters suggests its usefulness as bioindicators: they can be an
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important tool to understand and predict the effect of environmental change
on biodiversity.

3.3. Disturbances

Disturbances are discrete events that alter the structure of populations.
communities and ecosystems by changing the availability of resources and
the prevailing conditions (White and Pickett, 1985). Succession 15 the
process ol recovery after a disturbance (Harper. 1977) in which biological
communities experience changes in their composition, complexity, diversity
and habits (Currano et al., 2011). In plant communities, disturbances act as
promoters of succession, giving rise to vegetation mosaics with different
degrees of structural complexity (White and Pickett, 1985: Siemann et al.,
1998: Fernandes et al., 2010) and mducing the turnover of species. In sum,
they affect the dynamics of biological commumities (Hughes et al., 2007; Ilg
etal.. 2008; Gerisch et al., 2012). In the case of arthropods, they are affected.
directly and indirectly. by the intensity. frequency, duration, and area of the
disturbances (Currano et al., 2011). Directly when frequent disturbances
maintain the diversity of biological communities at low levels by causing
local extinction events and limiting the dispersion of species (Hanski. 1994).
Indirectly by causing changes n the structure of plant communities, which
affects the spatial and temporal patterns of the diversity of the arthropods
associated with them (Fagan et al., 1999: JefInes et al., 2006).

In general, biological communities are subject to the effects of
disturbances of natural [e.g.. fire, storms, hurricanes, floods, etc. (Dziock et
al., 2006)] and anthropogenic [e.g., deforestation, agriculture, urbanization,
etc. (Hirao et al., 2007)] origin. This section addresses only the effects of
anthropogenic disturbances. the frequency and intensity of which have
increased dramatically in recent years.

Several studies have documented that anthropogenic disturbances affect
arthropod communities in several ways and with different intensity (Hill et
al., 1995: Floren and Linsenmair, 2001; Currano et al.. 2011): there is no
unique pattern. Disturbance events can have negative or positive effects, or
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simply have no effect. on the structure of arthropod communities (Mackey
and Currie. 2001). This range of responses can be explained by differences
in the habitat requirements, dispersal abilities and distribution patterns of
different arthropod species (Cooke and Roland. 2000; Gibb et al.. 2013). as
well as by differences in the scale and degree of the disturbances (Lewis.
2001; Niemeli et al., 2002), historical factors and heterogeneity of the sites
(Bruno et al., 2003; Hamer et al., 2003). For example. the abundance and
diversity of arthropod species that depend on resources that are only
available after a disturbance (e.g., dead wood) could increase rapidly after
the event, compared to those species that depend on microhabitats that are
not regularly affected by disturbances (Gibb et al.. 2013). In consequence.
undisturbed sites can make biological communities more stable but less
diverse.

The canopy of oaks and the arthropods associated with it constitute a
useful system to illustrate the diversity of responses to disturbances of
arthropod communities. A study by Tovar-Sanchez et al. (2003) compared
three forests with different degrees of disturbance in the Valley of Mexico
and found signmficant differences in the abundance and diversity of
ectophagous arthropods associated with the canopy of ). castanea. Q.
crassipes, 0. crassifolia, Q. greggii. (). laeta and Q. rugosa. Siumilar
responses were reported regarding the nichness of herbivorous insects
associated with the canopy of Q. alba and the richness and abundance of
leaf-chewing insects associated with the canopy of Q. alba and Q. velutina

in Missouri (Forkner et al.. 2006, 2008). Moreover, Summerville and Crist
(2002, 2003) found changes in the composition of species, and a decrease in

the richness thereof. in the lepidopteran community associated with the
canopy of Quercus ssp. in recently felled forests compared to non-felled
ones.

Other studies have reported that the arthropod faunz associated with the
canopy of oaks does not respond to disturbances. For example, the
composition and species richness of beetles associated with the canopy of
Quercus spp. in forest fragments in Bulgaria with different degrees of
urbanization (rural/suburban/urban) did not present differences between
them (Niemeld et al.. 2002). The authors suggest that local factors such as
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temperature, humidity or edaphic conditions may have played a more
important role in the structure of the beetle community, considering that the
degree of habitat disturbance that occurred in the three groups of forest
fragments was moderate.

