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RESUMEN 

 

La hibridación introgresiva de múltiples especies plantea un desafío para la comprensión 

taxonómica y filogenética de taxones con un gran número de especies intercruzables concurrentes. 

Los robles, género Quercus, ejemplifican esta situación. Son muy diversos en simpatría y se 

cruzan libremente, creando singameones de especies interfértiles. Además, son notoriamente 

variables en morfología y tienen grandes tamaños efectivos poblacionales y alta heterocigosidad. 

Como consecuencia, sus complicaciones taxonómicas y filogenéticas se derivan no solo de la 

introgresión, sino también de la plasticidad y el sorteo incompleto de linajes. Aunque se dispone 

de una filogenia fechada y bien resuelta para los robles americanos, la cual ha permitido delimitar 

los principales clados, quedan por definir las relaciones evolutivas dentro de muchos de esos 

clados, en particular para el relativamente joven y excepcionalmente diverso clado de los robles 

blancos mexicanos (subsección Leucomexicana). En este sentido, la asignación taxonómica y la 

inferencia filogenética de Quercus laeta, especie endémica de México y ampliamente distribuida 

en diferentes tipos de hábitat, ha sido motivo de controversia debido a que entre poblaciones 

presenta un polimorfismo morfológico excepcional que ha sido difícil de clasificar. Estas 

poblaciones constituyen un complejo en el que se han propuesto siete descripciones, aunque seis 

de ellas han sido sinonimizadas bajo Q. laeta: Quercus bipedalis, Quercus centralis, Quercus 

obscura, Quercus pallescens, Quercus prinopsis y Quercus transmontana. 

 

En el capítulo I se caracterizó el grado y patrón de diferenciación morfológica y genética entre 

diferentes morfotipos en Quercus laeta. El objetivo fue evaluar si algunos de estos morfotipos 

pueden considerarse entidades específicas distintas o son más bien parte de un continuo de 

variación. Se analizaron nueve loci de microsatélites y dos regiones intergénicas de ADN de 

cloroplasto. Las diferencias morfológicas se evaluaron mediante morfometría geométrica. El 

ADN del cloroplasto mostró una baja diferenciación, lo que sugiere introgresión o intercambio de 

haplotipos ancestrales entre los morfotipos de Q. laeta. Los microsatélites nucleares indicaron 

diferenciación entre dos grupos genéticos principales, los cuales fueron congruentes con la 

diferenciación morfométrica. En conclusión, los marcadores nucleares y las variaciones 

morfométricas sugieren la existencia de al menos dos entidades diferentes dentro de Q. laeta. 
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En el capítulo II, se utilizaron secuencias de 155 genes nucleares de bajo número de copias para 

identificar potenciales linajes dentro del complejo Q. laeta. Asimismo, mediante análisis tanto de 

concatenación como coalescentes multiespecies, se evaluó la ubicación filogenética de estos 

linajes en relación con otras especies del clado Leucomexicana. Además, se utilizaron métodos de 

redes filogenéticas para evaluar la importancia genómica de la introgresión reciente o histórica 

entre linajes. Finalmente, se estimó la relevancia de la diferenciación ambiental en la 

diversificación de estos linajes de encinos. Los resultados obtenidos sustentan tres grandes 

conclusiones. Primero, nuestros datos apoyan la existencia de por lo menos cuatro especies en 

el complejo: Q. centralis, Q. laeta, Q. prinopsis y Q. transmontana. En segundo lugar, nuestro 

estudio demuestra que el complejo Q. laeta es polifilético. Finalmente, la existencia de una 

diferenciación de nicho ecológico significativa entre los linajes del complejo Q. laeta sugiere que 

la diferenciación ecológica ha sido parte de la divergencia evolutiva entre estos robles blancos, ya 

sea impulsando la especiación o como resultado de ella. 

 

En el capítulo III, se utilizó microscopía electrónica de barrido para realizar un análisis cualitativo 

y cuantitativo tanto de tricomas como de ceras foliares para un subconjunto de 48 individuos 

pertenecientes a Q. centralis, Q. laeta, Q. prinopsis y Q. transmontana, con el objetivo de 

determinar el valor de tales rasgos micromorfológicos en la taxonomía del grupo. El tipo y la 

densidad de los tricomas, así como el número y la longitud de los brazos de los tricomas 

permitieron detectar diferencias significativas entre Q. centralis, Q. laeta, Q. prinopsis y Q. 

transmontana. Estos resultados proporcionaron información útil para identificar y discriminar 

correctamente entre diferentes especies presentes dentro del complejo Quercus laeta. 

 

Considerando la evidencia obtenida a partir de múltiples disciplinas proponemos que el complejo 

Quercus laeta está compuesto al menos por cuatro diferentes especies: Quercus centralis, Quercus 

prinopsis, Quercus laeta y Quercus transmontana, cada una con sus propias características 

micromorfológicas, afinidades climáticas y tendencias evolutivas, aunque se requiere un estudio 

más detallado para aclarar el estatus de los linajes geográficamente estructurados detectados 

dentro de Q. centralis y Q. laeta. Aunque las designaciones de nombres de especies putativas 
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presentadas en este trabajo se basan en los nombres propuestos por Trelease, será necesario una 

investigación nomenclatural detallada para las especies aquí propuestas antes de que puedan ser 

redescritos formalmente. Complementariamente, este enfoque permitió aumentar el rigor en la 

delimitación de especies dentro del género Quercus, remarcando que el uso de marcadores de 

cloroplasto podría no ser de los más indicados al momento de establecer límites dentro de 

complejos de especies de encinos. En contraste, el uso de marcadores de microsatélites en 

conjunto con una evaluación morfométrica podría servir como un primer paso en el 

descubrimiento de especies de encinos a pesar de su propensión a la hibridación; sin embargo, es 

importante señalar que la evaluación de cualquier hipótesis de especie debe realizarse bajo un 

marco filogenético. En este contexto, el uso del enriquecimiento dirigido permitió detectar genes 

ortólogos útiles para la estimación multilocus, que en conjunto con evidencia de diferenciación de 

nicho climático soportan la hipótesis sobre la existencia de múltiples especies dentro del complejo 

Quercus laeta.  
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ABSTRACT 

 

Multispecies introgressive hybridization poses a challenge to taxonomic and phylogenetic 

understanding of taxa with high numbers of co-occurring, inter-crossable species. The oaks, genus 

Quercus, exemplify this situation. Oaks are highly diverse in sympatry and cross freely, creating 

syngameons of interfertile species. Moreover, they are notoriously variable in morphology and 

have large effective population sizes and high heterozygosity. Their taxonomic and phylogenetic 

complications consequently derive not only from introgression, but also from plasticity and 

incomplete lineage sorting. Although a well-resolved, dated phylogeny is available for 

monophyletic American oaks, which has allowed to delimit major clades, evolutionary 

relationships within many of those clades remain to be defined, particularly for the relatively 

young and exceptionally diverse Mexican white oak clade (subsection Leucomexicana). In this 

sense, taxonomic assignment, and phylogenetic inference of Quercus laeta, an endemic species 

to Mexico and widely distributed in different habitat types, has been a matter of controversy 

because it shows exceptional morphological polymorphism among populations that has been 

challenging to sort. These populations constitute a complex from which seven descriptions have 

been proposed, although six of them have been synonymized under Q. laeta: Quercus bipedalis, 

Quercus centralis, Quercus obscura, Quercus pallescens, Quercus prinopsis, and Quercus 

transmontana. 

 

In chapter I, the degree and patterns of morphological and genetic differentiation among different 

morphotypes in the white oak Quercus laeta were characterized. The aim was to evaluate if some 

of these can be considered as distinct specific entities or are rather part of a continuum of variation. 

Nine microsatellite loci and two intergenic regions of chloroplast DNA were analyzed. 

Morphological differences were evaluated using geometric morphometrics. Chloroplast DNA 

showed low differentiation, suggesting introgression, or sharing of ancestral haplotypes among 

the Q. laeta morphotypes. Nuclear microsatellites indicated differentiation into two distinct main 

genetic groups, which were congruent with morphometric differentiation. In conclusion, nuclear 

markers and morphological variations suggest the existence of at least two different entities within 

Q. laeta. 
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In chapter II, sequences of 155 low-copy nuclear genes were used to identify potential 

lineages within the Quercus laeta complex. Likewise, by both concatenation and 

multispecies coalescent approaches, the phylogenetic placement of these lineages relative to 

other oak species in the Mexican white oak clade was evaluated. Also, phylogenetic network 

methods were used to evaluate the genomic significance of recent or historical introgression 

among lineages. Finally, using climatic niche comparisons, the importance of environmental 

differentiation in the diversification of these oak lineages was estimated. The results obtained 

support three major conclusions. First, our data supports the existence of at least four species 

in the complex: Q. centralis, Q. laeta, Q. prinopsis and Q. transmontana. Second, our study 

demonstrates that the Q. laeta complex is polyphyletic. Finally, the existence of significant 

ecological niche differentiation among the Q. laeta complex lineages suggests that ecological 

differentiation has been a part of evolutionary divergence among these white oaks, either 

driving speciation or resulting from it. 

 

In chapter III, scanning electron microscopy was used to perform a qualitative and 

quantitative analysis of trichomes and foliar waxes for a subset of 48 individuals belonging 

to Q. centralis, Q. laeta, Q. prinopsis and Q. transmontana, with the goal of determining the 

value of such micromorphological traits in the taxonomy of the group. Type and density of 

trichomes, and trichome arm number and length significantly differentiated among Q. 

centralis, Q. laeta, Q. prinopsis and Q. transmontana. Our results provided useful 

information to correctly identify and discriminate among different species present within the 

Q. laeta complex. 

 

Considering the evidence obtained from multiple disciplines, we propose that the Quercus 

laeta complex is actually composed at least of four different species: Quercus centralis, 

Quercus prinopsis, Quercus laeta, and Quercus transmontana, each with their own 

micromorphological characteristics, climatic affinities, and evolutionary trends, although a 

more detailed study is required to clarify the status of the geographically structured lineages 

detected within Q. centralis and Q. laeta. Although the putative species name designations 

presented in this study are based on the names proposed by Trelease, a detailed nomenclatural 

investigation will be necessary for species proposed here before they can be formally 



 

6 

 

redescribed. Complementarily, this approach allowed increasing the rigor in the delimitation 

of species within the Quercus genus, noting that the use of chloroplast markers might not be 

the most appropriate when establishing limits within complexes of oak species. In contrast, 

the use of nuclear microsatellites in conjunction with morphometric evaluation could serve 

as a first step in oak species discovery despite their propensity for hybridization. However, it 

is important to note that evaluation of any species hypothesis must be carried out under a 

phylogenetic framework. In this context, the use of directed enrichment allowed the detection 

of orthologous genes useful for multilocus estimation, which together with evidence of 

climatic niche differentiation support the hypothesis of the existence of multiple species 

within the Quercus laeta complex.   
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I. INTRODUCCIÓN GENERAL 

 

1.1 El problema de las especies 

El problema de definir que es una especie y delimitar a las especies de una manera objetiva, 

consistente y biológicamente significativa para todos los seres vivos es lo que se conoce 

como el problema de las especies (Hey 2001; Zachos, 2016; 2018). Es innegable la 

importancia que siempre se les ha atribuido a las especies, refiriéndose a estas como las 

unidades fundamentales en la biología (Mayr, 1982; De Queiroz, 2005; Hausdorf, 2011). Sin 

embargo, esta relevancia viene acompañada de una disparidad en la conceptualización que 

las especies pueden adquirir bajo diferentes contextos, lo cual a menudo causa una confusión 

innecesaria. Algunos ejemplos de la constante polémica que ha surgido sobre la idealización 

y la operatividad del concepto de especie  incluyen debates clásicos sobre si las especies 

existen o no (realismo versus nominalismo), así como discusiones contemporáneas sobre sí 

deberíamos considerar a las especies como categoría o como taxon, o si las especies 

taxonómicas (T species) son sinónimo de las especies evolutivas (E species), inclusive si 

debemos considerar a las especies como entidades diacrónicas o sincrónicas (Mayden, 1997; 

Hey, 2001; Lee, 2003; Hey, 2006; De Queiroz, 2007; Hart, 2010; Hausdorf, 2011; Zachos, 

2016; 2018).  

 

 Si a las discusiones anteriores añadimos el hecho de que se han propuesto más de 20 

conceptos diferentes de especie (Mayden, 1997; Hausdorf, 2011; Zachos 2018; Hong 2020) 

y que muchos de los conceptos y sus definiciones asociadas son al menos parcialmente 

incompatibles entre sí, el obtener inferencias disímiles sobre los límites entre taxones y en 

consecuencia sobre la cantidad de especies reconocidas son resultados habituales en el campo 

de la delimitación de especies. Dicha incompatibilidad entre los distintos conceptos de 

especie tiene que ver con las diferentes propiedades biológicas sobre las cuales se basan (De 

Queiroz, 1998; 2007). En este contexto, Mayden (1997) y De Queiroz (1998, 2007) han 

propuesto que la clave para conciliar y estandarizar los diferentes conceptos de especie es 

identificar un núcleo común, de modo que las hipótesis durante el proceso de delimitación 

podrían ser construidas bajo un concepto primario y unificado de especie, el cual carece de 

propiedades definidas. De tal modo que uno de los más importantes consensos sobre el 
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concepto de especie es que pueden ser consideradas como segmentos de linajes de 

poblaciones o meta poblaciones que evolucionan de manera conjunta (De Queiroz, 1998; 

2007). En consecuencia, si estos criterios son considerados como el elemento común para ser 

la propiedad primaria de la especie, las propiedades que definen a los conceptos alternativos 

deberán ser reinterpretadas como propiedades contingentes, es decir, propiedades que las 

especies pueden adquirir o no durante el curso de su existencia (De Queiroz, 2007). De modo 

que la diversidad de los diferentes conceptos de especie puede explicarse postulando que las 

propiedades contingentes de las especies serían consideradas como propiedades definitorias 

secundarias, es decir, evidencia utilizada para reconocer a los diferentes linajes (De Queiroz, 

2007; Wiens, 2007), las cuales surgen en diferentes momentos durante el proceso de 

especiación. 

 

1.2 Especies y Especiación  

En el tiempo de la síntesis evolutiva moderna, se consideraba que la especiación requería un 

aislamiento reproductivo completo de los taxones nacientes, a menudo a través del 

aislamiento geográfico. Por lo tanto, entender cómo evolucionan estas barreras reproductivas 

era clave en la comprensión de la especiación (Dobzhansky, 1937; Mayr, 1982). Bajo este 

modelo, la ausencia de flujo génico es considerada un requisito fundamental en la divergencia 

de linajes, ya que se considera que el intercambio genético puede revertir la divergencia 

(Wang et al., 2020). En este contexto, los genomas de las especies serían interpretados como 

unidades coadaptadas que están separadas de otras unidades similares por barreras 

reproductivas, lo que implica que la divergencia entre especies únicamente ocurre a través 

del aislamiento del genoma completo y por lo tanto las especies que se forman por 

hibridación no podrían ser consideradas verdaderas especies (Wu, 2001; De la Torre et al., 

2014; Wang et al., 2020).  

 

Ahora, si consideramos que lo fundamental de la especiación es la divergencia de 

linajes, independientemente de las propiedades contingentes, y que además la especiación es 

un proceso continuo a través del tiempo, la idea de especiación en presencia de flujo génico, 

que en primera instancia parecería paradójica, tendría bastante sentido ya que los agentes 

separadores que conducen a la divergencia superan la cohesión promovida a través del flujo 
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génico (Zachos, 2016; Wang et al., 2020). Bajo este modelo, las especies están definidas por 

un conjunto de loci que gobiernan los caracteres morfológicos, reproductivos, etológicos y/o 

ecológicos, de modo que el gen es la unidad básica en la diferenciación de las especies (Wu, 

2001; Wu y Ting, 2004; Wang et al., 2020). Bajo esta visión, los límites entre las especies 

son semi-permeables, por lo que algunas regiones genómicas comparten genes introgresados 

entre especies, mientras que otras regiones acumulan divergencias en respuesta a la selección 

natural, también llamadas "islas genómicas", que son, en teoría, más divergentes que el resto 

del genoma (Wu y Ting, 2004, Osada y Wu, 2005; Cruickshank y Hanh, 2014). 

 

El modelo de “islas genómicas de especiación” ha promovido la visión génica de la 

especiación (Turner et al., 2005; Martin et al., 2013; Renaut et al., 2013; Brandvain et al., 

2014; Duranton et al., 2018). En este contexto, Wu (2001) fue uno de los primeros en declarar 

que la especiación refleja un proceso de distinción genealógica emergente, en lugar de una 

discontinuidad que afecta a todos los genes simultáneamente, lo cual sugiere que los eventos 

de hibridación introgresiva entre poblaciones sustancialmente divergentes serían bastante 

comunes (Sankararaman et al., 2014; Coyner et al., 2015; Morii et al., 2015; Schumer et al., 

2018). Además, aparentemente, las especies incipientes pueden acumular rápidamente una 

divergencia sustancial incluso en presencia de flujo genético (De la Torre et al., 2014). 

Durante la hibridación, en especies que muestran adaptaciones a diferentes ambientes, la 

selección divergente actúa sobre un subconjunto de genes, contrarrestando la 

homogenización ocasionada por el efecto del flujo génico y previniendo la introgresión en 

regiones genómicas circundantes (Chapman et al., 2013). Como resultado, los límites entre 

especies se mantienen a pesar de la hibridación e introgresión (Andrew y Rieseberg, 2013). 

 

1.3 Enfoques multi evidencia para delimitar especies 

De Queiroz (2005) distingue tres componentes relacionados al problema de las especies: (1) 

la definición correcta de especies (¿qué es una especie?); (2) ¿cuáles son los procesos 

responsables de la existencia de especies? y, (3) ¿cómo deben delimitarse las especies? Bajo 

la premisa de que los dos primeros problemas son conceptuales, mientras que el tercero es 

metodológico, un enfoque que se ha propuesto como posible solución teórica al problema de 

las especies se basa en una visión jerárquica, la cual distingue entre un concepto ontológico 
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de especie y un concepto de especie operativo (Zachos, 2016). En este contexto, la 

identificación y delimitación de taxones de especies debería llevarse a cabo con rigor 

empírico utilizando métodos robustos y altamente replicables que permitan la identificación 

de distintos linajes evolutivos (Dayrat, 2005; Padial et al., 2010; Schlick- Steiner et al., 2010).  