Some studies have reported that arthropods benefit from disturbances
(Chust et al., 2007; Maldonado-Lopez et al., 2015). Maldonado-Lopez et al.
(2015) reported greater abundance and diversity of gall-inducing insects of
the Cynipidae family as the fragmentation of oak forests increased. The
authors explain that these results can be explained by the dispersal capacity
of these arthropods and by the increase in the quality of the host plants,

measured in terms of the amount of leaves. buds and petioles, which are the
sites where cynipids induce the formation of galls.

The future of biodiversity depends to a large extent on the generation of
knowledge that is useful for managing ecosystems that have been altered by
human activities. One of the most important things is to 1dentify the species
or groups of species that are sensitive to these alterations (Gardner, 2010).
The sensiivity of arthropods to changes in their habitat 1s a very valuable
atiribute that makes this animal group a potential ecological ndicator that
can provide mformation on the conservation state of different ecosystems
(Valencia-Cuevas and Tovar-Sanchez, 2015).

4. EVOLUTIONARY FACTORS

4.1. Coevolution

Since the publication of the study by Ehrlich and Raven (1964) on the
coevolution between plants and animals, the scientific community became
greatly interested in the study of ecological interactions, their possible
evolutionary histories and their role in the structuring of biological
communities (Oyama, 1999). The study by Ehrlich and Raven proposed the
concept of coevolution as a mechanism that could explain the joint evolution
of butterflies of the superfamily Papilionoidea and the plant species with
which they were associated. They used this concept to explain the process
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by which plants develop new chemical defenses and insects evolve
resistance or tolerance to these new defenses. The authors suggested that this
type of reciprocal responses between plants and nsects could be considered
one of the most important regulating factors of diversity in terrestrial
communities, one in which a crucial role is played by the biochemical
innovation that takes place in plants (Ehrlich and Raven, 1964; Becerra et
al., 2009: Futuyma and Agrawal, 2009; Thompson, 2013). To study this
mechanism, Berenbaum (1983) analyzed the chemical composition of plants
of the family Umbelliferae and the herbivores associated with plant species
with different chemical composition. A charactenstic of this group of plants
15 that they contain a chemical group known as coumarins, which have at
least four derivative groups that differ in a single chemical radical. This
study showed that the degree of toxicity of each derived chemical group
increases with its degree of complexity, which suggests that this progressive
mcrease m toxicity comesponds to a biosynthetic advance against
herbivorous insects. Another contribution of the study carried out by
Berenbaum was to show that the plant taxa with the most advanced
coumarins were richer in species compared to those with less advanced
chemicals. It also showed that the insect taxa that fed on plants with more
complex coumarins were richer in species than other taxa that fed on plants
with simpler coumarins. These results provided the first evidence of the
important association between the evolution of plant-insect interactions and
diversification events. Furthermore, the results obtained by this study

inspired decades of work that aimed to document this type of evolutionary
scenarios (Berenbaum, 2001).

Coevolution is a process that defines and redefines the interactions
between ditterent species (Thompson, 2001). Gall-inducing insects and their
host plants constitute a good model to illustrate coevolution events. It has
been suggested that gall formation emerged as a defense mechanism in
plants to isolate potentially harmful insects and restrict their development
(Ananthakrishan, 1984: Stone et al., 2002). However. insects evolved in
response to this strategy, inducing changes in plant growth and living within
its tissues (Ananthakrishnan, 1984). They managed to use galls to obtain
food, protection against predators, drving and shelter for reproduction
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(Fernandes and Price, 1988). This has led some researchers to suggest that
the formation of galls is an evolutionary step towards a stronger relationship
between genetic changes and the exploitation of plant species
(Ananthakrishnan, 1984).