 

Históricamente los enfoques morfológicos han sobresalido en el campo de la 

delimitación de especies. Sin embargo, las investigaciones deberían ser conducidas con 

particular atención a la historia de vida, distribución geográfica, morfología, genética y 

comportamiento (cuando es aplicable) del sistema focal, conduciendo así el campo de la 

delimitación de especies a un cruce interesante entre distintas disciplinas y fuentes de 

evidencia donde diversas metodologías y enfoques filosóficos convergen (Rannala y Yang, 

2003; Dayrat, 2005; De Queiroz, 2007; Carstens et al., 2013). Si bien esta convergencia entre 

diferentes metodologías puede reflejar un importante dinamismo en el campo de la 

delimitación de especies, también puede impedir la estabilización de una taxonomía alfa, la 

cual puede diferir significativamente dependiendo del criterio de aplicación para delimitar 

especies (Padial et al., 2010; Schlick- Steiner et al., 2010). Una taxonomía alfa inestable 

podría tener inmensas ramificaciones prácticas, como dividir y agrupar continuamente 

taxones basados en metodologías no replicables. Otra de las grandes dificultades que 

enfrentan la delimitación de especies y la biología evolutiva es el desacuerdo sobre en qué 

momento a lo largo del continuo de la especiación estos linajes que evolucionan de manera 

separada pueden considerarse como diferentes especies (Padial et al., 2010).  

 

Schlick- Steiner et al. (2010) plantean dos grandes enfoques iniciales a partir de los 

cuales la delimitación de especies se puede desarrollar: i) enfoques de descubrimiento y ii) 

enfoques basados en hipótesis. Bajo los enfoques de descubrimiento los ejemplares son 

analizados sin hipótesis previas acerca de las especies presentes, de tal manera que las 

hipótesis de especies se derivan de los datos analizados. Mientras que, en el enfoque basado 

en hipótesis, el conjunto de ejemplares se utiliza para probar hipótesis previas sobre la 

existencia de especies, como cuando una delimitación de especies hipotetizada a partir de 

datos morfológicos se prueba usando genética de poblaciones. 

 



 

11 

 

Complementariamente, Padial et al. (2010) integran dos grandes marcos conceptuales 

bajo los cuales delimitar especies: i) la integración por congruencia y ii) la integración por 

acumulación. La mayor ventaja del enfoque por congruencia es que promueve la estabilidad 

taxonómica soportando la validez de una especie mediante varios conjuntos de caracteres 

siempre y cuando no estén vinculados, mientras que la mayor limitación al exigir congruencia 

entre caracteres taxonómicos es el riesgo de subestimar el número de especies debido a que 

los procesos de especiación no siempre están acompañados por cambios en los caracteres a 

todos los niveles (Padial et al., 2010), además de que las tasas relativas de cambio de 

caracteres durante la diversificación de linajes son heterogéneas. Varios estudios han 

soportado la idea de que la carencia de congruencia entre caracteres es una situación 

frecuente resultado de diferentes modos y circunstancias de especiación (Padial et al., 2010). 

Un riesgo adicional de aplicar la integración por congruencia podría ocasionar un sesgo hacia 

descubrir especies viejas, es decir, especies que divergieron en un pasado distante por lo cual 

incrementan la probabilidad de mostrar un sorteo completo de linajes, monofilia reciproca 

para muchos loci, presentar diferencias en los caracteres debido a nuevas mutaciones y la 

fijación a través de procesos adaptativos o neutrales (Roe y Sperling, 2007; Shaffer y 

Thomson, 2007; Degnan y Rosenberg, 2009). 

 

En contraparte, el enfoque de integración por acumulación está basado en el supuesto 

de que la divergencia en cualquiera de los atributos del organismo que constituyen caracteres 

taxonómicos puede proporcionar evidencia para la existencia de una especie, por lo que la 

congruencia es deseada pero no considerada necesaria (Padial et al., 2010). Debido a que 

todos los caracteres taxonómicos son contingentes en existencia, orden de aparición y 

magnitud de divergencia durante el continuo de la especiación, bajo este enfoque, las 

evidencias de todos los conjuntos de caracteres se ensamblan acumulativamente, las 

concordancias y discordancias son explicadas a partir de la perspectiva evolutiva de las 

poblaciones bajo estudio y la decisión es hecha basada en la información disponible, la cual 

puede conducir al reconocimiento de una especie sobre la base de un solo conjunto de 

caracteres si estos caracteres se consideran buenos indicadores de divergencia de linajes 

(Padial et al., 2010). Una ventaja importante de este enfoque es que no vincula la delimitación 

de especies a la identificación de ninguna propiedad biológica particular. Por lo que los 
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taxónomos pueden seleccionar y concentrase sobre el conjunto de caracteres taxonómicos 

más apropiados para cada grupo de organismos. La acumulación probablemente es el enfoque 

más adecuado para descubrir especies recientemente divergentes en radiaciones adaptativas 

debido al proceso escalonado de especiación en gradientes ecológicos (Shaffer y Thomson, 

2007). Sin embargo, la principal limitante de la integración por acumulación es que el uso 

acrítico de una sola línea de evidencia puede conducir a la sobreestimación en el número de 

especies (Padial et al., 2010). 

 

1.4 El género Quercus como modelo en estudios de especiación 

Un sistema modelo, en general, es aquel que tiene características que lo hacen 

particularmente bueno para el avance de la ciencia en cierta dirección (Cavender-Bares, 

2019). Dentro de esta definición, algunos autores han resaltado la diferencia entre organismos 

modelo y clados modelo. El primer término hace referencia a aquellos organismos que se han 

estudiado ampliamente debido a que son fáciles de mantener y reproducir en un entorno de 

laboratorio o que tienen ventajas para examinar aspectos particulares de forma experimental. 

En contraste, los clados modelo, son definidos como linajes de organismos que permiten 

avanzar en el entendimiento de conceptos particulares (Knapp et al., 2004; Buell, 2009; 

O'Grady y DeSalle, 2018; Conner et al., 2021). Bajo esta premisa, y desde una perspectiva 

evolutiva, el género Quercus resulta ser un interesante clado modelo para el estudio de ciertos 

procesos como la especiación, debido a que permiten entender el papel de fenómenos como 

la introgresión, la hibridación y la dinámica evolutiva del flujo genético en poblaciones de 

organismos de vida larga, todo esto con relación a los límites entre especies y sus procesos 

adaptativos (Curtu et al., 2007; Pennisi, 2016; Yang et al., 2016; Cavender-Bares, 2019; 

Crowl et al., 2020).  

 

Durante las últimas décadas diversos estudios han abordado el papel de la hibridación 

e introgresión sobre procesos de adaptación y especiación dentro del género Quercus 

(González‐Rodríguez et al., 2004a; Scotti-Saintagne et al., 2004; Mir et al., 2006; Curtu et 

al., 2007; Peñaloza-Ramírez et al., 2010; Gailing y Curtu, 2014; Ortego et al., 2014; 

Cavender-Bares et al., 2015; Eaton et al., 2015; Goicoechea et al., 2015; Backs y Ashley, 

2016; Hauser et al., 2017; Yang et al., 2016; Hipp et al., 2018; Kim et al., 2018; Crowl et al., 
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2020; Hipp et al., 2020), encontrando reiteradamente que los encinos mantienen la coherencia 

de las especies, a pesar de la introgresión. Recientemente, las herramientas genómicas han 

facilitado la capacidad de detectar introgresión antigua proporcionando un nuevo contexto 

para comprender como la introgresión pudo haber contribuido a las relaciones evolutivas 

entre las especies (Eaton et al., 2015; Hauser et al., 2017; McVay et al., 2017a; McVay et al., 

2017b; Kim et al., 2018; Crowl et al., 2020). Además, el desarrollo de herramientas 

estadísticas ha permitido identificar y cuantificar el flujo de genes entre linajes de encinos 

evolutivamente distantes, demostrando que la introgresión ancestral ha influido en los 

genomas de especies que han entrado en contacto secundario. Sin embargo, también se 

sugiere que estos procesos no son omnipresentes en todas las especies quedando aspectos 

aún sin conocer (McVay et al., 2017a; McVay et al., 2017b; Kim et al., 2018). 

 

1.5 Diversidad y sistemática del género Quercus 

Dentro de la familia Fagaceae, el género Quercus presenta la mayor distribución geográfica 

a nivel mundial, abarcando regiones templadas y tropicales del hemisferio norte, por lo que 

constituye uno de los géneros más dominantes de plantas leñosas en esta región, tanto en 

biomasa como en riqueza de especies (Nixon, 1993a; Valencia-Á., 2004; Nixon, 2006; Hipp 

et al., 2018, Cavender-Bares, 2006; Cavender-Bares, 2019). Las estimaciones para la riqueza 

de especies a nivel mundial son heterogéneas; estimaciones moderadas han propuesto entre 

300 y 400 especies (Nixon et al., 1997), mientras que los menos conservadores estiman entre 

500 y 600 especies en todo el mundo (Soepadmo, 1972 en Jones 1986; Govaerts y Frondin, 

1998). Recientemente se ha propuesto que existen más de 435 especies a nivel mundial (Denk 

et al., 2017, Manos y Hipp, 2021). 

 

El sistema de clasificación más reciente para el género Quercus (Fagaceae) reconoce 

dos subgéneros (Cerris con alrededor de 140 spp., y Quercus con estimaciones de 295 spp.), 

los cuales albergan ocho secciones (Denk et al., 2017; Manos y Hipp, 2021). Se ha estimado 

que la división entre los subgéneros de Quercus data del Eoceno temprano (56 – 47.8 m.a.) 

y ha sido reconocida desde los primeros trabajos moleculares del género (Manos et al., 1999; 

Oh y Manos, 2008) hasta estudios recientes apoyados por datos RAD-seq (Hipp et al., 2020; 

Manos y Hipp, 2021). Además, los dos subgéneros representan una profunda división 
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biogeográfica entre los taxones modernos: el subgénero Cerris está restringido a Europa, 

Asia, y el norte de África, mientras que el subgénero Quercus se limita en gran medida al 

continente americano con excepción de dos dispersiones de regreso a Eurasia (Denk et al., 

2017; Manos y Hipp, 2021). Particularmente, el subgénero Quercus presenta cinco secciones: 

Virentes (ca. 7 spp.), Lobatae (ca. 120 spp.), Protobalanus (ca. 5 spp.), las cuales son 

exclusivas al continente americano, y Ponticae (ca. 2 spp.) y Quercus (ca. 150 spp.) que se 

distribuyen tanto en el viejo como en el nuevo mundo (Denk et al., 2017; Manos y Hipp, 

2021).  

 

Similar a lo que ocurre con la riqueza de especies a nivel mundial, la diversidad exacta 

de encinos americanos se desconoce, pero se calcula que comprende el 65 % de las especies 

estimadas para el género en todo el mundo (Nixon, 1997; Manos et al., 1999; Valencia-Á., 

2004; Nixon, 2006; De Beaulieu y Lamant, 2010). Nixon (2006) estima aproximadamente 

220 especies de encinos en todo el continente, distribuidas desde el sur de Canadá hasta el 

norte de los andes colombianos, incluyendo Cuba, abarcando ambientes como los humedales 

en la parte alta del medio Oeste de Estados Unidos, las zonas áridas de México y Estados 

Unidos y hasta selvas tropicales en el sur de México y Centroamérica. Sin embargo, la mayor 

riqueza de especies de encinos se localiza en México, aunque la riqueza específica de encinos 

mexicanos permanece poco entendida. Las cifras más conservadoras estiman entre 125 y 150 

especies (Nixon, 1993b, Chávez, 1998; Govaers y Frondin, 1998) mientras que los menos 

conservadores calculan entre 170 y 250 especies de encinos mexicanos (Camus, 1936-1954; 

Trelease, 1924; González, 1993). Valencia-Á. (2004) proporciona una de las cifras más 

actualizadas con alrededor de 161 especies válidas para México (109 endémicas), de las 

cuáles cuatro corresponden a la sección Protobalanus, tres a Virentes, 76 a la sección Lobatae 

y 78 a la sección Quercus (Valencia-Á., 2004; Cavender-Bares et al., 2015), siendo esta 

sección la que presenta una mayor distribución geográfica debido a que pueden tolerar 

condiciones más áridas y secas, siendo particularmente más diversos en áreas xéricas en 

comparación con la sección Lobatae, cuyos miembros son más diversos en ambientes 

húmedos (González, 1993; Nixon, 1993b; Chávez, 1998; Valencia-Á., 2004). 
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1.6 Diversificación del género Quercus en América 

El clado de los encinos americanos (Quercus subg. Quercus) comprende tres linajes 

endémicos: Lobatae, Protobalanus y Virentes, y dos linajes transcontinentales, las secciones 

Ponticae y Quercus (Denk et al., 2017; Manos y Hipp, 2021). Análisis filogenómicos 

calibrados en el tiempo en combinación con fósiles, apoyan una división inicial en el clado 

de los encinos americanos entre la sect. Lobatae, y el resto del clado entre ca. 54 y 48 m. a. 

(Hipp et al., 2018; Manos y Hipp, 2021). Además, se estima que hace ca. 33 m. a. ya habían 

surgido las secciones Protobalanus, Ponticae, Virentes y Quercus (Hipp et al., 2018).  

 

Complementariamente, registros polínicos del Eoceno medio provenientes de la isla 

Axel Heiberg indican la presencia de linajes de robles modernos en latitudes altas de América 

del Norte hace aproximadamente 45 m. a. (McIntyre, 1991). En ambos casos, a medida que 

las temperaturas en las latitudes altas disminuyeron en 3-5 °C durante la transición climática 

Eoceno-Oligoceno (34 m. a.) (Liu et al., 2009), los encinos se dispersaron hacia el sur 

ocupando sus distribuciones actuales, ocurriendo un patrón de vicarianza paralela entre 

encinos rojos y encinos blancos, con cada sección divergiendo en un clado occidental ubicado 

en la provincia florística de California (CA-FP) hermano de un clado oriental de América del 

Norte (Hipp et al., 2018; Manos y Hipp, 2021). Sin embargo, existe una importante distinción 

ecológica entre estos dos grandes clados de roble: Lobatae muestra niveles de diversificación 

más bajos en comparación a la sección Quercus en el oeste de América del Norte, 

especialmente en la CA-FP y en los bosques xerófilos del suroeste americano (Manos y Hipp, 

2021). En conjunto, estos estudios sugieren que los encinos americanos tienen un origen 

templado en el norte y solo más tarde colonizaron México y Centroamérica (Hipp et al., 2018; 

Hipp et al., 2020; Manos y Hipp, 2021). 

 

Las reconstrucciones realizadas por Hipp et al. (2018) sugieren que los tiempos de 

vicarianza entre el clado del este de Norteamérica y el clado mexicano son anteriores a la 

incursión del desierto en Texas y en el noreste de México (aproximadamente hace 10 m. a.), 

que se asocia con la vicarianza del este de México con este de América del Norte en muchos 

clados de angiospermas (Manos y Meireles, 2015). Desde la llegada de los encinos a México 

(hace aproximadamente 14.5-20.8 m. a.), estos se han diversificado en aproximadamente 161 
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especies (Valencia-Á., 2014; Hipp et al., 2018) desarrollándose desde en chaparrales xéricos 

hasta en bosques mésicos y desde en climas templados hasta subtropicales, con una fuerte 

diversificación en las zonas montañosas de México (Nixon, 2006). Bajo este contexto, la 

correlación entre las tasas de especiación y diversificación ecológica sugiere que la alta 

diversidad de los encinos en América se vio moldeada en gran medida por la convergencia 

simpátrica en nichos edáficos y climáticos entre encinos rojos y blancos. Sin embargo, en 

México, estos procesos se intensificaron como resultado de una mayor oportunidad ecológica 

y/o una mayor alopatría en las áreas montañosas ecológicamente heterogéneas de México 

(Hipp et al., 2018). 

 

1.7 Problemas en la delimitación de especies dentro del género Quercus  

A pesar de que ciertos aspectos sobre la diversificación y biogeografía del clado de encinos 

americanos han sido dilucidados (Hipp et al., 2018; Hipp et al., 2020; Manos y Hipp, 2021), 

temas como establecer relaciones filogenéticas a niveles profundos entre ciertos complejos 

de especies taxonómicamente complicados siguen pendientes, lo que refleja el reto que sigue 

siendo definir límites entre taxones dentro del género Quercus. Desde la publicación de las 

tres grandes monografías de este género realizadas por Trelease (1924), Müller (1942) y 

Camus (1936-1954), se han identificado diversos problemas taxonómicos asociados a la 

identidad específica, abarcando varios complejos taxonómicos como los estudiados por 

Nixon y Muller (1993), Spellenberg y Bacon (1996), Howard et al. (1997), Spellenberg 

(1998), Romero (2001), González-Rodríguez et al. (2004b), Vázquez y Nixon (2013), 

Valencia-A. et al. (2015, 2016), Sabás-Rosales et al. (2017), Nixon y Barrie (2017),  

McCauley et al. (2019) y McCauley y Oyama (2020).  

 

Tradicionalmente, la delimitación de especies en el género se ha desarrollado 

mediante rasgos macro y micromorfológicos (González-Villarreal, 1986; Bello y Labat, 

1987; Valencia, 1995; González-Villarreal, 2003a,2003b; Valencia y Lozada, 2003; y 

Scareli-Santos et al., 2013) respaldados por un concepto taxonómico de especie, que en 

esencia es la revisión de claves dicotómicas e identificación de morfología tanto en 

especímenes frescos como de herbario (Valencia-A., 2020). No obstante, debido a que las 

estructuras florales no son consideradas como caracteres de importancia en la diagnosis de 
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las especies, la determinación de ejemplares se realiza en gran medida con base en rasgos 

morfológicos de las hojas. Sin embargo, los encinos pueden tener una considerable variación 

en este tipo de caracteres, como resultado de plasticidad fenotípica, convergencia 

morfológica, variación genética intraespecífica y eventos de hibridación e introgresión 

(Hardin, 1975; Rushton, 1993; González-Rodríguez et al., 2004b; Tovar-Sánchez y Oyama, 

2004; Valencia-Cuevas et al., 2015; Kusi y Karsai, 2020; Maya-García et al., 2020; Valencia-

Á., 2020), lo que en conjunto con la escasez e inaccesibilidad del material tipo y de la 

literatura original (Valencia-Á., 2004) aumenta la problemática en el campo de la 

delimitación de especies dentro del género Quercus. 

 

Actualmente, existe una tendencia a utilizar diversas evidencias, como la morfometría 

(Gailing et al., 2012; Ishida et al., 2003), filogeografía (McCauley et al., 2019), filogenómica 

(Hipp et al., 2018; 2020), genética de poblaciones (Albarrán-Lara et al., 2019) y nicho 

ecológico (Albarrán-Lara et al., 2019) para establecer límites entre especies de encinos de 

manera objetiva, revelando que muchas especies nominales en realidad están compuestas por 

complejos de especies, que morfológicamente pueden ser muy similares, pero genéticamente 

y/o ecológicamente divergentes. Sin embargo, particularmente para los encinos mexicanos, 

estos enfoques han sido poco explorados (Albarrán-Lara et al., 2019; McCauley et al., 2019), 

por lo que la delimitación de especies dentro del género Quercus sigue siendo un desafío en 

muchos complejos como Acutifoliae, Microphyllae, Crassifoliae y Rugosae, por mencionar 

algunos (Valencia-Á., 2020).   

 

1.8 El complejo Quercus laeta como modelo para evaluar patrones de divergencia a 

través del continuo de especiación. 

La asignación taxonómica de ejemplares a Quercus laeta ha sido motivo de controversia 

debido al alto grado de polimorfismo que presenta esta especie a lo largo de su distribución 

geográfica. Quercus laeta es endémica a México, pero ampliamente distribuida; se ha 

reportado en los estados de Aguascalientes, Coahuila, Ciudad de México, Durango, 

Guanajuato, Hidalgo, Jalisco, México, Michoacán, Nayarit, Nuevo león, San Luis Potosí, 

Sinaloa, Oaxaca y Zacatecas (Valencia-Á., 2004). Estas poblaciones constituyen un complejo 

para el cual se han propuesto siete nombres (Liebmann, 1854; Trelease, 1924; Valencia-Á., 
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2004) aunque seis de ellos han sido posteriormente sinonimizados bajo Quercus laeta: 

Quercus bipedalis Trel., Q. centralis Trel., Q. obscura Trel., Q. pallescens Trel., Q. prinopsis 

Trel. y Q. transmontana Trel. (McVaugh, 1974; Rangel et al., 2002). La revisión de 

ejemplares de herbario ha llevado a descartar ciertos ejemplares determinados previamente 

como Quercus laeta que no cumplen con los caracteres diagnósticos descritos inicialmente 

para la especie, como son la presencia de papilas en el envés de la hoja, envés eglandular y 

tricomas sésiles ligeramente contortos (Liebmnann, 1854). Sin embargo, aun excluyendo los 

ejemplares incorrectamente determinados persiste una gran variación morfológica dentro de 

Quercus laeta lo que podría suponer la existencia de un complejo de especies dentro de esta 

entidad taxonómica. Recientemente, trabajos filogenéticos han encontrado que Quercus laeta 

no es un grupo monofilético, aportando aún más evidencia de que Quercus laeta en realidad 

es un complejo de especies (Hipp et al., 2018; Hipp et al., 2020). Sin embargo, el muestreo 

de diferentes poblaciones de Quercus laeta para estos trabajos ha sido escaso debido a que 

no se han contemplado toda la distribución geográfica que presenta este taxon. 

 

Considerando lo anterior, y como punto de partida para este trabajo, se decidió 

categorizar la gran variación morfológica presente en las poblaciones de Quercus laeta bajo 

hipótesis de especies para contrastarlas utilizando diferentes líneas de evidencia. Con base 

en trabajo de herbario y en la revisión de holotipos disponibles, se decidió excluir las 

sinonimias Q. obscura, Q. pallescens y Q. bipedalis. Lo anterior, considerando que el 

holotipo de Q. obscura no presenta diferencias morfológicas visibles que lo distinga de Q. 

transmontana, por lo que se consideró tomar ambas sinonimias como uno solo morfotipo. 

Además, en el caso de Q. pallescens y Q. bipedalis se optó por excluirlos debido a que no se 

identificaron ejemplares de herbario que se pudieran asignar a estas sinonimias, y para 

aquellos que presentaban cierta afinidad no fue posible localizar los lugares de colecta debido 

a la antigüedad del registro. Los ejemplares que cumplían con los caracteres diagnósticos de 

la especie fueron agrupados en morfotipos con base en las sinonimias. De tal manera, se 

caracterizaron cinco morfotipos como unidades base para el estudio, rescatando las 

sinonimias de Q. centralis, Q. prinopsis, y Q. transmontana, esta última se decidió dividirla 

en dos morfotipos con base en diferencias de la pubescencia en las ramillas, la forma del 

ápice de la lámina foliar y su distribución geográfica (Figura 1; Tabla 1). 
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Figura 1. Distribución geográfica de los morfotipos propuestos para Quercus laeta. 
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Tabla 1. Diferencias morfológicas identificadas entre los morfotipos del complejo Q. laeta.  

 

Carácter 

 

Q. transmontana 

 

Q. transmontana- 

coyula 

 

 

Q. laeta 

 

 

Q. prinopsis 

 

 

Q. centralis 

 

 

Peciolo 

 

Glabro de color 

amarillo rojizo 

 

Rojizo glabrescentes 

 

Rojizo 

Pubescente 

Densamente 

tomentoso de 

color amarillo 

dorado 

 

Pubescente 

Tamaño del 

peciolo (mm) 

(2.7) 3.4-4.8 (6.3) (2.3) 3.3 – 4.8 (5.3) 5.5 – 7.9 (11.5) 6 - 9.5 (10.93) (4.9) 6.3 – 9.4 (12) 

 

 

Envés de la 

hoja 

 

Pubescente sin 

tricomas 

glandulares 

 

Pubescente sin 

tricomas glandulares 

 

Pubescente con 

tricomas 

glandulares 

ausentes o muy 

escasos.  

 

Densamente 

tomentoso de 

color amarillo 

dorado 

 

Pubescente, en 

ocasiones con 

tricomas 

glandulares  

Forma de la 

hoja 

Lanceolada a 

oblonga 

 

Lanceolada 

Oblanceolada, 

oblonga 

Elíptica a 

obovada 

oblanceolada 

 

Obovada a ovada 

Largo de la 

lámina (cm) 

(4.9) 6.3 - 8.7 

(9.8) 

(6) 6.3 – 8.4 (9.4) (5.2) 7.3 – 9.2 

(10.5) 

(5.4) 7.3 – 8.2 

(9.3) 

(6.2) 7.4 - 10 

Ancho de la 

lámina (cm) 

1.4-2.1 (2.8) (0.9) 1.4 – 1.7 (2.4) (1.7) 2.4 – 3 (3.7) 2.3- 3.5 (2.5) 2.9 - 3.9 (5) 

 

Ramillas 

Glabras con 

lenticelas 

conspicuas 

Pubescentes con 

lenticelas conspicuas 

 

Pubescentes 

Tomentosas de 

color amarillo 

dorado 

Pubescentes, color 

café con lenticelas 

conspicuas 

Forma del 

ápice 

 

Redondeado 

Agudo, en ocasiones 

obtuso 

 

Agudo 

 

Obtuso 

 

Obtuso 

Forma de la 

base 

Oblicua a 

redondeada 

Redondeada a veces 

oblicua 

Redondeada Redondeada a 

oblicua 

Redondeada a 

oblicua 

Forma de las 

yemas 

 

Cónicas 

Redondas con 

estípulas lineares 

 

Redondas 

 

Cónicas 

 

Cónicas 

Tamaño de las 

yemas (mm) 

(1.4) 1.98- 2.83 

(3.3) 

 

1.4 – 1.83 

 

1.8 – 2.6 (3.4) 

 

2.4-3.7 (4.3) 

(1.87) 2.2 – 2.7 

(3.2) 

 

Tipo de 

vegetación 

 

Bosque de encino 

seco, Bosque de 

pino-encino 

 

Ecotono bosque de 

encino con matorral 

xerófilo 

Bosque de 

encino, Ecotono 

entre bosque de 

encino y matorral 

xerófilo 

 

 

Bosque de 

encino seco 

 

 

Bosque de pino-

encino 

 

 

 

Distribución 

geográfica 

 

Durango, 

Guanajuato, San 

Luis Potosí, 

Zacatecas 

 

 

Oaxaca 

Aguascalientes, 

Chihuahua, 

Hidalgo, Jalisco, 

Nayarit y Nuevo 

León 

 

Nuevo León, 

San Luis Potosí 

 

Michoacán, Puebla 

y Tlaxcala; Ciudad 

de México 

 

  La aplicación de múltiples líneas de evidencia al estudio de poblaciones polimórficas 

es una estrategia útil para evaluar patrones de divergencia a través del continuo de 

especiación y, en el contexto de este trabajo, para probar la hipótesis de que los diferentes 

morfotipos identificados para Quercus laeta representan linajes evolutivamente 

independientes. En este sentido el complejo Quercus laeta es un modelo interesante para 
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comprender procesos de especiación incluso en presencia de flujo génico, como es 

probablemente común en el género Quercus. Este trabajo constituye un esfuerzo inicial para 

establecer límites y esclarecer las relaciones evolutivas en un grupo de encinos que 

históricamente ha sido difícil de abordar. Bajo este marco, el presente estudio se divide en 

tres capítulos: 

 

El capítulo I (Even more oak species in Mexico? Genetic structure and morphological 

differentiation support the presence of at least two specific entities within Quercus laeta) tuvo 

como objetivo evaluar si algunos de estos morfotipos pueden considerarse entidades 

específicas distintas o son más bien parte de un continuo de variación. 

 

A partir de las distintas entidades reconocidas en el capítulo anterior, en el capítulo II 

(Phylogenomics and ecological niche contrasts lead to the identification of multiple and 

independent evolutionary lineages within the Quercus laeta complex (Fagaceae): new 

insights into the diversification of the Leucomexicana clade) se emplea un enfoque que 

combina la reconstrucción de árboles de linajes, especies y la estimación de redes 

filogenéticas con el análisis de diferenciación ambiental para contrastar las hipótesis de 

especies genético-morfométrico, así mismo se proponen nuevas hipótesis filogenéticas entre 

los linajes detectados en el complejo Q. laeta y otras especies de encinos del clado 

Leucomexicana. 

 

Una vez identificados diferentes linajes dentro del complejo, en el capítulo IV 

(Micromorphological characterization as a taxonomical tool for delimitation of oak species: 

A case study of the Quercus laeta complex) se profundiza en el estudio de rasgos 

micromorfológicos con el objetivo de i) Evaluar cualitativa y cuantitativamente la variación 

de tricomas entre los linajes genómicos detectados en Quercus laeta mediante microscopía 

electrónica de barrido, ii) probar la aplicabilidad de caracteres micromorfológicos (tipos y 

densidad de tricomas, variación de longitud de los brazos de tricomas, número de radios por 

tricomas y tipos de ceras) para el reconocimiento de especies en complejos de encinos 

taxonómicamente complicados y iii) determinar la combinación más útil de caracteres 

micromorfológicos para la identificación de los linajes presentes en Quercus laeta. 
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OBJETIVO GENERAL 

 

Contribuir a la comprensión de la especiación en el género Quercus analizando bajo un marco 

evolutivo los patrones de diferenciación a distintos niveles entre poblaciones polimórficas 

del complejo Q. laeta a lo largo de su distribución geográfica. 

 

OBJETIVOS PARTICULARES 

 

• Analizar los patrones de diferenciación genética y morfométrica entre poblaciones 

polimórficas del complejo Q. laeta a lo largo de su distribución geográfica  

 

• Definir las relaciones entre poblaciones del complejo Q. laeta para identificar 

hipotéticos linajes independientes y así evaluar la ubicación filogenética de estos 

linajes en relación con otras especies de encinos en el clado Leucomexicana. 

 

• Determinar cualitativa y cuantitativamente la combinación más útil de caracteres 

micromorfológicos para el reconocimiento de los linajes identificados mediante 

datos genómicos  
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II. CAPÍTULO I 
 

 

Even more oak species in Mexico? 

Genetic structure and morphological 

differentiation support the presence 

of at least two specific entities within 

Quercus laeta 
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Abstract Differentiation among populations, sometimes despite ongoing gene exchange, is a key step in
speciation. Therefore, comparison of intra‐ and interspecific differentiation patterns is of great significance to
understanding speciation. The genus Quercus is an interesting system to test speciation models in the presence of
gene flow, due to its weak interspecific reproductive barriers. The aim of the present study was to characterize
the degree and pattern of morphological and genetic differentiation among different morphotypes in the white
oak Quercus laeta, some corresponding to the previously described species Quercus centralis, Q. laeta, Quercus
prinopsis, and Quercus transmontana, as well as geographically structured variation within Q. transmontana not
described previously. Our goal was to evaluate if some of these can be considered distinct specific entities or are
rather part of a continuum of variation. Nine microsatellite loci and two intergenic regions of chloroplast DNA
were analyzed. Morphological differences were evaluated using geometric morphometrics. Chloroplast DNA
showed low differentiation, suggesting introgression or sharing of ancestral haplotypes among the Q. laeta
morphotypes. Nuclear microsatellites indicated differentiation into two distinct main genetic groups, which were
congruent with morphological differentiation. In conclusion, nuclear markers and morphological variations
suggest the existence of at least two different entities within Q. laeta.

Key words: gene flow, genetic differentiation, leaf morphometrics, microsatellite loci, morphotype, population assignment,
species delimitation.

1 Introduction
Identifying the processes that promote differentiation
among populations despite gene exchange is crucial to
understanding the evolution of biodiversity because gene
flow across the tree of life challenges our understanding of
what species are and how they arise (Nosil et al., 2009;
Abbott et al., 2013; Mallet et al., 2016; Winger, 2017; Pinheiro
et al., 2018; Albarrán‐Lara et al., 2019, McCauley et al., 2019).
One such challenge involves pinpointing the genetic barriers
that initiate speciation and understanding the temporal
succession of barriers that ultimately lead to the completion
of speciation. In this context, it can be problematic to

distinguish species that have low levels of genetic
divergence, either because speciation is recent or because
they continue to exchange genes (Muir & Schlötterer, 2005;
Lexer et al., 2006; Petit & Excoffier, 2009; Pinho & Hey, 2010).
Species complexes offer an opportunity to study micro‐

and macroevolutionary divergence processes and the early
steps in speciation (Pinheiro et al., 2018; Villaverde
et al., 2018). Nevertheless, within such complexes, it is
particularly difficult to identify clear boundaries between
putative species under two scenarios: (i) when species show
small morphological differences due to non‐adaptative
radiation, morphological stasis or phenotypic convergence
(Bickford et al., 2007; Nosil, 2012; Barley et al., 2013;

September 2022 | Volume 60 | Issue 5 | 1124–1139© 2022 Institute of Botany, Chinese Academy of Sciences
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Valencia‐A et al., 2016); and (ii) when species show
considerable morphological variation but small genetic
differentiation as a result of a fast and recent divergence,
constant gene flow, and ecological niche changes
(Schluter, 2001; Nosil, 2012; Albarrán‐Lara et al., 2019).
Species complexes guide us to the nexus of taxonomy and

speciation. One cannot readily study one without also
drawing inferences from and regarding the other. Inference
of genetic clusters, the detection of recent admixture events,
and the evaluation of divergence among populations are
hallmarks of studies of speciation (Mallet, 1995; Guichoux
et al., 2011; Sousa & Hey, 2013; Albarrán‐Lara et al., 2019;
McCauley et al., 2019; Miller et al., 2020; Zumwalde
et al., 2021). As such, many methods, ranging from Nei′s
population genetic distances (Nei, 1972), F‐Statistics (Weir &
Cockerham, 1984), analysis of molecular variance (Excoffier
et al., 1992) and discriminant analysis of principal compo-
nents (DAPC) (Jombart et al., 2010), to admixture and
Bayesian clustering analyses (Pritchard et al., 2000;
Alexander et al., 2009), have been developed to identify
genetic breaks among populations and potentially help to
disentangle species boundaries (Pritchard et al., 2000; Hubisz
et al., 2009; Jombart et al., 2010; Ewédjè et al., 2020; Miller
et al., 2020). Among these methods, there is a conceptual
division between methods that assess a priori (predefined)
populations (e.g., FST, analysis of molecular variance
[AMOVA]) versus approaches that identify genetic clusters
de novo (Miller et al., 2020). In the first case, a priori
assignment could help to visualize differentiation between
hypothesized groups (e.g., geographical regions, morpho-
types), whereas in the de novo approach, the population
structure is inferred from a given data set, to discover
genetic groups (Miller et al., 2020).
In parallel to genetic methods, morphological character-

ization of populations and species has advanced through
new methodologies such as geometric morphometrics
(Adams et al., 2013; Habel et al., 2015; Widener & Frant, 2018;
Desmond et al., 2021). Leaf morphology is particularly
relevant for species delimitation in plant groups that show
little variation in floral features (Elias, 1980; Valencia‐A, 2004).
For this purpose, the geometric morphometrics approach
may provide statistically robust delimitations among groups
of individuals and to identify patterns of hybrid morphology
(Viscosi & Cardini, 2011; Viscosi & Fortini, 2011; Viscosi, 2015;
Liu et al., 2018). For many oak species (genus Quercus L.),
high morphological variability has been documented at
various levels, for example, among leaves on a single tree,
among trees within populations, and among populations
within species, which often complicates interpretation of
taxonomic patterns (Hardin, 1975; Valencia‐A, 2004, 2021).
Understanding these sources of variance is therefore
important to evaluate how different adaptive and neutral
processes influence leaf morphology both among and
within species (Bruschi et al., 2003; González‐Rodríguez &
Oyama, 2005; Viscosi, 2015; Liu et al., 2018; Desmond
et al., 2021).
Morphological variation within oak species has been of key

interest to botanists even before Darwin, who considered
the exceptional variation in, for example, Quercus robur to be
a consequence of recent divergence (Darwin, 1859, ch. 2). In
the century following Darwin, it became increasingly clear

that introgressive hybridization is also an important player in
oak morphological variation (Engelmann, 1876; Mac-
Dougal, 1907; Palmer, 1948). In the decades following the
modern synthesis, the weak inherent interspecific reproduc-
tive barriers in oaks became a difficulty for our conception of
oak species, reaching a head in the mid‐1970s (Burger, 1975;
Hardin, 1975; Van Valen, 1976). Since then, a much broader
understanding of divergence with gene flow across the tree
of life has helped resolve this problem (e.g., Mallet et al.,
2016), allowing us to turn our attention to how introgressive
hybridization works hand in hand with local adaptation,
phenotypic plasticity, and adaptation to broad climatic
gradients to shape the great foliar polymorphism in both
European and American oaks (Tsukaia, 2005; Sork et al., 2016;
Ramírez‐Valiente et al., 2017; Sáenz‐Romero et al., 2017;
Martins et al., 2018; Cavender‐Bares, 2019).
Quercus laeta Liebm. is endemic to Mexico and widely

distributed in different habitat types. Across its geographic
distribution, the populations of this taxon show morpho-
logical variation that has been challenging to sort, mainly in
the degree of pubescence in the underside of the leaves, the
shape of the leaf lamina, and the pubescence of the twigs. In
an oak flora that is already notoriously challenging, Q. laeta
shows exceptional morphological polymorphism among
populations (Valencia‐A, 2004). These populations constitute
a complex from which seven descriptions have been
proposed (Trelease, 1924; Liebmann, 1854; Valencia‐
A, 2004), although six of them have been synonymized
under Q. laeta: Quercus bipedalis Trel., Quercus centralis Trel.,
Quercus obscura Trel., Quercus pallescens Trel., Quercus
prinopsis Trel., and Quercus transmontana Trel. (McVaugh,
1974; Rangel et al., 2002). Even though the variation in
Q. laeta populations in different mountain chains of Mexico is
quite complex, it follows certain geographical patterns,
which could be interpreted as the result of geographic
diversification related to the ecological heterogeneity of
these montane areas (Hipp et al., 2018, 2020).
From this perspective, the application of multiple lines of

evidence for the study of polymorphic populations is a
useful strategy to evaluate divergence patterns across the
speciation continuum and, in the context of this work, to
test the hypothesis about the existence of separate species
within Q. laeta (Corl et al., 2010; Pinheiro et al., 2018). As
explained, the Q. laeta complex is an interesting model to
understand diversification even in the presence of gene
flow, as is probably common in Quercus, if not typical
(Whittemore & Schaal, 1991; McVay et al., 2017; Kremer &
Hipp, 2020).
In this study, we contribute to the understanding of

speciation in the genus Quercus and the origin of Mexican
species diversity by analyzing the genetic and morpho-
metric differentiation patterns among polymorphic pop-
ulations of the Q. laeta complex throughout its
geographical distribution. We addressed the following
questions: (i) are there recognizable genetic boundaries
among the previously identified morphotypes or do they
correspond to a genetic continuum? (ii) Is there corre-
spondence between genetic clusters and foliar morpho-
metric differentiation? and (iii) based on the combined
evidence, is it possible to propose distinct specific entities
within the Q. laeta complex?