An example of this type of interaction can be observed in cynipid wasps
(Hymenoptera: Cynipidae), which form galls i oak trees (Fagaceae:
Cuercns). The interaction between cynipid wasps and oaks has a long
history of at least 30 million years (starting in the Oligocene or Miocene;
Kinsey. 1930). An important characteristic of this group of insects is its
spectficity regarding the genus of the host plant and even the organs that are
attacked by them, so that a certain species of cynipidae is associated only
with a certam species or related group of plant species and induces galls
constantly and exclusively in a single organ of the plant (Stone et al., 2002).
Any organ and part of the plant can be attacked by arthropods, including
roots, stems, buds. leaves, flowers and fruits (Ronquist and Liljeblad, 2001:
Stone et al., 2002). Tannins are part of the defensive chemistry oaks. These
chemical compounds stand out for their role as herbivore repellents (Feeny,
1970) and for their influence on the structuring of phytophagous nsect
communities (Inoue et al., 2003). Tannins have been reported to atfect insect
growth and survival (Kause et al.. 1999), reducing their biomass (Lill and
Marquis. 2001), producing lethal deformities (Barbenhenn and Martin.
1994) and increasing parasitism rates (Fazth and Bultman, 1986). However,
this chemical barrer has not been effective in controlling the growth and
development of gall-inducing cynipids. Considering that the generation time
of oaks 1s much longer than that of gall wasps. it is not surprising that the
latter have evolved different strategies to overcome the tannin barrier. Some
insect species have developed powertul phenoloxidase systems, which are
enzymes that have the ability to oxidize tannins (Nierenstein, 1930). Beside
tannins, the defense mechanisms of oaks against the attack of cynipids
include seasonal changes in their nutritional quality and in the turgidity of
their leaves (Strong etal.. 1984: Forkner et al., 2004). However, these insects
have managed to evade these defenses by manipulating the levels of tannins
and nutrients in the gall tissues (Fay and Hartnett, 1991: Bagatto et al., 1996:
Hartley, 1998, Schoénrogge et al., 2000). This scenario shows the way in
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which these two groups of organisms have coevolved over millions of years
(Nieves-Aldrey, 1987).

Another model that can be used to identify reciprocal adaptive responses
are the mteractions between parasites and hosts (Beranbaum. 2001). The
communities associated with the galls induced by eymipids (Hymenoptera.
Cynmipidae) belong to several trophic levels, forming complex networks
composed of inquiline, parasitoid and successor insects (Askew, 1984).
Galls constitute extended phenotypes of the genes of the wasps that induce
these structures m the tissue of their host oak (Dawkins, 1982; Stone and
Cook, 1998: Stone and Schonrogge, 2003). These structures have evolved
into increasingly complex morphologies, the purpose of which, in part, has
been to exclude the natural predators of these wasps, mamly parasitoid
insects. It has been suggested that the relationship between parasitoid insects
and their host wasps has been maintained through coevolution processes that
have given rise to diverse communities that include a third of all animal
species (Bailey et al.. 2009). Parasitoid msects cause high mortality in gall
wasps (Stone et al.. 2002; Stone and Schonrogge. 2003); thus. natural
selection could have favored adaptive responses by the host insects to reduce
the rate of parasitism (Abrahamson and Weis, 1997: Stone and Schénrogge,
2003). Because the attack of parasitoids involves oviposition through the
gall tissues, selection could have favored gall-forming insects with genes
that induce the formation of structures in the galls that reduce or prevent
such attacks (Stone and Schonrogge, 2003 Singer and Sireman, 2005;

Abrahamson and Blair, 2008). The defensive phenotypes acquired by gall
wasps have probably stimulated reciprocal evolutionary changes

(Abrahamson and Weis, 1997; Agrawal, 2001) in the characteristics of
parasitoid msects, such as the length of the ovipositor (Askew, 1965). Bailey
et al. (2009) studied the effect of different host characteristics on 48
communities of parasitoids that attack gall-inducing wasps of the family
Cymipidae in oak trees. The authors showed that gall attributes such as
turgor. hairiness and the presence of stucky substances, as well as their
position in the host plant, had a significant effect on the composition of the
parasitoid insect community. It has been suggested that these changes in
parasitoid insect communities reflect the action of different species; small
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parasitord species attack during the early development of the galls. while
larger ones with longer ovipositors attack during the later stages of gall
development (Briggs and Latto, 1996: Abrahamson and Weis, 1997; Stone
et al.. 2002). These results support the hypothesis that the evolution of gall
morphology has been an adaptive response of wasps to minimize the attacks
from their associated parasitoids (Abrahamson and Weis. 1997: Stone and
Schinrogge. 2003: Abrahamson and Blair, 2008). However. the results also
suggest that parasitoids are sull searching how to counteract these defenses
(Wiebes-Rijks and Shorthouse, 1992: Stone et al., 2002).