J. Syst. Evol. 60(5): 1124–1139, 2022www.jse.ac.cn
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2 Material and Methods
2.1 Herbarium revision
Because the taxonomic assignment of specimens to Quercus
laeta has been a matter of controversy, we first reviewed the
herbarium collections from the Faculty of Sciences of
the National Autonomous University of Mexico (FCME) and
the National Herbarium of Mexico (MEXU) to discard
specimens erroneously assigned to Q. laeta, on the basis of
the diagnostic characters originally described for the species
(Liebmann, 1854) and for the synonyms described by
Trelease (1924) as well as the characteristics observed on
type specimens available at JSTOR (http://plants.jstor.org).
These characteristics mainly include the presence of papillae
and absence of glands on the leaf undersides and sessile,
slightly contorted trichomes on the abaxial surface. Once
the erroneously determined specimens were discarded, a
morphological examination and assignment of the specimens
to different postulated species (hereafter morphotypes)
were performed, using as a reference the names initially
proposed by Trelease (1924). However, during this herbarium
work, it was not possible to assign specimens and collection
locations to the bipedalis and pallescens morphotypes, so
these were excluded from the study. Likewise, we decided to
divide the transmontana morphotype into two different
morphotypes because the specimens from the Coyula locality
in Oaxaca state showed a disjunct distribution and consistent
morphological differences from the populations belonging to
the transmontana morphotype from the center and north of
Mexico. In particular, the “transmontana coyula” morpho-
type shows twig pubescence, glabrescent reddish petioles,
and acute leaf apex, in contrast to the glabrous twigs,
glabrous yellow‐reddish petioles, and rounded leaf apex
present in the transmontana morphotype. Thus, five

morphotypes (centralis, laeta, prinopsis, transmontana, and
transmontana coyula) were defined as base units for this
study (Table S1).

2.2 Population samples
A total of 167 adult individuals of the Q. laeta complex were
sampled from 19 sites (hereafter, “populations” refers to
samples from these locations as geographically defined,
unless otherwise specified). At each population, 5–11
randomly selected trees were sampled, separated from
each other by a minimum of 30–50m. Populations almost
covered the complete geographical distribution of Q. laeta
and the five morphotypes (Table S2; Fig. 1). At each site, the
trees were identified based on the above‐mentioned
diagnostic morphological characteristics. Collected branches
were pressed and dried to obtain three herbarium speci-
mens. From each tree, we additionally sampled mature
leaves with no apparent damage from different branches;
these leaves were stored in plastic bags and placed on ice
until final storage at −80 °C in the laboratory for genetic
analysis. Likewise, between six and eight mature leaves were
pressed per individual for the corresponding morphometric
analyses. Vouchers of specimens were deposited in the FCME
herbarium.

2.3 DNA extraction, chloroplast DNA sequencing, and
nuclear SSR genotyping
DNA isolation was performed using a cetyltrimethyl
ammonium bromide (CTAB) protocol with an additional
phenol–chloroform cleaning step (Lefort & Douglas, 1999).
The isolated DNA was diluted with deionized water to a final
concentration of 20 ng/µl and stored at −20 °C. We amplified
two chloroplast (cpDNA) intergenic spacers: trnC‐ycf6 and
ycf6‐psbM (Shaw et al., 2005). Polymerase chain reactions

J. Syst. Evol. 60(5): 1124–1139, 2022 www.jse.ac.cn

Fig. 1. Map of collected populations of the Quercus laeta complex in Mexico.
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(PCR) were carried out using the Taq‐Platinum master mix
(Qiagen, CA, USA) as follows: 1 µl of each forward and
reverse primer (0.2 µM), 10 µl of master mix, 5 µl of H2O, and
3 µl of genomic DNA in a total volume of 20 µl. PCR
amplifications began with 5 min denaturation at 94 °C,
followed by 35 cycles of 1 min denaturation at 94 °C, 1.5 min
annealing at 49 °C (trnC‐ycf6) or 65 °C (ycf6‐psbM), and 1.5 min
extension at 72 °C. A final extension step of 10 min at 72 °C
was included. Unpurified PCR products were sent to
Macrogen Company (Rockville, MD, USA) for purification
and sequencing.
To estimate the population genetic diversity and structure,

nine nuclear microsatellite (nSSR) loci were amplified in three
multiplex PCRs and two individual reactions. The first
multiplex reaction included the QpZAG96 and QpZAG110
(Steinkellner et al., 1997) loci; the second included the
QpZAG36 (Steinkellner et al., 1997) and QrZAG39 (Kampfer
et al., 1998) loci; and the third included the quru‐GA‐IF02,
quru‐GA‐OC11, and quru‐GA‐OMO5 (Aldrich et al., 2002) loci.
Finally, the quru‐GA‐OC11 and quru‐GA‐2F05 (Aldrich
et al., 2002) loci were amplified separately. Reactions were
carried out with 3 µl of Taq‐Platinum master mix (Qiagen CA,
USA), 0.3 µl of each forward and reverse primer (0.2 µM),
1.4 µl of H2O, and 1 µl of genomic DNA (10 ng/µl) in a total
volume of 6 µl. The reaction began with 3 min denaturation
at 94 °C, followed by 40 cycles of 30 s denaturation at 94 °C,
45 s annealing at 54 °C for quru‐GA‐OC11 and the first and
third multiplex reactions, 48 °C for the second multiplex
reaction, and 45 °C for quru‐GA‐OM05. A final extension step
of 10 min at 72 °C was included. One microliter of each PCR
product was combined with 9 µl of Hi‐Di Formamide and
0.3 µl of GeneScan‐600 LIZ (Applied Biosystems, CA, USA)
and run on an ABI‐PRISM 3100‐Avant sequencer (Applied
Biosystems, CA, USA) to obtain the size of the microsatellite
fragments. Electropherograms were analyzed using GENE-
MARKER software v.1.91 (Softgenetics LLC, State College, PA,
USA). The individual genotype assignments of the nine nSSR
were verified at least three times to corroborate our
genotyping.

2.4 Nuclear genetic diversity and structure
The presence and frequency of null alleles for each locus and
population were determined using FreeNA (Chapuis &
Estoup, 2007). Deviations from the Hardy–Weinberg equili-
brium (HWE) and linkage disequilibrium (LD) for each
population were tested in GENEPOP v.3.4 (Raymond &
Rousset, 1995) with 10 000 Markov Chain iterations. For each
population, we calculated descriptive genetic diversity
statistics as the mean number of alleles (Na), the mean
number of effective alleles (Ne), the mean expected
heterozygosity (HE), the mean observed heterozygosity
(HO), and the mean inbreeding coefficient (F) using GENALEX
v.6.5 (Peakall & Smouse, 2012). Rarefied allelic richness was
estimated in FSTAT (Goudet, 2001) to account for differences
in sample size among populations. As some of the loci
showed the presence of null alleles, we also calculated the
inbreeding coefficient using the Bayesian procedure imple-
mented in INEST v.2.0 (Chybicki & Burczyk, 2009).
To identify potential genetic breaks among populations

that would be suggestive of the presence of distinct specific
entities, we analyzed genetic differentiation and structure

using methods that rely both on a priori defined populations
and approaches that infer genetic clusters de novo from
individual data. First, to visualize the relationships among
populations, we constructed an unrooted NJ tree from
nSSR data in POPULATIONS ver. 1.2.31 (Langella, 1999) with
Nei′s standard genetic distance (Nei, 1987). Support for
genetic structure was estimated using bootstrapping with
resampling across loci 1000 times. Second, to identify
genetic clusters de novo, we used multivariate DAPC using
the function dapc of the adegenet package (Jombart, 2008;
Jombart et al., 2010; R Core Team, 2013). This method does
not rely on a particular population genetics model and is
thus free of assumptions about Hardy–Weinberg or linkage
equilibrium. In addition, it generates a graphical represen-
tation of the multivariate distance among the inferred
clusters (Jombart et al., 2010). In the analysis, we identified
the optimal number of clusters using the find.clusters()
function. We tested K values from 1 to 10, and the optimal
number of clusters was selected based on the Bayesian
information criterion (BIC) (Jombart et al., 2010). The
multivariate distance among clusters was visualized using
a minimum spanning tree. Cross validation was applied to
avoid overestimation of the number of components to
be used.
Additionally, we applied the Bayesian clustering algorithm

implemented in the software STRUCTURE 2.3.4 (Pritchard
et al., 2000), performing a hierarchical analysis (Pritchard &
Wen, 2003; Vähä et al., 2007; Janes et al., 2017). First,
analyses were performed on the complete data set running
values of K from 1 to 6 with 10 independent runs for each K.
The burn‐in length was 100 000 steps, followed by 300 000
MCMC iterations. Following Pritchard et al. (2000) and
Hubisz et al. (2009), we performed these initial runs under
different models: (i) using morphotype grouping as a prior
(LOCPRIOR option), (ii) using geographical populations as a
prior, and (iii) not using the LOCPRIOR option. In the three
cases, data analysis was performed under an admixture
model and correlated allele frequencies. Second, we
performed independent STRUCTURE runs on each genetic
cluster identified in the previous step to detect further
patterns of genetic structure. For these STRUCTURE runs,
we assumed K from 1 to 6, also using the ancestry model
with admixture and correlated allele frequencies. In all
cases, the most likely K‐value was selected by compiling
runs with STRUCTURE HARVESTER v.0692 (Earl & von-
Holdt, 2012) and using the ad hoc ΔK method (Evanno
et al., 2005). The program CLUMPAK (Kopelman et al., 2015)
was used to summarize the 10 runs for the best number of
clusters found.
Finally, to quantify genetic variance components among

the different inferred groups, we used AMOVA in Arlequin
ver. 3.5.2.2 (Excoffier & Lischer, 2010). Therefore, we tested
the following four different groupings: (i) populations
grouped according to the morphotypes; (ii) populations
grouped according to the results of unrooted neighbor‐
joining (NJ) using the software POPULATIONS ver. 1.2.31
(Langella, 1999); (iii) genetic clusters obtained by DAPC; and
(iv) populations grouped according to the nuclear genetic
groups obtained by STRUCTURE 2.3.4 (Pritchard et al., 2000).
The significance of the genetic variation partitions was tested
with 10 000 permutations. Additionally, we computed

J. Syst. Evol. 60(5): 1124–1139, 2022www.jse.ac.cn
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pairwise fixation statistics (FST, RST) among morphotypes
using the software SPAGeDi (Hardy & Vekemans, 2002). RST
and FST have the same theoretical expectations when
population genetic structuring results solely from genetic
drift, while if stepwise mutations contribute to genetic
differentiation (mutation rate non‐negligible compared to
the migration rate or the reciprocal of the number of
generations since population isolation), we expect RST> FST
(Hardy et al., 2003). The latter situation implies that the mean
allele sizes vary between populations for at least some loci,
leading to a phylogeographic signal. The latter was tested
using the allele size permutation test (Hardy et al., 2003)
implemented in SPAGeDi.

2.5 cpDNA diversity and structure
Electropherograms were analyzed using BioEdit (Hall, 1999),
and the obtained sequences were manually aligned using
MEGA 6 (Tamura et al., 2007). Molecular diversity indices,
such as the number of polymorphic sites (S), haplotype
diversity (Hd), and nucleotide diversity (π) per population,
were calculated using DnaSP v 6.0 software (Rozas
et al., 2017). Arlequin 3.5.2.2 (Excoffier & Lischer, 2010) was
used to perform four analyses of molecular variance
according to the four groupings previously explained for
nuclear genetic variation (see above). The significance of the
genetic variation partitions was tested with 10 000 permu-
tations.
The genealogical relationships among haplotypes were

assessed using a median‐joining algorithm implemented in
PopART v 1.7 (Leigh & Bryant, 2015). Finally, the relative
frequencies of haplotypes per population were mapped
using QGis 3.8.3 (QGIS Development Team, 2019).

2.6 Morphological analysis of leaf shape
We quantified morphological differentiation in the Q. laeta
complex using leaf shape analysis using geometric morpho-
metrics methods. Analyses were performed in 868 mature
leaves corresponding to 152 individuals. Each leaf was
scanned using an HP Scanjet 300 with a ruler as a size
reference. To obtain the overall leaf shape, in each image, a
fan of 15 guidelines covering the entire leaf contour was
created using the program MakeFan6 of the “Integrated
Morphometrics Packaged” (IMP) series to record two
landmarks (leaf base and leaf apex) and 26 semi‐landmarks
(along the leaf contour) with the program TpsDig
(Rohlf, 2005). The Tps file includes an x and y coordinate
for each landmark and semi‐landmark per leaf, plus the two
scale points. To remove the effects of rotation, translation,
and scale, a Procrustes superimposition analysis was
performed using the program MorphoJ version1.05d
(Klingenberg, 2011), generating a covariance matrix. We
used this matrix as input for a principal components analysis
(PCA) and canonical discriminant analysis (CDA). For both the
PCA and the CDA, all collected specimens were arranged
according to the four different grouping criteria used for
nuclear and chloroplast genetic variations. Finally, we
evaluated the percentage of morphological assignment
based on the shape of the leaf using a priori grouping that
is classified into a posteriori grouping from a classification
matrix.

3 Results
3.1 Nuclear genetic diversity
Because most microsatellite loci failed to amplify in La
Malinche (population 18), we eliminated this population
from the nuclear genetic diversity and structure analyses.
The results from the FreeNA analysis indicated that all loci
showed the presence of null alleles, varying in frequency in
the populations from 0 to 0.43. However, there was no effect
of null alleles on the genetic differentiation estimates, since
the FST value not using ENA was 0.0628, while FST using ENA
was 0.0625. In total, 103 alleles were identified in the 18
populations across nine microsatellites. Genetic diversity was
high across all populations (Ne= 3.223–5.132; HE= 0.622–0.777)
(Table 1). Ne and HE values were the highest in populations 14
and 3, respectively, and the lowest in populations 8 and 15,
respectively. Rarefied allelic richness per locus ranged from
2.462 to 6.343, while at the population level, the highest allelic
richness was found in population 14 (A= 4.711) and the lowest
in population 10 (A= 3.512) (Table 1). Taking null alleles
into account, the inbreeding coefficient (FISINEST) was 0.0071
in contrast to FIS= 0.095, which was obtained without
correction.

3.2 Nuclear genetic structure
The unrooted NJ tree based on Nei′s standard genetic distance
(Nei, 1987) showed that populations clustered into three
groups (Figs. 2A, 2B). However, tree nodes were weakly
supported (<30%). The first group (in green) was constituted by
five populations, three of them classified as morphotype
centralis (populations 15, 16, and 17) and two as morphotype
laeta (populations 13 and 14). This group is distributed in the
trans‐mexican volcanic belt (TMVB). The second group (in
yellow) was composed of seven populations that belong to
morphotypes transmontana (central‐northern Mexico, popula-
tions 6, 8, 9, 10, 11, and 12) and transmontana coyula (Oaxaca,
south of Mexico; population 19). Finally, the third group (in red)
is restricted to the north of Mexico and consists of six
populations that belong to the morphotype prinopsis (pop-
ulations 1, 2, 4, 5, and 7) and one population assigned to
morphotype laeta (population 3).
In contrast, the DAPC analysis detected five clusters

(Fig. 3) (K= 5; BIC= 221.9785; Fig. S1), which were in general
incongruent with the morphotype assignment of the
individuals. The first genetic cluster was composed of a
high proportion of individuals that belong to the trans-
montana (0.70) and transmontana coyula morphotypes
(0.22). The second genetic cluster was formed mainly by
individuals belonging to the prinopsis (0.42) and trans-
montana morphotypes (0.24). The third cluster had a higher
proportion of individuals included in the transmontana (0.70)
and centralis morphotypes (0.15). The fourth cluster showed
a considerable mixture of individuals belonging to morpho-
types transmontana (0.34) and prinopsis (0.32), and the fifth
cluster showed a higher proportion of individuals identified
as prinopsis (0.52), centralis (0.18), and laeta (0.18) (Table S3).
The multivariate distance represented by the minimum
spanning tree suggests that clusters two and five are
genetically closer to each other, while cluster one is
genetically more different from the rest of the identified
clusters (Fig. 3).

J. Syst. Evol. 60(5): 1124–1139, 2022 www.jse.ac.cn
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All STRUCTURE runs using the complete data set and
under the different models converged on the same results,
with K= 2 showing the highest support based on the ΔK
statistic (Fig. S2). Therefore, here, we report the results
obtained when geographical populations are used as a prior,

while the results from using morphotype assignment as a
prior and when no prior was used are presented in the
supplementary information (Fig. S3). Most of the populations
had an assignment index to their genetic group Q> 0.80,
except for populations 3, 8, 12, 14, and 15, with Q values of

J. Syst. Evol. 60(5): 1124–1139, 2022www.jse.ac.cn

Table 1 Genetic diversity statistics for cpDNA sequences and nSSRs for 19 populations of the Quercus laeta complex

cpDNA nSSR

Population number Morphotype N h Hd π S Na Ne A HO HE F

1 prinopsis 9 1 0 0 0 6.889 4.339 4.507 0.617 0.717 0.144
2 prinopsis 10 1 0 0 0 6.778 4.307 4.230 0.615 0.690 0.118
3 laeta 5 2 0.40 0.00022 1 5.000 4.197 4.456 0.578 0.777 0.216
4 prinopsis 10 2 0.40 0.00022 1 6.333 4.370 4.233 0.626 0.694 0.111
5 prinopsis 8 3 0.52 0.00032 2 5.333 3.812 3.957 0.673 0.661 –0.007
6 transmontana 10 4 0.64 0.00042 3 6.110 4.350 3.865 0.651 0.713 0.087
7 prinopsis 8 2 0.38 0.00022 1 5.333 3.332 3.893 0.621 0.625 0.040
8 transmontana 8 1 0 0 0 4.778 3.223 4.711 0.599 0.624 0.034
9 transmontana 9 2 0.35 0.00020 1 4.667 3.477 3.859 0.559 0.625 0.186
10 transmontana 10 1 0 0 0 6.222 4.458 4.247 0.678 0.694 0.025
11 transmontana 11 3 0.51 0.00042 3 6.222 4.083 3.718 0.693 0.682 –0.037
12 transmontana 11 1 0 0 0 7.111 4.421 4.233 0.573 0.739 0.229
13 laeta 10 1 0 0 0 5.667 3.775 3.608 0.608 0.632 0.012
14 laeta 10 2 0.50 0.00028 1 7.111 5.132 3.512 0.700 0.757 0.073
15 centralis 5 1 0 0 0 4.222 3.253 4.251 0.578 0.622 0.107
16 centralis 9 1 0 0 0 6.000 4.026 4.047 0.677 0.720 0.067
17 centralis 9 1 0 0 0 5.222 3.298 4.367 0.639 0.650 0.032
18 centralis 5 1 0 0 0 NA NA NA NA NA NA
19 transmontana coyula 9 2 0.50 0.00085 3 5.667 4.108 4.083 0.500 0.693 0.278

For cpDNA: N, sample size; h, number of haplotypes; Hd, haplotypic diversity; π, nucleotide diversity; and S, number of
polymorphic sites. For nSSRs: Na, mean number of alleles per locus; Ne, mean number of effective alleles per locus; A, allelic
richness after rarefaction; HO, mean observed heterozygosity; HE, mean expected heterozygosity; and F, inbreeding
coefficient.

Fig. 2. Neighbor‐joining tree for Quercus laeta complex. A, Unrooted neighbor‐joining tree based on Nei′s (1987) distance
indicating the relationships among 18 populations of the Q. laeta complex. B, Geographic distribution of the three genetic
groups found by POPULATIONS.

1129Two specific entities within Quercus laeta
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0.73, 0.66, 0.68, 0.69, and 0.55, respectively. The distribution
map of the genotypic clusters for K= 2 across populations
showed that the genetic group (GG) 1 (in green) is restricted
to the central part of Mexico (populations 6, 8, 9, 10, 11, and
14) and population 19 from the south of Mexico (Fig. 4). The
samples classified as morphotypes transmontana and trans-
montana coyula belong to this genetic group. The
populations that comprised this genetic group are the
same as the yellow group identified by the NJ tree analysis
and the genetic cluster 1 identified by DAPC. In contrast, the
GG2 (in red) is widely distributed mainly along the TMVB
(populations 12, 13, 15, 16, and 17) and the north of Mexico
(populations 1, 2, 3, 4, 5, and 7) (Fig. 4). The green and red
genetic groups detected by NJ tree analysis and the genetic
cluster 5 identified by DAPC are analogous to this
STRUCTURE genetic group. The GG2 is formed by individuals
assigned to morphotypes centralis, laeta, and prinopsis.
When evaluating the substructure within each GG, we

identified different genetic subunits. For the GG1, we
identified a substructure with K= 2, where the first genetic
subunit (S1A) was represented in populations 8 and 9, while
the second genetic subunit (S1B) had a greater proportion in
populations 6, 10, 11, 14, and 19 (Fig. 5A). An interesting
pattern was identified within the GG2, where the optimal
value was K= 4 (Fig. 5B). The first genetic subunit (S2A) was
represented in the north of Mexico within populations 1, 2, 4,
5, and 7 (prinopsis morphotype). The second genetic subunit
(S2B) corresponded to population 13 (laeta morphotype),
which is the most geographically isolated population located
in western Mexico. The third genetic subunit (S2C) was
composed mainly by individuals of populations 3, 12, and 15

(centralis, laeta, and prinopsis morphotypes). The fourth
genetic subunit (S2D) was composed by individuals of
populations 16 and 17 (centralis morphotype). The S2B, S2C,
and S2D were located across the TMBV in the center of
Mexico.
The different AMOVAs showed significant genetic differ-

entiation at all levels tested. The magnitude of overall
genetic differentiation was low (FST= 0.070; P< 0.001), as
also differentiation among morphotypes (FCT= 0.032;
P< 0.0001), the two main genetic groups according to
STRUCTURE (FCT= 0.031; P< 0.001), genetic groups ac-
cording to NJ tree analysis (FCT= 0.030; P< 0.0001), and
genetic clusters obtained by DAPC (FCT= 0.014; P< 0.04)
(Table 2).
Pairwise fixation indices were relatively high between

morphotypes prinopsis—transmontana (FST= 0.050 and
RST= 0.076), prinopsis—transmontana coyula (FST= 0.110
and RST= 0.166), laeta—prinopsis (FST= 0.034 and RST=
0.099), and laeta—transmontana coyula (FST= 0.063 and
RST= 0.067) (Table 3). A significantly higher RST value than
the corresponding FST value was only observed between
laeta—prinopsis (p= 0.01) and prinopsis—transmontana
morphotypes (p= 0.02). By contrast, low fixation indices
were found between morphotypes centralis and laeta
(FST= 0.017 and RST= 0.035) and transmontana and trans-
montana coyula (FST= 0.046 and RST= 0.003) (Table 3).

3.3 Chloroplast DNA population differentiation
The final alignment of the sequences of the intergenic regions
trnC‐ycf6 and ycf6‐psbM (GenBank Accession Numbers:
MW999693–MW999830; MZ028207–MZ028344) was 1810 pb

J. Syst. Evol. 60(5): 1124–1139, 2022 www.jse.ac.cn

Fig. 3. Scatterplots of the discriminant analysis of principal components among individuals of five morphotypes within the
Quercus laeta complex. The white line shows the relationships among genetic clusters based on a minimum spanning tree.
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in length. A total of 15 polymorphic sites were observed,
defining 13 haplotypes. Haplotype and nucleotide diversities
were in general low, ranging within populations from
Hd= 0–0.644 and from π= 0 to 0.00085 (Table 1). The
statistical parsimony haplotype network showed a star‐like
shape where haplotype A had a central position and was the

most frequent and geographically widespread (present in
18 populations, and all morphotypes) (Fig. 6). Most of the
other haplotypes had a low frequency and were restricted to
single populations (private haplotypes). Nine populations
were monomorphic, eight of which showed the central
haplotype. Populations with the highest number of haplotypes

J. Syst. Evol. 60(5): 1124–1139, 2022www.jse.ac.cn

Fig. 4. Bayesian analysis of population structure for the Quercus laeta complex. Distribution map of ancestry proportions
identified by structure for Q. laeta complex for K= 2.

Fig. 5. Bayesian analysis of population substructure. A, Substructure within GG1 (K= 2). B, Substructure within GG2 (K= 4).
Small rhombuses represent sampling localities.

1131Two specific entities within Quercus laeta
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were populations 5, 6, and 11 belonging to morphotypes
prinopsis and transmontana (Table 1; Fig. 6).
The AMOVAs showed different levels of differentiation.

The magnitude of differentiation among populations was
high (ΦST= 0.31; P< 0.00001) and moderate among morpho-
types (ΦCT= 0.20, P< 0.005), while the differentiation among
genetic groups according to NJ tree analysis (ΦCT=
−0.00624), genetic clusters obtained by DAPC (ΦCT=
−0.00117), and genetic groups according to STRUCTURE
(ΦCT=−0.00115) was low and not significant (Table 4).

3.4 Morphological analysis of leaf shape
The principal components analysis of the foliar shape was
unable to discriminate clear entities under any of the a priori

groupings (Fig. S4). On the other hand, the analysis of
canonical variables recovered four variates that explained
100% of the variation (62.32%, 24.19%, 10.19%, 3.3%, respec-
tively). When we used the morphotypes as well the genetic
clusters obtained by the NJ tree and DAPC analysis as
grouping criteria, it was not possible to discriminate among
entities because the boundaries between the different
groups overlap (Figs. 7A–7C). However, when we used the
two main genetic groups detected by STRUCTURE, the
frequency distribution of the first discriminant function
indicated a clear morphometric differentiation (Fig. 7D).
The GG1 (in blue), including the morphotypes transmontana
and transmontana coyula, have narrower (lanceolate) leaf
forms, while populations in the GG2 (in red), including the

J. Syst. Evol. 60(5): 1124–1139, 2022 www.jse.ac.cn

Table 2 Analysis of molecular variance for nine nSSR loci at different levels within the Quercus laeta complex

Group Source of variation d.f.
Sum of
squares

Variance
components

Percentage of
variation

No groups defined Among populations 17 131.317 0.248 7 FST= 0.070***
Within populations 304 1004.950 3.306 93

Total 321 1136.267 100
Morphotypes Among groups 4 51.805 0.114 3.20 FCT= 0.032***

Among populations within
groups

13 79.512 0.158 4.40 FSC= 0.046***

Within populations 304 1004.950 3.306 92.40 FST= 0.076***
Total 321 1136.267 100

Genetic groups
(POPULATIONS)

Among groups 2 35.619 0.108 3 FCT= 0.031***
Among populations within

groups
15 95.698 0.173 4.81 FSC= 0.050***

Within populations 304 1004.950 3.306 92.18 FST= 0.078***
Total 321 1136.267 100

Genetic groups (DAPC) Among groups 4 30.766 0.039 1.47 FCT= 0.014*
Among populations within

groups
13 66.668 0.149 5.53 FSC= 0.056***

Within populations 304 764.618 2.51 93.00 FST= 0.070***
Total 321 862.053 100

Genetic groups
(STRUCTURE)

Among groups 1 24.571 0.113 3.12 FCT= 0.030***
Among populations within

groups
16 106.747 0.189 5.24 FSC= 0.054***

Within populations 304 1004.950 3.306 91.63 FST= 0.084***
Total 321 683.487 100

*p ≤ 0.05; ***p≤ 0.001.

Table 3 Pairwise fixation indices among morphotypes of the Quercus laeta complex using FST (below diagonal) and RST (above
diagonal) over nine nSSR loci

Q. laeta morphotypes

centralis laeta prinopsis transmontana
transmontana

coyula Q. laeta morphotypes

‐‐‐‐‐‐‐‐‐‐‐ 0.035* 0.041* 0.016 0.049 centralis
0.017* ‐‐‐‐‐‐‐‐‐‐ 0.099* 0.023* 0.067* laeta
0.025* 0.034* ‐‐‐‐‐‐‐‐‐‐ 0.076* 0.166* prinopsis
0.047* 0.028* 0.050* ‐‐‐‐‐‐‐‐‐‐ 0.003 transmontana
0.101* 0.063* 0.110* 0.046* ‐‐‐‐‐‐‐‐‐‐ transmontana coyula

*p≤ 0.05. Allele size permutation tests indicate whether RST is significantly larger than FST (highlighted in bold).

1132 Morales‐Saldaña et al.
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J. Syst. Evol. 60(5): 1124–1139, 2022www.jse.ac.cn

Fig. 6. Geographic distribution and statistical parsimony network of 13 haplotypes of the Quercus laeta complex. Small
rhombuses represent sampling localities, and pie charts represent frequencies of the haplotypes found in each sampling
locality.

Table 4 Analyses of molecular variance for cpDNA variation at different levels within the Quercus laeta complex

Group Source of variation d.f.
Sum of
squares

Variance
components

Percentage
of variation

No groups defined Among populations 18 53.276 0.337 32 ΦST= 0.317***
Within populations 108 78.267 0.724 68

Total 126 131.543 1.062
Morphotypes Among groups 4 29.403 0.232 21 ΦCT= 0.209*

Among populations
within groups

14 23.874 0.154 14 ΦSC= 0.175***

Within populations 108 78.267 0.724 65 ΦST= 0.348***
Total 126 131.543 1.111

Genetic groups
(POPULATIONS)

Among groups 2 5.658 –0.006 0 ΦCT= –0.006
Among populations

within groups
16 47.618 0.341 32 ΦSC= 0.320***

Within populations 108 78.267 0.724 68 ΦST= 0.316***
Total 126 131.543 1.059

Genetic groups (DAPC) Among groups 4 13.861 –0.001 0 ΦCT= –0.001
Among populations

within groups
14 39.415 0.338 32 ΦSC= 0.318***

Within populations 108 78.267 0.724 68 ΦST= 0.317***
Total 126 131.543 1.0617

Genetic groups
(STRUCTURE)

Among groups 1 3.284 –0.001 0 ΦCT= –0.001
Among populations

within groups
17 49.992 0.337 32 ΦSC= 0.318***

Within populations 108 78.267 0.724 68 ΦST= 0.317***
Total 126 131.543 1.061

*p≤ 0.05; ***p≤ 0.0001.

1133Two specific entities within Quercus laeta
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morphotypes laeta, prinopsis, and centralis, are characterized
by obovate and oblanceolate leaf forms (Fig. 7D). These
results indicate that the genetic groups detected by
STRUCTURE show morphometric differentiation within the
Q. laeta complex. The assignment of the different individuals
shows correspondence among the genetic groups and the
leaf form of 74% for GG1 and 78% for GG2.

4 Discussion
In the present study, evidence from the nuclear genome
(nSSRs), the plastome (cpDNA sequences), and morphology,
quantified using geometric morphometrics, showed evidence
for recognizing at least two different biological entities
within the Quercus laeta complex that could be proposed as
species (Table 5). The genus Quercus has long been a source
of debate regarding species concepts (Engelmann, 1876;
Ehrlich & Raven, 1969; Burger, 1975; Van Valen, 1976), mainly
due to the high interspecific gene flow. As a consequence,
low genetic differentiation is typical among oak species (Muir
& Schlötterer, 2005; Lexer et al., 2006; Peñaloza‐Ramírez
et al., 2010; Owusu et al., 2015; Albarrán‐Lara et al., 2019).
Therefore, the fact that we found a relatively high genetic
differentiation with few microsatellite loci may suggest that
these biological entities are clearly distinct and with a

considerable degree of genetic isolation (Pritchard
et al., 2000; Craft et al., 2002).

4.1 CpDNA does not differentiate oak complexes
The results obtained for the cpDNA and nSSRs showed low
congruence. For the cpDNA, the AMOVA indicated high and
significant genetic differentiation among populations
and moderate differentiation among morphotypes, but low
and nonsignificant differentiation among the nuclear genetic
groups obtained with POPULATIONS, DAPC, and STRUC-
TURE. Furthermore, a star‐shaped haplotype network was
observed, suggesting the existence of a single main cpDNA
lineage in the Q. laeta complex with many low‐frequency
exclusive haplotypes found in the different morphotypes,
with the centralis morphotype as an exception, since it is the
only morphotype that did not show an exclusive haplotype.
Haplotype sharing has been commonly reported among oak
species and interpreted as evidence for interspecific gene
flow (Petit et al., 1997, 2003; Dumolin‐Lapègue et al., 1999;
González‐Rodríguez et al., 2004), even though incomplete
lineage sorting may also play a role (Muir & Schlötterer, 2005;
Lexer et al., 2006; Muir & Schlöetterer, 2006). In this context,
we propose that the star‐like shape of the network and
haplotype sharing among populations within the Q. laeta
complex could be the result of rapid population expansions

J. Syst. Evol. 60(5): 1124–1139, 2022 www.jse.ac.cn

Fig. 7. Canonical variate analyses of two landmarks (leaf base and leaf apex) and 26 semi‐landmarks (along the leaf contour)
from 152 specimens of the Quercus laeta complex. A, Plot grouping individuals according to morphotypes; B, Plot grouping
individuals according to the NJ tree; C, Plot with the DAPC groups; and D, Histogram of the first canonical discriminant function
(CD 1) scores by individual for the leaf shape analysis of genetic group 1 (in blue) and genetic group 2 (in red).
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coupled with instances of chloroplast capture (Tsitrone
et al., 2003; Kremer & Hipp, 2020). Chloroplast capture is
relatively frequent in species with a sympatric distribution
and reproductive compatibility, as has been reported in other
Fagales (King & Ferris, 2000; Okaura & Harada, 2002; Acosta
& Premoli, 2010) and in European and American white oaks
(Whittemore & Schaal, 1991; Petit et al., 1997, 2003). In
conclusion, low haplotype differentiation within the Q. laeta
complex supports the premise that incongruence between
cpDNA variation and species limits in oaks generally makes it
a poorly suited marker to track fine‐scale phylogeny (Petit
et al., 1993; Dumolin‐Lapègue et al., 1999; Manos et al., 1999;
Belahbib et al., 2001; Petit & Excoffier, 2009; Pham et al., 2017;
McCauley et al., 2019; Kremer & Hipp, 2020).

4.2 Drawing species limits in the Q. laeta complex
The establishment of species boundaries through population
assignment based on clustering is useful in the early stages
of species delimitation, as it groups individuals that likely
exchange genes or have similar allele frequencies due to
shared ancestry (Pritchard et al., 2000; Rittmeyer &
Austin, 2012; Carstens et al., 2013). In this context, our
nuclear genetic data showed a consistent pattern of genetic
differentiation across different methods based on both a
priori and de novo designations. Even though the unrooted
NJ analysis showed three groups, the DAPC de novo analysis
identified five genetic clusters and the Bayesian analyses
identified two clusters at the highest hierarchical level, and
up to six genetic clusters, it is possible to identify a major
constant genetic discontinuity within the Q. laeta complex.
On the one hand, based on genetic cluster 1 identified by
DAPC, GG1 (in green) detected by STRUCTURE, and the
yellow group identified by the NJ analysis (Figs. 2–4), our
results suggest that individuals from the transmontana and
transmontana coyula morphotypes could be considered as
the same entity (hereafter called Q. transmontana). On the
other hand, based on the genetic clusters 2 and 5 identified
by DAPC analysis, the GG2 (in red) detected by STRUCTURE,
and the red and green groups detected by the NJ analysis
(Figs. 2–4), the second major genetic cluster is formed by
individuals belonging to morphotypes centralis, laeta, and
prinopsis (hereafter called Q. laeta).
An interesting result of this study, besides the clear

genetic discontinuity between Q. transmontana and Q. laeta,
is that use of complementary analytical methods allowed us
to detect potential recent admixture events and to identify

nested clusters. For example, the DAPC analysis recovered
genetic clusters with mixed membership (genetic clusters 3
and 4; Fig. 3; Table S3), which might suggests that although
Q. transmontana and Q. laeta are two different biological
entities, local introgression could have occurred between
them in some instances.
In the case of the identification of nested clusters, the NJ

and the substructure analysis suggested that Q. laeta itself is
formed by two geographical groups segregated into up to
four genetic clusters. The northern group (prinopsis
morphotype), which was found in the Sierra Madre Oriental,
is formed mainly by a single genetic group, while the
geographic group of the TMBV (centralis+ laeta morpho-
types) is formed by three genetic groups, suggesting that
these populations show significant genetic heterogeneity
worthy of further study. For example, if we compare fixation
indexes among morphotypes that conform to Q. laeta, we
observe that (i) values between prinopsis and laeta (FST=
0.034, RST= 0.099) are within or above those typically
reported between taxonomically valid Mexican oak species
(e.g., FST= 0.016, RST= 0.042; Albarrán‐Lara et al., 2019;
FST= 0.022; Peñaloza‐Ramírez et al., 2010) and (ii) signifi-
cantly larger RST than FST values between prinopsis and laeta
suggest that stepwise mutations have contributed to genetic
differentiation between these entities, which could indicate
low levels of gene flow between both groups. Intra‐specific
genetic clusters are generally interpreted as evidence of past
population fragmentation (Hardy et al., 2003) and since
historical fragmentation may be related to processes of
divergence, we suggest that the prinopsis morphotype could
represent a separate species from Q. laeta resulting from
allopatric isolation, although a more thorough evaluation is
necessary. In conjunction, our results suggest that although
all morphotypes within the Q. laeta complex may not
correspond to discrete or strongly differentiated genetic
units, the complex is not a genetic continuum either.
Interestingly, the other important line of evidence, morpho-

metric variation, did not indicate clear differentiation among
morphotypes, or genetic groups detected by the NJ tree
analysis. However, when we compared the above‐described
two main groups (Q. transmontana and Q. laeta), we found a
clear differentiation between the narrow leaves of Q. trans-
montana and the obovate leaves of Q. laeta. Furthermore,
when we contrasted these two genetic–morphometric groups
to the species hypotheses (morphotypes) initially used based
on qualitative morphological data, we observed that there is no

J. Syst. Evol. 60(5): 1124–1139, 2022www.jse.ac.cn

Table 5 Comparison of grouping patterns based on different data and methods

Data type Method
Cluster
number Grouping patterns

cpDNA AMOVA 1 transmontana+ transmontana coyula + centralis+ laeta+ prinopsis
nSSR DAPC 5 transmontana + transmontana coyula; prinopsis+ transmontana;

transmontana+ centralis; transmontana + prinopsis;
prinopsis+ centralis+ laeta

nSSR NJ tree 3 transmontana+ transmontana coyula; centralis+ laeta; prinopsis
nSSR Structure 2 transmontana+ transmontana coyula; laeta+ centralis+ prinopsis
Morphology Geometric

morphometry
2 transmontana+ transmontana coyula; laeta+ centralis+ prinopsis

AMOVA, analysis of molecular variance; DAPC, discriminant analysis of principal components.
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total correspondence. This suggests that the exclusive use of
qualitative micro‐ and macromorphological characteristics that
historically have been important to identify boundaries
between Mexican oaks species might not be enough to
establish boundaries in taxonomically complicated Quercus
complexes, so we suggest using multiple lines of evidence.