4.2. Hybridization

Natural hybridization is a common phenomenon in plant species
(Whitney et al., 2010) that has been recognized as a substantial evolutionary
force that favors the process of species diversification and increases
intraspecific genetic diversity (Rieseberg and Ellstrand, 1993: Whitham et
al.. 1999). In the last decades. hybrid zones have allowed to study the effect
ol the interspecilic genetic flow on plant-insect interactions (Whitham.,
1989; Dungey et al., 2000: Tovar-Sanchez and Oyama, 2006a, b: Yarnes et
al., 2008: Valencia-Cuevas et al., 2017). Several studies have focused on the
response of arthropods. particularly phytophagous ones. to the variations
found in these areas (Boecklen and Spellenberg, 1990: Agwlar and
Boecklen. 1992: Prezsler and Boecklen, 1994; Tovar-Sanchez and Oyama.
2006a, b: Yames et al.. 2008). The host plants of arthropods have unique
combinations of genetically based charactenistics that could be associated
with the oviposition preferences of the associated insects and the resistance
charactenistics of the plants (Boecklen and Spellenberg, 1990; Aguilar and
Boecklen, 1992; Fritz, 1999). Thus, genetic variations that occur as a result
of hybridization events may affect the distribution of herbivorous and
pathogenic arthropods (Whitham et al., 1994: Fritz, 1999). For example,
differences in the abundance or composition of arthropod communities in
hybrid zones may be the result of the presence of susceptible hybnd
genotypes, while in other areas the hybnds may be resistant, resulting in
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hybrid zones containing plants with greater or lesser resistance (Martinsen
et al., 2000), which affects the structure of the arthropod community.

In general. phytophagous arthropods show four response patterns to the
hybridization of their host plants: 1) Susceptibility: more insect species in
hybrid hosts than in the parent species (Fritz et al.. 1994; Whitham et al.,
1994); 2) Dominance: hybrids sustain as many species of herbivores as some
of the parent species (Fritz et al., 1994, 1996: Fritz. 1999); 3) Resistance:
hybrids sustain less herbivores than the parent species (Boecklen and
Spellenberg, 1990; Fritz et al., 1994, 1996; Fritz. 1999); 4) Additivity:
hybrids sustain an intermediate number of insects compared to the parent

specics (Boecklen and Spellenberg, 1990: Fritz et al., 1994, 1996: Iritz,
1999). The presence. in phytophagous arthropods, of different response

patterns to the hybridization of their host plants has been attributed to the
extension, in time and space, of the geographical distribution of hybrid
zones, environmental gradients, the genetic status of hybrids, morphological
and chemical similarities between parent species. and the genetic
mechanisms that determine the inheritance of resistance mechanisms in
hybrids (Boecklen and Spellenberg, 1990; Strauss, 1994; Friz, 1999,
Whitham et al., 2003).

In the reviews carried out by Strauss (1994) and Whitham et al. (1999),
the authors found that, in 152 cases analvzed. 79% of the taxa showed a
significant response to the hybridization of the host plant, and the most
frequent response was susceptibility of the hybrids, with 28% of the cases
(43 studies). They also found that herbivores of both parent species
accumulate in hybrids and hybrid zones.