5 Conclusion
The basic goal of this study was to assess species
delimitation and relationships within the Q. laeta complex.
Our results demonstrate that (i) not all the morphotypes
belong to genetically and morphologically discrete units, but
(ii) Quercus laeta, as currently recognized, comprises a
minimum of two genetically, morphologically, and ecologi-
cally coherent populations, which likely warrant recognition
as distinct species, Quercus transmontana and Q. laeta, and
(iii) the morphotype prinopsis, distributed along dry oak
forests in the north of the Sierra Madre Oriental, could
represent a cryptic species from Q. laeta, although a more
thorough evaluation is necessary. Our findings help explain
the inconsistent results obtained in previous phylogenomic
studies regarding these taxa (Hubert et al., 2014; Hipp
et al., 2019, 2020), which did not consider these two species
as different. Ongoing taxonomic re‐evaluation of Q. laetamay
show that the complex may even comprise more than two
species.
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Abstract 

Multispecies introgressive hybridization poses a challenge to taxonomic and phylogenetic 

understanding of taxa with high numbers of co-occurring, intercrossable species. The oaks, 

genus Quercus (Fagaceae), exemplify this situation. They are highly diverse in sympatry 

and cross freely, creating syngameons of interfertile species. Moreover, they are 

notoriously variable in morphology and have large effective population sizes and high 

heterozygosity. Their taxonomic and phylogenetic complications as a consequence derive 

not only from introgression, but also from plasticity and incomplete lineage sorting. 

Although a well-resolved, dated phylogeny is available for the monophyletic American 

oaks, evolutionary relationships within many of the more recently derived clades remain to 

be defined, particularly for the young and exceptionally diverse Mexican white oak clade. 

Here, we used ecological data and sequences of 155 low-copy nuclear genes to identify 

distinct lineages within the Quercus laeta complex of central and northern Mexico. We 

analyzed the concatenated molecular data and used coalescent analysis of gene trees to 

assess the phylogenetic placement of these lineages relative to other oak species in the 

Mexican white oak clade. We used phylogenetic network methods that account for both 

incomplete lineage sorting and introgression to evaluate the timing and genomic 

significance of recent or historical introgression among lineages. These analyses support 

three major conclusions. First, the Quercus laeta complex is polyphyletic, explaining the 

contradictory resolutions for putative taxon in previous phylogenomic studies; second, the 

Quercus laeta complex comprises six well-supported lineages, each restricted 

geographically and third, historical introgression and niche divergence in the context of the 

whole suite of sympatric Mexican white oak species have shaped the diversification of the 

Quercus laeta complex. The Quercus laeta complex is, in other words, a morphological 
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and ecologically interconnected group of species rather than a clade, and one that connects 

reproductively to species from across the Mexican white oak syngameon. Our work 

demonstrates the importance of both ecological divergence and reticulate gene flow on 

woody plant diversity across the temperate / tropical Mexican forests. 

Key words: Coalescence, Introgression, Species Complex, Phylogenetic Network, Quercus 

subsection Leucomexicana, Target Enrichment 
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Typically, phylogenetic relationships are graphically represented by bifurcating trees, 

which suggest a split of population-level lineages that diverged and remained independent 

(Linder et al. 2003; Rancilhac et al. 2021). However, hybridization is prevalent and 

widespread and has played an important role in diversification across diverse lineages of 

the tree of life (Abbott et al. 2013; Mallet et al. 2016; Solís-Lemus and Ané 2016; Gernandt 

et al. 2018; Crowl et al. 2020; Kleinkopf et al. 2019; Taylor and Larson 2019; Rancilhac et 

al. 2021). Phylogenetic inference in the presence of hybridization, introgression, and 

incomplete lineage sorting requires modelling evolutionary relationships as networks, i.e., 

phylogenetic trees with interconnected branches, where interconnections represent gene 

flow in the context of an otherwise divergent process (Maddison and Knowles 2006; Wen 

et al. 2008; Solís-Lemus and Ané 2016; McVay et al. 2017a; Crowl et al. 2020; Rancilhac 

et al. 2021). Inferring these networks from individual gene trees and Single Nucleotide 

Polymorphisms (SNP) variation is a major challenge for phylogenetics. 

The genus Quercus (the oaks) is renowned for the facility of species to exchange 

genes within taxonomic sections, almost irrespective of the time elapsed since their 

divergence from a common ancestor within that section (Palmer 1948; Hardin 1975), 

exemplifying divergence in the face of ongoing gene flow (Belahbib et al. 2001; Eaton et 

al. 2015; Sullivan et al. 2016; Li et al. 2021). Partly because of this, early attempts to 

reconstruct the oak phylogeny based on chloroplast DNA and limited numbers of nuclear 

loci faced limited success (Manos et al.1999; Mayol and Roselló 2001; Bellarosa et al. 

2005; Simeone et al. 2013; Hubert et al. 2014). More recently, analyses based on 

restriction-site associated DNA sequencing (RAD-seq) data have been useful in 

reconstructing the relationships and patterns of diversification of the main oak clades (Hipp 

et al. 2014; Cavender-Bares et al. 2015; Hipp et al. 2018; Hipp et al. 2020). Although these 
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studies have provided a solid, well-resolved and dated phylogeny for the monophyletic 

American oak clade, they also demonstrated that the evolutionary relationships within some 

groups remain to be defined, particularly for Mexican species (Valencia-A 2004; Hipp et al. 

2018; Hipp et al. 2020). These studies have recognized the need to use a large number of 

loci across the entire genome to accurately assess the evolutionary relationships of closely 

related species (Hipp et al. 2014; Hipp et al. 2018; Crowl et al. 2020; Hipp et al. 2020) and 

have pointed to introgression events that have yet to be explored across the tree using dense 

sampling of individuals analyzed using phylogenomic methods. 

RAD-seq phylogenetic studies are constrained in part by the relatively short loci that 

they recover (Ree and Hipp 2015). They have enabled targeted studies of oak introgression 

hypotheses (e.g., Eaton et al. 2015; McVay et al. 2017a, b) but not yet taken advantage of 

the full power of gene-tree based methods for reconstructing phylogenetic networks. By 

contrast with RAD-seq, targeted enrichment methods can provide both a large number of 

low copy nuclear loci capable of resolving conflicting phylogenetic relationships of non-

model organisms, making the inference of reticulate phylogenetic histories against the 

background of incomplete lineage sorting more straightforward (Weitemier et al. 2014; 

Buddenhagen et al. 2016; Gernandt et al. 2018; Folk et al. 2017; Vatanparast et al. 2018; 

Villaverde et al. 2018; Dodsworth et al. 2019; Loiseau et al. 2019; Hale et al. 2020; 

Breinholt et al. 2021; Ma et al. 2021). These methods use small RNA or DNA 

oligonucleotides (called “baits” or “probes”) to enrich next-generation sequencing libraries 

for selected target loci, such that the DNA for target loci is preferentially sequenced while 

much of the non-target DNA is discarded (Weitemier et al. 2014; Breinholt et al. 2021). 

Target enrichment has been shown to be cost-effective, efficient in high throughput 

sequencing contexts, and useful with historical specimens such as herbarium samples 
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(Gardner et al. 2016; Villaverde et al. 2018; Kleinkopf et al. 2019; Hale et al. 2020; 

Breinholt et al. 2021). 

Understanding phylogenetic networks separate from ecology, however, provides little 

insight into the processes shaping biodiversity, as each species is the realization of a niche 

(Van Valen 1976). Ecological niche models (ENMs) have proven to be complementary to 

phylogenomic approaches in addressing questions such as whether recently diverged taxa 

that show limited genetic differences are nonetheless ecologically distinct, supporting the 

idea that they are separately evolving lineages (Rissler and Apodaca 2007; Su et al. 2015; 

Nunes and Pearson 2017; Lin et al. 2021), or to examine the roles that ecological 

differences have played in divergence and speciation (Glor and Warren 2010; Wooten and 

Gibbs 2012; Blair et al. 2013; Gutiérrez-Ortega et al. 2020; Calixto-Rojas et al. 2021; Lin et 

al. 2021). Although most niche models are constructed at the species level, niche 

conservatism operates at the macroevolutionary level, while local adaptation operates at the 

population level, within species (Smith et al. 2019). In cases where niche evolution is rapid 

or local adaptation is suspected, creating separate niche models for lineages within species 

may best capture environmental relationships (Smith et al. 2019; Gutiérrez-Ortega et al. 

2020). If these lineages occupy different regions of environmental space, niche divergence 

may be shaping the future of biodiversity (Goudarzi et al. 2019).  

In this study, we employed an approach bridging micro- and macroevolutionary 

scales to resolve evolutionary relationships in the Quercus laeta complex, a taxonomically 

problematic group within Quercus subsect. Leucomexicana, a rapidlydiversifying clade 

endemic to Mexico, Central America, and the southwestern U.S. (Hipp et al. 2018; Manos 

and Hipp 2021). The Q. laeta complex is endemic to Mexico and widely distributed in a 

broad variety of environmental conditions. It is considered one of the most polymorphic 
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Mexican oak groups (Valencia-A, 2004), and as many has six taxa—Quercus bipedalis 

Trel., Quercus centralis Trel., Quercus obscura Trel., Quercus pallescens Trel., Quercus 

prinopsis Trel. and Quercus transmontana Trel.— have been variously teased out of or 

synonymized under Q. laeta (McVaugh 1974; Romero et al. 2002). Previous taxonomic 

work in the complex has been based mainly on micromorphological characters such as 

papillae and glands on the leaf undersides, and the conformation of trichomes on the upper 

surfaces of the leaves (Liebmann 1854; Trelease 1924; Morales-Saldaña et al. 2022). More 

recently, phylogenetic and population-level studies have suggested the existence of at least 

two different entities within Q. laeta that may constitute separate species (Hipp et al. 2020, 

Morales-Saldaña et al. 2022). Understanding the evolutionary history of this complex is 

clearly essential to understanding its taxonomy and its role in the ecology of Mexican 

woodlands and savannas.  

Here, we assessed evolutionary relationships among populations within the Q. laeta 

complex by combining ecological niche comparisons with phylogenetic inference based on 

target enrichment sequencing data. Our specific objectives were to: 1) infer relationships 

among populations in the Q. laeta complex; 2) assess the phylogenetic placement of 

population lineages relative to other oak species in the Leucomexicana subsect.; 3) infer 

recent or historical introgression in this group and among the Q. laeta complex and 

sympatric white oak species; and 4) estimate the importance of environmental 

differentiation in the diversification of the retrieved oak lineages.  

MATERIALS AND METHODS  

 Taxon Sampling 

A data set of 56 samples grouped into two subsets was used (online Appendix 1, Fig. 

1). The first (subset 1) corresponded to 36 samples collected for this study from 12 
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populations of the Q. laeta complex throughout its range in Mexico. The second (subset 2) 

consisted of 20 samples comprising 13 species from the Leucomexicana clade that have 

been identified as closely related to the Q. laeta complex in previous phylogenomic studies 

(Hipp et al., 2018; Hipp et al., 2020). The latter 20 samples were obtained from field work 

performed for the present study and from previous collections of the second and senior 

authors. Vouchers specimens were deposited at the Herbarium of the Facultad de Ciencias 

of the Universidad Nacional Autónoma de México (FCME). Geographical information and 

voucher details for the 56 samples are shown in online Appendix 1. 
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Figure 1. Geographical distribution of the different samples collected. a) Populations for the 

Quercus laeta complex (subset 1), 1: Guadalcazar, 2: La Congoja, 3: San Nicolás 

Tolentino, 4: San José Gallinas, 5: Vergel de Bernalejo, 6: Cieneguilla, 7: Silao, 8: Sierra 

El Cuale, 9: Contepec, 10: Waterfalls of Tuliman, 11: Tetela de Ocampo, 12: Coyula; b) 

Localities collected for species from the subsection Leucomexicana (subset 2). 

DNA Extraction, Library Preparation and Sequencing 

Genomic DNA was extracted from fresh leaves using the cetyltrimethyl ammonium 

bromide (CTAB) protocol with an additional phenol-chloroform cleaning step (Lefort and 

Douglas 1999). We checked the DNA concentration of each extraction with a Qubit 

fluorometer 4.0 (Thermo Fisher Scientific) using a high-sensitivity kit and with a Nanodrop 

2000 (Thermo Fisher Scientific, Waltham, MA, USA). Samples with ≥ 200 ng of DNA and 

an A260/A280 between 1.8 and 2.2 were carried on to the next step. Isolated genomic DNA 

was sonicated to obtain fragments of size > 550 pb using a Covaris E220 Focused-

ultrasonicator (Wohurn, MA, USA) with Covaris microtubes.  

Library preparation was done with the KAPA Hyper Prep Kit (KAPA biosystems 

Wilmington, MA, USA) following the manufacturer’s protocol. Library concentrations 

were quantified using a Qubit fluorometer 4.0 (Thermo Fisher Scientific) with a high-

sensitivity kit. Solution-based hybridization and enrichment was carried out through the 

MYBaits target enrichment system (Arbor Biosciences, Ann Arbor, Michigan) following 

the standard MYBaits version 5.02 protocol (https://arborbiosci.com/mybaits-manual/). 

Libraries were pooled according to phylogenetic proximity, following previous 

phylogenomic studies (Hipp et al. 2018). We used custom baits designed for oaks by Pham 

et al. (in prep.; published for the first time here) that target 465 putatively single copy 

genes. The target-enriched libraries were sequenced on an Illumina MiSeq at The Field 

https://arborbiosci.com/mybaits-manual/
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Museum of Natural History (Chicago, IL, United States) using MiSeq reagent kit v3 (600 

cycles, 2 × 300 bp paired-end reads).  

Gene Assembly, Alignment, and Filtering 

We used FastQC version 0.11.8  (Andrews, 2010) to assess the quality of Illumina 

raw. Multiplexed reads were separated using their barcode sequences and combined into 

paired fastq files (R1 and R2) for each sample individually. We then used Trimmomatic v. 

0.36 (Bolger et al., 2014) to remove adapter sequences and low‐quality reads using a 4 bp 

sliding window, a quality threshold of Q30, and a minimum sequence length of 30. 

Consensus target sequences were assembled using HybPiper ver. 1.2 (Johnson et al. 2016), 

which defaults to ignoring heterozygotic positions generating a single consensus sequence 

per individual, with potentially heterozygous bases called as the nucleotide with the highest 

read frequency. HybPiper used BWA v. 0.7.1 (Li and Durbin 2009) to align reads to the 

reference nuclear gene sequences and SAMtools v. 0.1.19 (Li et al. 2009) was used to sort 

the reads into separate directories for each gene. Subsequently, reads mapped for each locus 

were de novo assembled into contigs with the best k-mer automatically detected by SPAdes 

version 3.10.1 (Bankevich et al. 2012). HybPiper was use to output the exon regions for 

each gene separately. 

The resulting gene files were imported to Geneious v. 8.1.9 and aligned individually 

with MAFFT version 7.3 (Katoh et al. 2002; Katoh and Standley 2013).  Following 

Gernandt et al. (2018) and Villaverde et al. (2018), after a visual inspection, we proposed 

the following ad hoc criteria to identify and exclude alignments with poor quality: i) 

alignment length < 500 pb, ii) <20% of sites identical, iii) pairwise identity <90% and iv) 

genes detected as paralogs. The percentage of identical sites and pairwise identity statistics 

were calculated in the Geneious alignment view (Kearse et al. 2012); paralogs were 
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detected using HybPiper version 1.2 (Johnson et al., 2016).  

Inference of Phylogenetic Relationships and Population Structure within the Quercus laeta 

complex  

First, we inferred phylogenetic relationships at the population level within the Q. 

laeta complex and estimated boundaries among hypothetical lineages. For this, we 

evaluated phylogenetic relationships by maximum likelihood (ML) including only samples 

belonging to the Q. laeta complex (subset 1; see online Appendix 1). For ML analysis, all 

155 loci were concatenated into a super-matrix and a phylogenetic tree was inferred in 

RAxML v.8.2.9 (Stamatakis 2014), using the GTRCAT implementation of the general time 

reversible model that affords substantial savings in computational time for large 

phylogenetic data sets, with branch support assessed using 1000 fast bootstraps. 

Additionally, to assess the genetic distinctiveness and cohesion of groups within the Q. 

laeta complex, a non-metric multidimensional scaling (NMDS) clustering approach was 

applied on a pairwise genetic distance matrix for Quercus laeta samples. The distance 

matrix for NMDS was calculated under the GTRGAMMA model in RAxML v.8.2.9 

(Stamatakis 2014), then converted from long- to wide-format for use in the monoMDS 

function of the R package vegan v. 2.5–2 (Oksanen et al. 2018). NMDS ordination was 

conducted using default parameters with a maximum number of random starts in search of 

stable solution of 1000 (maxit = 1000) from K = 1 through K = 5. 

 Inference of Phylogenetic Relationships among the Quercus laeta Lineages and other 

Species from the Leucomexicana subsection   

Once different lineages were identified within the Q. laeta complex, the next step was 

to evaluate if these lineages are more closely related to each other than to other species of 

the subsect. Leucomexicana. For this purpose, we evaluated phylogenetic relationships by 
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both concatenation and multispecies coalescent (MSC) approaches to compare differences 

in topologies reconstructed under differents assumptions. For the concatenation analysis, 

we conducted maximum likelihood (ML) analysis in RAxML v 8.2.9 (Stamatakis 2014), 

using the GTRCAT approximation with 1000 fast bootstraps to evaluate branch support.  