Other factors that may affect the response of arthropods to the
hybridization of their host plants are: 1) the level of genetic variation in the
host plants present in hybrid zones, and 2) the pattem of introgression
(Whitham et al., 1999). The highest genetic variation is expected to appear
when all hybrid classes are present within a hybrid zone, so that any factor
that eliminates one or more classes may have negative consequences on the
levels of variation (Whitham et al., 1999). For example. it has been proposed
that the greatest genetic diversity occurs as a result of bidirectional
introgression, that is, when the first generation of hybrids (F1) are fertile,
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reproduce and form backcrosses with both parent species. A continuum of
genotypes between both species would be expected as a result of the
combinations and permutations of the genome of the two parental species
(Tovar-Sanchez and Ovama, 2004). Nevertheless, 1t 15 also possible that
fertile F1 hybrids cross with only one of the parent species (Keim et al.,
1989), a process known as unidirectional introgression. Under this
hybridization scenario, the continuum of hybrid genotypes exists only
between the hybrids and one of the parent species, while a morphological
and genetic vacuum is left between the hybrids and the other parent species,
which results in a reduction of the genetic diversity of the hybnd zone. In
the last scenario, F1 hybrids are sterile. survive by cloning. and genetic
diversity 1s at its lowest level (Whitham et al.. 1999). An example that
illustrates the influence of introgression and genetic diversity in hybrid
zones on arthropod communities is the study by Tovar-Sanchez and Oyama
(2006b) in seven hybrid zones of the hybrid complex Q. crassipes = Q.
crassifolia in Mexico. Their results showed that in the hybrid zone where
bidirectional introgression was detected, the hybrids sustained the greatest
richness of endophagous msects (Hymenoptera and Lepidoptera). compared
to the hybrids in the other six hybrid zones where introgression was
unidhrectional. The authors also reported a posiive and signmificant
relatonship between the genetic diversity of the hybnd zone and the
diversity of endophagous arthropods associated with the same oak complex.
They found the greatest genetic diversity in the hybrid zone where
bidirectional introgression took place (Tovar-Sanchez and Oyama, 2004),
which favors the species diversity of the community of endophagous insects.
Whitham et al. (1999) proposed that the richness of arthropod species 1s
highest in hybrid zones with bidirectional introgression. intermediate in
hybrid zones formed by unidirectional introgression, and lowest in hybrid
zones formed by sterile F1 hybrids, where no backcrossing with parent
species oceurs. This pattern has been explained by considering that hybrid
genotypes are eliminated in the hybndization scenarios with umidirectional
itrogression and sterile hybnds, while phytophagous arthropods of the two
parental species accumulate in the hybrid zones, affecting the diversity
pattern of arthropod species (Whitham et al., 1999).
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Hybridization is a mechanism that has allowed species of arthropods to
change to a new species of host plant. It has been suggested that for this host
change to occur. herbivores must be preadapted to switch to a new host
species, but they do not because the new host is not present (Pre-adaptation
hypothesis; Thomas et al., 1987). When herbivores are not pre-adapted to a
new host plant, one or more key mutations must occur for phytophagous
arthropods to recognize it as a new and better host (Mutation hypothesis:
Jermy, 1984). Floate and Whitham (1993) proposed the hybrid bridge
hypothesis that predicts that intermediate hybrid plants facilitate switching
hosts from one species to another, since organisms associated with a
particular plant can experiment and adapt gradually to the genome of another
plant species. If a host species has an allopatric distribution with respect to
another potential host, this creates a barrier that prevents phytophagous
arthropods from switching hosts (Keim et al.. 1989). The pre-adaptation
hypothesis suggests that arthropods will not switch host species unless the
hosts have a sympatric distribution (Thomas et al., 1987). Therefore, 1f two
species hybridize, hybrid intermediaries become “spatial bridges™ through
which arthropods can switch to a new host plant species. even though the
parent species have an allopatric distribution.

A study that supports the hypothesis of the hybnid bridge was carried out
by Tovar-Sinchez and Oyama (2006b); they found that the hybrids that
resulted from the cross of O. crassipes and Q. crassifolia (Q. * dvsophyvila)
hosted nine species of msects that usually mmhabit the canopy of the two
parental species.

Considening the frequency with which the phenomenon of hybridization
occurs 1n plants, several studies suggest that hybrid zones are the centers of
arthropod biodiversity (Whitham. 1989; Dungey et al.. 2000; Tovar-Sanchez
and Oyama, 2006a, b; Valencia-Cuevas et al., 2017). They also suggest that
these areas are useful for exploring ecological and evolutionary processes at
multiple levels (Strauss, 1994; Whitham et al., 1999). Conserving these
areas becomes nnportant because they have positive effects on the
arthropod communities associated with species involved in hybridization
events.
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4.3. Adaptive Radiation

Arthropods represent more than half of the known species on earth
(Hamulton et al.. 2010): they have experienced several important ecological
and evolutionary radiations (Condamine et al., 2016). Their evolution is
associated with the great diversity of life forms and development strategies
that can be found among them: this diversity has allowed them to occupy
almost every ecological niche (Grimaldi and Engel. 2005). Their great
diversity reflects the variety of adaptive transformations they have
undergone under similarly varied environmental conditions (Schowalter,

2000). Thanks to the fossil record, it has been possible to determine that
arthropods were able to survive the most severe mass extinction events,

adapting to radical changes in terrestrial vegetation. continental
rearrangements and changes in environmental parameters (Condamine et al.,
2016). The most common hypotheses that have tried to explain the
diversilication of arthropods through their evolutionary history mention low
rates of extinction and resilience to mass extinctions, as well as the
acquisition of novel abilities that allowed them to occupy new niches
(Labandeira et al., 1993; Grimaldi and Engel, 2005: Mayhew, 2007;
Rainford et al.. 2014).

It has been suggested that the diversity of morphological characters in
the buccal apparatus, the appearance of wings, their small size, the presence
of an exoskeleton and the process of complete metamorphosis constituted

novelties that allowed insects to adapt to different environments and,
consequently, to diversify (Strong et al.. 1984: Labandeira et al.. 1994

Condamine et al., 2016). An analysis of the fossil record of insects at the
family level revealed that the appearance of wings is associated with a high
rate of species origination, while the process of complete metamorphosis is
associated with a higher rate of diversification (Labandeira et al.. 1994),
These results are consistent with those of a phylogenetic study involving
82% of all insect families that identified 45 changes in the diversification
rate corresponding to the tree of life of these organisms. The authors mention
that two of these changes are major ones and are related to the origin of flight
and the emergence of the process of complete metamorphosis (Rainford et
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al., 2014). It has also been suggested that environmental and physical factors
resulting from climatic or geological events, and even the emergence of new
ecological niches. could have induced adaptive responses in arthropods
(Condamine et al.. 2016).

The case of herbivorous insects and their host plants can illustrate some
of the scenarios mentioned above. Insects are the most dominant group on
Earth in terms of species richness and ecological function (Wilson, 1992).
Within this group, those with phytophagous habits have the highest species
richness (Rivera, 1991: Schowalter. 2000); of these, the most important
orders are Lepidoptera and Orthoptera, since close to 99% of their species
are phytophagous (Strong et al.. 1984). According to the fossil record,
terrestrial plants and insects appeared in the Devonian period about 380-400
million years ago (Rohdendorf and Raznitsin, 1989. Wooton, 1981).
Furthermore, it 1s believed that the periods of greatest increase in plant
diversity are the Devonian period (mid Cretaceous), the Upper Cretaceous
and the Tertiary (Knoll et al.. 1979 These periods of diversification of plant
species coincide with the increase in the diversity of phytophagous nsects,
probably as a response to the emergence of new niches as a result of
increased plant diversity (Strong et al., 1984). Comparing the diversity of
herbivorous sects with that of their non-herbivorous relatives suggest that
the acquisition of a plant-based diet 1s associated with speciation and
diversification (Mitter et al., 1988). Recent phylogenetic-molecular studies
support the above hypothesis by indicating that orders such as Hymenoptera,

Lepidoptera and Orthoptera (Hunt et al., 2007; Moreau et al., 2006; Ahrens
et al., 2014) became widely diversified during the Cretaceous in response to

newly formed mches (Mayhew, 2007). It has also been reported that an
important part of the phytophagous beetle fauna emerged during radiation
events caused by the appearance of new angiosperm lineages (Farrell, 1998).
Furthermore. the appearance in the fossil record of gall-inducing wasps
comcides with the ongin of the main lineages of oaks that constitute their
host plants (Ronguist and Liljeblad, 2001). Then diversification process was
probably stimulated by the acquisition of novel traits that allowed them to
exploit available resources (Strong et al.. 1984: Comell, 1989; Hespenheide,
1991; Labandeira et al., 1993; Grimaldi and Engel. 2005).
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Moreover. 1t has been suggested that the Devoman and Carboniferous
plant communities were structurally more complex than their predecessors
(Sporne, 1975). Some researchers speculate that the increasing complexity
of plants could have contributed to the increasing insect diversity (Strong et
al., 1984). It has been suggested that the appearance of giant arborescent
plants at the end of the Devonian period had two important consequences
for the evolution of insects: a) it favored the evolution of winged insects and
b) it stimulated the diversification of insects during the Carboniferous period
(Strong et al. 1984). These hypotheses have been supported by
contemporary studies that have shown that habitat complexity influences the
diversity of insect communities (Halaj et al, 2000; Tews et al., 2004;
Kallimanis et al.. 2008; Antonelli and Sanmartin, 2011).