Because concatenation approaches can produce erroneous tree topologies in the 

presence of incomplete lineage sorting (ILS, Liu et al. 2015, Edwards et al. 2016), 

potentially producing high support for the incorrect tree (Bapteste et al. 2008, Warnow 

2015), we used two coalescent-based species tree methods that accommodate ILS, 

ASTRAL-III v5.7.8 (Zhang et al. 2018) and SVDQuartets (Chifman and Kubatko 2014) as 

implemented in PAUP* v4.0a167 (Swofford 2002). Both ASTRAL-III and SVDQuartets 

allow analysis of multiple individuals per species, while estimating the relationship 

amongst species, not individuals. We assigned individuals based on i) the identity of their 

corresponding taxonomic species and ii) the results of the concatenated phylogenetic 

analyses of the section 2.4. For the ASTRAL-III analysis, a single gene tree was 

reconstructed for each locus by maximum likelihood in RAxML using the GTRCAT model 

with 1000 fast bootstrapping. The 155 gene trees reconstructed were used as input for the 

species tree reconstruction in ASTRAL-III version 5.7.3 (Zhang et al. 2018). Finally, for 

each branch in the ASTRAL species tree, we recovered the local posterior probability 

(LPP) support (Sayyari and Mirarab 2016). For the SVDQuartets analysis, PAUP version 

4.0a169 (Swofford 2002) was applied to the concatenated matrix with 100 bootstrap 

replicates for branch support and all possible quartets evaluated. Both the ML and MSC 

trees were displayed graphically in Figtree v. 1.4.0 (Rambaut 2012). 

Assessing Incongruence among Gene Trees and Species Trees 

Bootstrap support may be high even when a low number of genes support a clade 
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(Minh et al. 2020; Pease et al. 2018). Therefore, we examined gene and site concordance 

factor (gCF and sCF, respectively) to quantify topological conflict around each branch of 

the ML concatenated tree in IQ‐TREE‐2 version 2.1.2 (Minh et al. 2020). For every branch 

of the concatenated tree, the gCF and sCF represents the percentage of decisive gene trees 

and alignment sites, respectively, containing that branch (Minh et al. 2020). In addition, the 

ASTRAL quartet score and the normalized quartet score were computed to summarize the 

proportion of induced quartet trees (from individual single-locus gene trees) in the 

ASTRAL species tree. Also, we recovered the quartet support (QS; Sayyari and Mirarab 

2016) which measures the conflict of gene around each branch of the ASTRAL species tree 

(Zhang et al. 2018) 

Inferring Ancient Introgression 

We used the maximum pseudolikelihood method Species Networks applying 

Quartets (SNaQ) (Solís‐Lemus and Ané 2016) to estimate a phylogenetic network among 

the Mexican white oak species sampled, allowing for both hybridization and incomplete 

lineage sorting (ILS). To reduce the computational burden of estimating a large network (> 

30 taxa) and account for sensitivity of SNaQ to taxon sampling, we analyzed four datasets 

that reflect a wide range of possible reticulation events. We selected for our analysis 

samples that showed conflicting phylogenetic signals in the concatenated analysis and in 

the species trees. Networks were inferred with the SNaQ method implemented in the Julia 

v1.7.2 (Bezanson et al. 2017) package PhyloNetworks v0.11.0 (Solís‐Lemus and Ané 2016; 

Solís‐Lemus et al. 2017), based on concordance factors from 155-gene-tree sets for each of 

the four taxon samples. We used RAXML v.8 (Stamatakis 2014) to obtain gene trees with 

bootstrap support for each gene (with the GTR+GAMMA model and 100 bootstrap 

replicates) and used these trees to estimate quartet concordance factors (CFs) with 
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PhyloNetworks (function readTrees2CF). These CFs are then used to reconstruct 

phylogenetic networks under incomplete lineage sorting (ILS). Using the species tree 

obtained with ASTRAL-III as a starting tree, we then estimated the best phylogenetic 

network with varying number of hybridization events (h) allowed (0 ≤ h ≤ 3). To ensure 

convergence, we performed 10 independent runs under each value of h. Pseudolikelihood 

scores for each value of h were plotted in R v.3.4.4 (R Development Core Team 2013), and 

the best network model was selected by examining at what value of h the pseudolikelihood 

score plateaus, as recommended by Solís-Lemus et al. (2017). 

Niche Differentiation among Lineages within the Quercus laeta complex  

Localities for the ecological niche models (ENM) for each of the identified lineages 

in the Q. laeta complex were based on the 14 populations included in this study (see online 

Appendix 1), combined with records obtained from the careful revision of the specimens 

conducted by the authors present in the collections of the Herbarium of Facultad de 

Ciencias, UNAM (FCME) and the National Herbarium of Mexico (MEXU). We did not 

consider records from online databases, because visual inspection of specimens was 

necessary to differentiate among the lineages here identified. Because the spatial correlation 

of the localities may cause model overfitting (Dormann et al. 2007; Dormann et al. 2013), 

specimen records were thinned using the spThin package in R (Aiello-Lammens et al. 

2015), which randomly selects points of presence with at least 5 km distance among 

locations using 100 replicas. In the end, we obtained 56 presence data points partitioned 

into the centralis TMVBc (7), centralis TMVBe (7), laeta SMS (6), laeta SMOc (10), 

prinopsis (17) and transmontana (9) lineages. While this sampling is low, several studies 

have revealed that as few as five localities can produce biologically meaningful models 

(Pearson et al. 2007; Shcheglovitova and Anderson 2013; Galante et al. 2018). 
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The accessibility area “M” was defined based on the shapefile of ecoregions from the 

World Wildlife Fund (Olson et al. 2001), selecting those ecoregions where at least one 

point of occurrence was found. We used the 19 bioclimatic variables obtained from the 

WorldClim database at 30 arc-second spatial resolution (~1 km2; Fick and Hijmans 2017; 

available at https://worldclim.org/data/worldclim21.html). For selection of the bioclimatic 

variables, we explored three data sets based on different criteria: (Set 1) removal of one 

variable from each pair of variables for which Pearson product-moment correlations were 

high (r ≥ 0.8); (Set 2) identification of variables that contribute most strongly to models 

using the jackknife in MaxEnt, followed by removal of one variable from each highly 

correlated pair of variables (r > 0.80); (Set 3) inclusion of only variables with variance 

inflation factor (VIF) values < 10 (following Brauner and Shacham 1998; Guisan et al. 

2002). 

Model calibration consisted of evaluating candidate models created with 13 distinct 

regularization multipliers (0.1 to 1.3 at intervals of 0.1), different combinations of three 

feature classes (Linear; Linear and Quadratic, Linear, Quadratic and Hinge), and the three 

sets of environmental variables (set1, set2, set3) with distinct number of variables each. 

Best parameter settings were selected considering statistical significance (partial ROC; 

Peterson et al. 2008), predictive power (omission rates E = 5%; Anderson et al., 2003), and 

complexity level (AICc; Warren et al. 2010), in that order (Cobos et al. 2019). Final models 

were generated with 10 bootstrap replicates, using Maxent version 3.4.1 (Phillips et al. 

2006) and the results of model calibration obtained from application of the kuenm R 

package (Cobos et al. 2019).  

To test the degree of climate niche differentiation among lineages, we used the niche 

similarity test implemented in ENM Tools (Warren et al. 2008, 2010). This test employs 
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randomization to compute a null distribution and estimate whether the ENMs from different 

lineages are like each other than expected by chance, based on environmental differences in 

the environment in which they occur. The test was run using the “background.test” function 

in R package “ENMTools” (Warren et al. 2010) with 100 replicates, sampling a total of 

30,000 random points and was analyzed with a two-tailed test (Warren et al. 2008). Niche 

overlap among lineages was measured via Schoener's D and a modified Hellinger's I metric 

(Warren et al. 2008). 

RESULTS 

Targeted Enrichment  

A total of 465 genes from 465 targets were assembled successfully for at least one 

sample. From the 465 genes assembled, four genes (0.86%) showed alignment length < 500 

pb, 16 genes (3.44%) were identified as paralogs, 93 genes (20%) showed pairwise identity 

<90% and, 197 genes (42.36%) showed <20% of sites identical so that three-hundred and 

ten loci were removed. The remaining 155 genes were carried forward for subsequent 

analysis. The largest aligned locus was 4689 bp and the shortest was 606 bp. The aligned 

length of the concatenated 56‐taxon and 155-loci super-matrix was 302,321 bp with 8078 

parsimony informative sites and 23.02% missing data 

Inference of Phylogenetic Relationships and Population Structure within the Quercus laeta 

Complex 

The ML analysis recovered up to six well-supported lineages. Lineage designations 

were based on the synonyms of Q. laeta and on the geographical regions where these 

lineages were sampled. Accordingly, these six lineages were called centralis TMVBc 

(Trans-Mexican Volcanic Belt central) (BS = 100), centralis TMVBe (Trans-Mexican 

Volcanic Belt eastern) (BS = 99), laeta SMS (Sierra Madre del Sur) (BS = 91), laeta SMOc 
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(Sierra Madre Occidental) (BS = 99), prinopsis (BS = 96) and transmontana (BS = 96) 

(Fig. 2). In the tree, bootstrap support was high (BS > 90) for both the backbone and the 

relationships among the six major lineages (Fig. 2).  

 

Figure 2. Tree based on maximum likelihood (155 loci: 302,321 pb) with the GTRCAT 

model and 1000 bootstraps. Bootstrap support values >50% are indicated above the 

branches. Colors and labels to the right of the tree indicate the different lineages proposed. 
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The NMDS genetic ordination (Fig. 3) showed that the stress values decrease rapidly 

from K = 1 to 2 to 3 (stress = 0.254, 0.162 and 0.118 respectively), showing decreases of 

less than 0.028 per additional dimension after that, indicating little added information for 

more than three dimensions. These three NMDS axes (Fig. 3 as two 2-dimensional plots) 

showed a clear separation of the transmontana lineage from centralis, laeta and prinopsis 

lineages, though with weaker separation among the other groups (Fig 3).  

 

Figure. 3.  Ordination of Quercus laeta individuals sequenced, based on genetic data. 

Ordination is based on a three-dimensional non-metric multidimensional scaling (NMDS) 

analysis of the pairwise genetic distance estimated using the GTRCAT nucleotide 

substitution model in RAxML. 

Phylogenetic Relationships among Lineages of the Q. laeta Complex and other 

Leucomexicana Species.   
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The trees recovered by both ML and MSC suggest that the Q. laeta complex is 

polyphyletic (Fig. 4; Fig. 5 a-b). Furthermore, all methods support Q. sebifera as sister to 

Q. rugosa and a clade containing Q. magnoliifolia, Q. resinosa, and Q. subspathulata with 

high bootstrap support. 

 

Figure 4. Concatenated ML tree inferred in RAxML. with concatenated matrix (155 loci; 

302,321 pb). Bootstrap support values >50% are indicated above the branches. 

ML analysis of the concatenated matrix under the GTRCAT substitution model 



 

60 

 

yielded a topology where Q. chihuahuensis and one sample of Q. peduncularis 

(pedun_Coy1) were placed in a clade with transmontana individuals, and this clade was 

sister to Q. oblongifolia. In turn, the other sample of Q. peduncularis (pedun_Coy2) was 

sister to a clade containing Q. resinosa, Q. magnoliifolia, and Q. subspathulata (BS = 78) 

(Fig. 4). The samples of laeta SMS were supported as monophyletic (BS = 99) and more 

closely related to the clade of Q. depressipes – Q. arizonica (BS = 61) than to laeta SMOc 

individuals, with one of these (laeta_1165) being placed with Q. praeco (BS = 68). In 

addition, prinopsis samples formed a clade (BS = 71) except for two samples that were 

sister to a clade containing Q. obtusata and one sample of centralis TMVBe (centr_TET4) 

(BS = 49). Finally, centralis TMVBc individuals were recovered as monophyletic (BS = 

98) and placed sister to one sample of centralis TMVBe (centr_TUL7) (BS = 67) (Fig. 4).  

Gene and site concordance factors calculated for the ML concatenated tree were 

generally low, indicating poor concordance among gene trees despite relatively high 

bootstrap values in shallow nodes of the tree. Gene concordance factors (gCF) ranged from 

0% to 18.39% across the data set (online Appendix 2a), indicating that few gene trees 

contain the branches present in the ML tree. In contrast, site concordance factors (sCF) 

ranged from 29.57 % to 69.57 % with sCF values close to the neutral value (~ 33% = no 

informative decisive sites; Minh et al. 2020) mainly in the deeper nodes, pointing to a lack 

of a clear signal at this level (online Appendix 2a). A comparison between bootstrap, gCF 

and sCF values showed that low bootstrap values coincide with the lowest gCF and sCF 

values, but also revealed that high bootstrap values occurred with low gCF and sCF values, 

illustrating that bootstrap values do not entirely capture the variation in the underlying data 

(online Appendix 2b).  
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In the SVDQuartets tree (Fig 5a), individuals of transmontana formed a clade sister 

to Q. chihuahuensis (BS = 40), while Q. peduncularis was sister to a centralis TMVBc 

clade (BS = 73). Furthermore, a laeta SMOc clade was strongly supported as sister to Q. 

praeco (BS = 99) and in turn, this clade was sister to laeta SMS (BS = 57). As found in the 

ML analysis of the concatenated matrix, centralis TMVBe was sister to Q. obtusata, 

although with a low support (BS = 20), and prinopsis was recovered as sister to the Q. 

sebifera – Q. rugosa clade (BS = 58).   

The ASTRAL species tree recovered relationships partially consistent with the results 

from the SVDQuartets tree (Fig. 5b). The transmontana clade was sister to Q. 

chihuahuensis (LPP = 0.41), and this clade in turn was sister to Q. arizonica (LPP= 0.29). 

The laeta SMOc clade was recovered as sister to Q. praeco (LPP = 0.67) and in turn this 

clade was sister to laeta SMS (LPP = 0.54). In contrast to the SVDQuartets tree, prinopsis 

was placed sister to Q. obtusata (LPP = 0.40) and this clade was sister to centralis TMVBe 

(LPP = 0.43). Like in the concatenated analysis, Q. peduncularis was more closely related 

to a clade containing Q. magnoliifolia, Q. resinosa, and Q. subspathulata than with the 

centralis TMVBc lineage.   
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Figure 5. Phylogenetic hypotheses of relationships among the different lineages of the 

Quercus laeta complex and other species of the Leucomexicana clade. a) Species tree 

obtained by SVDQUARTETS. Bootstrap support values are indicated above the branches 

b) Species tree obtained by ASTRAL III. Local posterior probability values expressed as 

percentages are shown above branches. 

We calculated quartet scores from ASTRAL, which are a measure of gene tree 

discordance that can be used as a proxy for ILS (Singh et al. 2022). The quartet score and 

the normalized quartet score were 7955760 and 0.38 respectively, suggesting that the level 

of ILS in the species tree was high. Further, the quartet support (QS) computed for all 

nodes in the species tree showed high levels of gene tree discordance for many nodes, 

where branch-specific quartet scores ranged from 32 to 100% (online Appendix 2c).  

 Evidence of Reticulation in the Q. laeta Complex 

Phylogenetic networks estimated to ascertain whether introgression occurred over the 

evolutionary history of Quercus laeta lineages pinpointed introgression events in each of 
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the four datasets (online Appendix 3). Based on the slope heuristic, SNaQ analysis favored 

networks with a single reticulation edge (h1) for all datasets. In all datasets the 

phylogenetic networks recovered the Q. laeta complex as polyphyletic (Fig. 6). Trees 

recovered by specifying zero reticulation events were consistent with those recovered using 

MSC approaches. The four datasets recovered different reticulate relationships through 

several Leucomexicana lineages. Two analyses show Q. transmontana arising from a 

lineage that is either of hybrid origin with Q. laeta as one parent (Fig 6a) or derived from 

the ancestor of the lineage that gave rise to Q. laeta, with introgression from a distant 

relative (Fig 6b). The other two networks (Fig 6c, d) point to introgression histories for Q. 

striatula or Q. rugosa. Numerous species—Q. chihuahuensis, Q. oblongifolia, Q. 

peduncularis, Q. rugosa, laeta SMOC lineage and transmontana lineages—were 

implicated in multiple networks (Fig 6a-d). 
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Figure 6. Phylogenetic networks as inferred by SNaQ from four different dataset. γ = 

inheritance probabilities. 

 Environmental Differentiation among Lineages 

A total of 234 candidate models were generated and tested for each lineage (1,404 in 

total), of which 37 (2.63% of all models tested) passed the three selection criteria (online 

Appendix 4a). The evaluation of multiple models identified different sets of environmental 

variables and parameters to produce the best model for each lineage (online Appendix 4b). 

The ENMs for the different lineages showed a high predictive power based on AUC values 
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(AUC centralis TMVBc. =0.93; AUC centralis TMVBe. =0.91; AUC laeta SMOc.  = 0.97; AUC laeta SMS. = 

0.95; AUC prinopsis =0.97; AUC transmontana =0.96). Overall, the ENMs suggest that the 

different lineages are allopatric, although certain lineages show parapatric patterns (Table 

1). The ENM showed that the highest environmental suitability both for centralis TMVBc 

and centralis TMVBe occurred in the temperate forests of the center and eastern region of 

the Trans-Mexican Volcanic Belt, while laeta SMS and laeta SMOc. were restricted to the 

temperate forests of western Mexico (Jalisco, Nayarit, and Durango). In contrast, 

transmontana and prinopsis have more xeric affinities. The highest environmental 

suitability for the transmontana lineage was on the mountain areas of the central and 

southern region of the Sierra Madre Oriental (SMOr), as well as in isolated mountain 

ranges of the Mexican Plateau, while prinopsis was restricted to the center and northern 

region of the SMOr. Also, the ENMs showed potential contact zones among prinopsis and 

transmontana on the central region of the SMOr, centralis TMVBc and centralis TMVBe on 

Trans-Mexican Volcanic Belt and laeta SMS and laeta SMOc on western Mexico (Fig. 7). 
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Figure 7. Reconstruction of the ecological niche models (ENM) for the six major lineages 

detected in the Quercus laeta complex. a) Binary distribution for centralis TMVBc lineage; 

b) Binary distribution for centralis TMVBe lineage; c) Binary distribution for laeta SMS 

lineage; d) Binary distribution for laeta SMOc lineage; e) Binary distribution for prinopsis 

lineage; and f) Binary distribution for transmontana lineage. 
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Table 1.  Results of background tests for pairwise comparisons of Quercus laeta lineages 

based on 100 replicates.   