There are also studies that suggest that changes in global temperature
and fluctuations m the content of atmospheric O: and CO; could be
assoctated with diversificanon events of herbivorous msects (Labandeira,
2006). These possible associations could have been mediated by the effect
of environmental factors on the vegetation that constituted the main resource
for herbivorous insect communities.

Evolutionary novelties promoted by competition are considered one of
the most important causes of adaptive radiation (Schluter, 2001). This may
be due to the fact that the struggle for resources modifies the morphological
and ethological characteristics that favor the use of unexploited resources
(Abrams, 2000), resulting in genetic and phenotypic divergence, which
would eventually cause species radiation. However, it has been suggested
that interspecific competition has had limited influence on the diversification
of arthropods (Strong et al.. 1984). This hypothesis has been proposed with
respect to msects. Information from the fossil record and contemporary
insect communities suggest that interspecific competition has probably had
little weight in the diversification of this group (Lawton and Strong, 1981:
Strong et al., 1984; Denno et al., 1995), since their natural enemies and other
factors keep their population low compared to the availability of resources,
reducing the need for competition (Hairston et al., 1960). Several studies
have reported that some species of herbivorous insects facilitate the presence
of other species of insects by creating entry points, shelters or other
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modifications in the host plant (Waltz and Whitham, 1997; Martinsen et al..
2000; Lill and Marquis, 2003). However, Ronquist and Liljeblad (2001)
suggest that inquiline insects associated with the galls induced by wasps of
the family Cynipidae may have emerged as a result of a competitive
interaction with the latter, losing the ability to induce galls and becoming
obligatory inquilines (Ronquist, 1994).

The development of adaptations that allowed them to maintain feeding
relationships with plants 1s another important factor in the diversification of
phytophagous (Janz, 2011: Condamine et al.. 2016). Plants are the most
important food resource n terresirial ecosystems (Begon et al.. 2006).
[lowever, the consumption of plant biomass by herbivores represents a loss
of energy for the plant. Under this scenano, plants seek to break their
interaction with herbivorous organisms. At the same time. the herbivores
that depend on certain plants seek to mamtain their interaction with them by
adapting to the changes of their host plants. In this process. herbivores have
managed to diversify. In Europe. for example, the species Quercus robur
has been reported to have 20 different types of galls formed by 20 different
species of gall-forming wasps of the family Cynipidae (Crawley. 1997),
possibly due to the existence of very specific defense mechanisms that have
been suppressed in various forms by wasps, leading to radiation events. The
insects associated with a single plant species represent an extreme case of
adaptive radiation through the differential use of resources (Oyvama, 2012).
A study conducted by Abrahamson et al. (2003) reported that the community
of gall-inducing wasps associated with six species of oak showed different
assemblages in response to the presence of different chemical compounds in
each host oak. This suggests that the presence of different defense chemicals
i the host oaks may have contributed to the adapuve radiation of their
associated herbivores.

CONCLUSION

When we talk about loss of species, we refer to those species that have
already been taxonomically identified. According to recent estimates,
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arthropods are the most diverse biological group on the planet, but there are
not many researchers to study them. This creates the urgent need to train
human resources interested in the study, description and analysis of
arthropods.

In general, studies aimed at the conservation of species are often focused
on preserving plant species and "charismatic" ammal species. Thus,
arthropods are usually not given much attention.

There should be more studies focused on characterizing the structure of
arthropod communities, not only because of the high levels of species
richness and abundance they contain, but also because of the important

ecological role they play (as functional groups). In natural conditions, all
interactions (biotic, chemical, genetic and environmental) affect arthropods:

however, their most important interaction 1s with host plants (whether they
are specialists or generalists), since their survival, adaptation, evolution and
diversity seem to be directly related to the range of resources and conditions
that plants “offer” them directly (e.g., herbivores) or indirectly (e.g.
parasites, parasitoids, decomposers, etc.). Further studies should aim
towards the following objectives: first. to deseribe and make an inventory of
the diversity ol arthropods, Second. to study the factors that modify the
structure of their communities. Third, to document the interactions between
species of arthropods belonging to different trophic levels. Fourth, to
describe the ecological role of arthropod species. These academic efforts
should go hand-in-hand with efforts to conserve as many ecosystems as
possible in order to preserve the greatest possible number of species. The
data obtained from studies such as this one suggests that arthropods can be
used as bioindicator species of environmental quality.
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