Lineages pairwise comparison Range 

overlap 

Schoener 

D 

p-value 

Background test 

Inference 

centralis TMVBc – centralis TMVBe Parapatric 0.60 0.029 Convergent 

centralis TMVBc – laeta SMS Allopatric 0.61 0.019 Convergent 

centralis TMVBc – laeta SMOc Allopatric 0.38 0.009 Divergent 

centralis TMVBc – prinopsis Allopatric 0.27 0.009 Divergent 

centralis TMVBc – transmontana Allopatric 0.55 0.009 Convergent 

centralis TMVBe – laeta SMS Allopatric 0.40 0.009 Divergent 

centralis TMVBe – laeta SMOc Allopatric 0.26 0.009 Divergent 

centralis TMVBe – prinopsis Allopatric 0.24 0.009 Divergent 

centralis TMVBe – transmontana Allopatric 0.49 0.009 Divergent 

laeta SMS – laeta SMOc Parapatric 0.65 0.019 Convergent 

laeta SMS – prinopsis Allopatric 0.14 0.009 Divergent 

laeta SMS – transmontana Allopatric 0.36 0.009 Divergent 

laeta SMOc – prinopsis Allopatric 0.09 0.009 Divergent 

laeta SMOc – transmontana Allopatric 0.22 0.009 Divergent 

prinopsis – transmontana Parapatric 0.48 0.009 Divergent 

 

According to the jackknife test, different combinations of variables explain 

environmental suitability for the different lineages. For centralis TMVBc, temperature 

annual range (bio7) and mean temperature of driest quarter (bio9) were the most important 

factors influencing climatic suitability, while centralis TMVBe, annual mean temperature 

(bio1) and precipitation seasonality (bio15). In laeta SMOc, temperature of coldest month 

(bio6), precipitation of driest month (bio14), precipitation seasonality (bio15), precipitation 

of wettest quarter (bio16), precipitation of driest quarter (bio17) and precipitation of coldest 

quarter (bio19), were the most important variables influencing the model. For laeta SMS, 

annual mean temperature (bio1) and precipitation seasonality (bio15) and precipitation of 

coldest quarter (bio19) were the most important factors influencing climatic suitability. 

Likewise, for prinopsis, mean diurnal range (bio2), temperature seasonality (bio4), 

temperature annual range (bio7) and precipitation of driest month (bio14) and were the 
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most significant factors in the ENM building. Lastly, for transmontana, mean diurnal range 

(bio2), isothermality (bio3), temperature seasonality (bio4), precipitation seasonality 

(bio15) and precipitation of warmest quarter (bio18) i were the most important factors 

influencing the model. The results the background test showed Schoener’s D values ranged 

0.09 to 0.65 depending on the pair of lineages compared where laeta SMOc – prinopsis 

comparison had lowest similarity value of all pairwise comparisons, while laeta SMS – 

laeta SMOc comparison had greatest similarity value (Table 1). All observed values of D 

were significantly lower than the null distributions, so that the null hypothesis could be 

rejected in all cases (Table 1; Fig. 8).  
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Fig 8. Climatic niche differentiation between the major lineages identified in the Quercus 

laeta complex. Dotted line shown observed values of Schoener's D statistics versus values 

generated from 100 replicates (pink histograms). a) pairwise tests between centralis 

TMVBc and centralis TMVBe lineages; b) pairwise tests between centralis TMVBc and 
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laeta SMS lineages; c) pairwise tests between centralis TMVBc and laeta SMOc lineages; 

d) pairwise tests between centralis TMVBc and prinopsis lineages; e) pairwise tests 

between centralis TMVBc and transmontana lineages; f) pairwise tests between centralis 

TMVBe and laeta SMS lineages; g) pairwise tests between centralis TMVBe and laeta 

SMOc lineages; h) pairwise tests between centralis TMVBe and prinopsis lineages; i) 

pairwise tests between centralis TMVBe and transmontana lineages, j) pairwise tests 

between laeta SMS and laeta SMOc lineages; k) pairwise tests between laeta SMS and 

prinopsis lineages; l) pairwise tests between laeta SMS and transmontana lineages; m) 

pairwise tests between laeta SMOc and prinopsis lineages; n) pairwise tests between laeta 

SMOc and transmontana lineages; o) pairwise tests between prinopsis and transmontana 

lineages. 

DISCUSSION 

Species are the basis of biodiversity research, underlying our inferences in evolution, 

conservation, and biogeography. Identifying distinct evolutionary lineages that correspond 

with species is consequently a key challenge in systematics (De Queiroz 2007; Fujita et al. 

2012; Luo et al. 2018). Traditional species in Quercus have been delimited mainly based on 

morphology (Valencia-A. et al. 2016; González-Villarreal 2018). However, morphological 

traits are subject to plasticity and convergence, which makes them difficult to use at times 

in species delimitation (Deng et al. 2017; Valencia-A. 2021). DNA-based microsatellite 

markers have clarified relationships within many oak complexes, particularly in Mexico 

(e.g., McCauley et al. 2019; McCauley and Oyama 2020), shedding light on the gene flow 

that undermines species boundaries. Occasionally, however, allele frequency data from 

microsatellites provide insufficient data to establish species boundaries, and use of gene 

trees from hundreds of loci provide the power needed to estimate evolutionary relationships 
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and identify hybridization histories (Morales-Saldaña et al. 2022). 

Our study uses fine scale sampling at the population level, combining multilocus data 

based on target enrichment sequencing with the evaluation of ecological niche 

differentiation to identify evolutionary lineages at multiple levels—populations, species, 

and deeper clades—in a plant group characterized by introgressive hybridization. Three 

points are worth highlighting based on the results. First, our data suggest the existence of 

up to six lineages within the Q. laeta complex, each geographically and ecologically 

restricted and potentially recognizable as a distinct species. Second, our study demonstrates 

that the Q. laeta complex is polyphyletic. Finally, the low support for relationships within 

the Mexican white oaks is due at least in part to introgressive hybridization. While our 

analyses did not partition tree support between processes of incomplete lineage sorting and 

historical or recent introgression, they demonstrate that introgression is playing a role. The 

difficulty of recognizing species and deeper lineages in the Mexican white oaks is most 

likely tied up with the processes, as introgressive hybridization, that have contributed to 

their diversification. 

Relationships among lineages in the Q. laeta complex and other Leucomexicana species: 

Evolutionary and Ecological Implications 

Recent phylogenomic analyses have greatly contributed to our understanding of the 

relationships among American oaks (Hipp et al. 2018; 2020). However, these analyses have 

largely disregarded the potential effects of lineage sorting and introgression (though cf. 

McVay et al. 2017a, b; Crowl et al. 2020), which may be disproportionately affecting 

phylogenetic resolution in the relatively young and highly diverse clades of Mexican oaks 

(Hipp et al. 2020). Within the subsect. Leucomexicana, Quercus laeta is a clear example of 

the degree of conflict among gene trees within a young oak clade.  
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Previous studies have recovered inconsistent relationships among species of the Q. 

laeta complex and close relatives of the subsect. Leucomexicana. One of the first 

phylogenetic studies to include Q. laeta (Manos et al. 1999) reported Q. rugosa as sister to 

Q. laeta, a result also reported by Hubert et al. (2014) although with a lower support (BS < 

50). Both studies had limited taxonomic sampling from Mexico. Later studies with more 

samples reported Q. arizonica as sister to Q. laeta (Hipp et al. 2018) and suggested that the 

Q. laeta complex was paraphyletic, with a close relationship to Q. chihuahuensis (Hipp et 

al. 2020). 

Our results also support the polyphyly of the Q. laeta complex, suggesting that the Q. 

laeta lineages recognized here are more deeply divergent than previously suspected, 

supporting the hypothesis that these lineages correspond to up to six different species. In 

addition, although the objective of our study was not to present an exhaustive phylogeny of 

the subsect. Leucomexicana and even though we found widespread gene trees discordance 

in certain clades, our results also provide advances in the understanding of the relationships 

among American oaks.  The Q. subspathulata – Q. resinosa – Q. magnoliifolia and Q. 

rugosa – Q. sebifera clades, as well as the close relationship between the laeta SMOc 

lineage and Q. praeco, are stable across the different analyses.  

The addition of numerous samples of the Q. laeta complex, however, introduces 

phylogenetic complexity. One of our most interesting results was the detection of four 

lineages that showed a clear geographic pattern with independent phylogenetic affinities. 

The laeta SMS and laeta SMOc lineages, located in west Mexico, are suggested in the MSC 

trees to have a previously unsuspected close relationship with Q. praeco. However, the ML 

concatenated analysis also suggested phylogenetic affinities with Q. arizonica – Q. 

depressipes (BS = 61), although concordance factors demonstrate discordance at the gene 
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and nucleotide levels. The other geographically structured lineages correspond to centralis 

TMVBc and centralis TMVBe, for which recovered phylogenetic relationships were 

ambiguous and with poorly supported. This low support in conjunction with low gCF and 

sCF values suggests that there is not enough information at this level to resolve 

phylogenetic affinities for these lineages. Nevertheless, all analyses placed centralis 

TMVBc and centralis TMVBe in separate clades, where they showed closer phylogenetic 

affinities to other species of the subsect. Leucomexicana subsection   than to each other, 

supporting that they are polyphyletic, a result also shown in the molecular ordination (Fig 

3, left panel).  

The types of discrepancies observed among analyses conducted on different taxon 

samples in our study are common among recently and rapidly diverged lineages due to 

processes like ILS, introgression, and stochastic error (Murphy et al. 2020; Shee et al. 2020; 

Thomas et al. 2021), so that disentangling phylogenetic relationship in these groups 

remains challenging. In this context, we considered three hypotheses to reconcile the 

slightly different relationships inferred by the ML tree and MSC methods and unsupported 

nodes.  

Hypothesis 1: Non-decisive data. Despite our somewhat large amount of data (155 

low-copy nuclear genes), our datasets could be non-informative at these nodes. This could 

be particularly true for those nodes where we found low support and gCF values as well as 

neutral sCF values (~ 33%) for the ML concatenated tree suggesting that stochastic error 

could be a source of conflict in the phylogenetic signal; so, our dataset is not informative in 

some areas of the tree, mainly at a deep level. 

Hypothesis 2: ILS. Incomplete lineage sorting is expected to be particularly 

problematic under scenarios of relatively short branches between speciation events and 



 

74 

 

large effective population sizes, as has been reported for American oaks (Hipp et al. 2018; 

Sork et al. 2022). In this context, we found substantial discordance between gene trees and 

the ASTRAL species tree, with only 38% agreement of gene tree quartets with the species 

tree; further, the low quartet support values found for certain branches of the ASTRAL tree 

(<50 Fig. S3) sustains the hypothesis of ILS as one cause of incongruence within Q. laeta 

lineages.  

Hypothesis 3: Hybridization and introgressive gene flow. Considering that ASTRAL 

can be statistically inconsistent when gene trees evolve on a phylogenetic network (Long 

and Kubatko 2018), and that Quercus is renowned for interspecific gene flow (Belahbib et 

al. 2001; Eaton et al. 2015; Sullivan et al. 2016; Crowl et al. 2020; Li et al. 2021), 

hybridization may account for low phylogenetic support and discrepancies among analyses. 

Phylogenetic networks model both ILS and hybridization as sources of gene tree 

discordance. In this context, our results strongly suggest that reticulation has taken place 

between Leucomexicana lineages in the past, causing phylogenetic discordance within the 

clade, leading to conflict in the phylogenetic placement of some lineages. 

Our results based on different phylogenetic networks are sensitive to taxa sampling 

(cf. Karimi et al. 2020), yet in combination they suggest events of ancient introgression that 

involved the ancestors of three present-day Q. laeta lineages (laeta, prinopsis and 

transmontana), but none among centralis lineages. In this context, the discordant 

phylogenetic relationships proposed among Q. chihuahuensis, Q. oblongifolia, Q. 

peduncularis, and the transmontana lineage could be explained by ancient introgression 

events, which together with rapid diversification of the Mexican white oaks (Hipp et al. 

2018, 2020), probably has given these lineages too little time to accumulate informative 

genomic polymorphisms. 
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In addition to the introgression processes that have contributed to the diversification 

of oak species (Hipp et al. 2020; Kremer and Hipp 2020), it has been proposed that the high 

rates of lineage diversification in the Mexican oaks are associated with high rates of 

evolution along moisture gradients (Hipp et al. 2018). In support of this claim, the climatic 

niche differentiation results suggest that niche divergence is the most common pattern 

observed among lineages detected within Q. laeta complex. This inference of niche 

differentiation can also be seen in the ENM projection, where 12 of 15 comparisons 

suggests allopatric patterns, occupying geographically and ecologically distinct habitats 

with the exception of the centralis TMVBc – centralis TMVBe and laeta SMS – laeta SMOc 

lineages who shown parapatric patterns with a significant degree of niche similarity. In the 

case of prinopsis – transmontana lineages a parapatric pattern was also observed with a 

potential contact zone in the central region of the Sierra Madre Oriental (SMOr) although 

evidence of genetic admixture between these two lineages was not observed. Our results 

thus suggest that mountain barriers may have played key roles in speciation and 

diversification through the effects of topographic complexity on ecological stratification, 

environmental heterogeneity, and limitation of gene flow (Rodríguez-Correa et al. 2015; 

Hipp et al. 2018; Barret et al. 2019). 

Delimitation of Major Lineages: The Need for a Taxonomic Reappraisal 

Our work supports recent inferences from improved sampling at the population level 

and multilocus molecular analyses that oak species diversity in Mexico is underestimated, 

despite recent taxonomic descriptions and reappraisal (Valencia et al. 2016; González-

Villarreal 2018; McCauley et al. 2019; McCauley and Oyama 2020; Valencia and Coombes 

2020; Morales-Saldaña et al. 2022). Quercus laeta has previously been recognized as an 

oak species with  exceptional population polymorphism (Valencia-A 2004), but the fact 
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that its potentially distinct morphotypes overlap in qualitative micromorphological 

characters regarded as diagnostic characters (e.g., papillae and glands on the leaf abaxial, 

sessile and slightly contorted trichomes on the abaxial surface) led taxonomists to consider 

Q. laeta to be a single, highly polymorphic species (McVaugh 1974; Romero et al. 2002). 

Our phylogenetic (ML) and non-phylogenetic (NMDS ordination) results demonstrate that 

the Q. laeta complex constitutes as many as six genetically and ecologically divergent 

populations that are as distinct genetically as other closely related species. This work 

expands on recent phylogenomic and population genetic studies demonstrating the 

existence of at least two different entities, Q. transmontana and Q. laeta (Morales-Saldaña 

et al. 2022) and serves as a crucial step toward taxonomic revision of a taxonomically 

difficult clade of Mexican white oaks.  

       Quercus transmontana, delimited using genetic and morphometric data by 

Morales-Saldaña et al. (2022), was recovered in this study as a monophyletic group with 

high BS values in the ML analyses (Fig 2) and clearly differentiated in the NMDS 

ordination (Fig 3). Furthermore, the species exhibits strong ecological niche differentiation 

from the rest of the lineages (Fig 8; Table 1). Together, these lines of evidence suggest that 

Q. transmontana is as distinct a species by phylogenetic, morphological, genetic, and 

ecological criteria as any other closely related Mexican white oak. On the other hand, Q. 

laeta, was also recognized by genetic and morphometric data (Morales-Saldaña et al. 

2022), but in the present study it was split into up to five lineages. Based on results from 

both ML and NMDS methods and strong ecological niche differentiation relative to the rest 

of the lineages (Fig 8; Table 1), we suggest that the prinopsis lineage may also merit 

recognition as an independent species (Q. prinopsis).  
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By contrast, the status of the centralis TMVBc, centralis TMVBe, laeta SMS, and 

laeta SMOc lineages is ambiguous. Although all analyses recovered each of these lineages 

as non-monophyletic (Fig 2,4,5), but their paraphyly in at least the ML analyses might be a 

consequence of both introgression with other species of the Leucomexicana subsection   (as 

demonstrated in Eaton et al., 2015 for the oaks of section Virentes) and ILS, which together 

may render otherwise monophyletic lineages paraphyletic (e.g., Rieseberg and Bouillet 

1994; Funk and Onlamd 2003; Hörandl and Stuessy 2010; Carnicero et al. 2019; Kato et al. 

2019; Bard et al. 2021). Considering that our results suggest a significant degree of niche 

similarity and that there is no evidence of morphological divergence among laeta SMS, and 

laeta SMOc lineages, we consider that both should be maintained under the single name Q. 

laeta for the time being. Similarly, as it is unclear whether centralis TMVBc and centralis 

TMVBe are reciprocally monophyletic (Fig. 4, 5 and 6) and there are no demonstrable 

ecological or morphological differences between the putative centralis lineages, we 

recommend maintaining centralis TMVBc and centralis TMVBe as a single species for now. 

Although the putative species name designations presented in this paper are based on the 

names proposed by Trelease (1924), older names exist that might have nomenclatural 

priority. Detailed morphological diagnosis and nomenclatural research will be necessary for 

the lineages proposed here before they can be formally redescribed.  

CONCLUSION 

The present study highlights the importance of utilizing approaches that bridge the 

micro- and macroevolutionary scales to resolve evolutionary relationships and species 

boundaries in young, potentially reticulate species complexes. Using target enrichment and 

ecological niche modeling, we recognized up to six evolutionarily independent lineages, 

greatly increasing the recognized species diversity of the Q. laeta complex. Our work 
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supports the existence of at least four species in the complex—Q. centralis, Q. laeta, Q. 

prinopsis and Q. transmontana—and lays a foundation for the taxonomic revision required 

to validate these names. Moreover, although the objective of the present study was not to 

estimate an exhaustive phylogeny for the subsect. Leucomexicana, the inferred phylogenies 

corroborated that the different lineages comprising the Q. laeta complex are more closely 

related to other species than to each another. Also, the existence of significant ecological 

niche differentiation among the Q. laeta complex lineages suggests that ecological 

differentiation has been a part of evolutionary divergence among these closely related white 

oaks, either driving speciation or resulting from it.  
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Figure captions 

Figure 1. Geographical distribution of the different samples collected. a) Populations for the 

Quercus laeta complex (subset 1), 1:Guadalcazar, 2:La Congoja, 3:San Nicolás Tolentino, 

4:San José Gallinas, 5:Vergel de Bernalejo, 6:Cieneguilla, 7:Silao, 8:Sierra El Cuale, 

9:Contepec, 10:Waterfalls of Tuliman, 11:Tetela de Ocampo, 12:Coyula; b) Localities 

collected for species from the subsect. Leucomexicana  (subset 2). 

Figure 2. Tree based on maximum likelihood (155 loci: 302,321 pb) with the GTRCAT 

model and 1000 bootstraps. Bootstrap support values >50% are indicated above the 

branches. Colors and labels to the right of the tree indicate the different lineages proposed. 

Figure. 3.  Ordination of Quercus laeta individuals sequenced, based on genetic data. 

Ordination is based on a three-dimensional non-metric multidimensional scaling (NMDS) 

analysis of the pairwise genetic distance estimated using the GTRCAT nucleotide 

substitution model in RAxML. 

Figure 4. Concatenated ML tree inferred in RAxML. with concatenated matrix (155 loci; 

302,321 pb). Bootstrap support values >50% are indicated above the branches 

Figure 5. Phylogenetic hypotheses of relationships among the different lineages of the Q. 

laeta complex and other species of the Leucomexicana clade. a) Species tree obtained by 

SVDQUARTETS. Bootstrap support values are indicated above the branches b) Species 

tree obtained by ASTRAL III . Local posterior probability values expressed as percentages 

are shown above branches 

Figure 6. Phylogenetic networks as inferred by SNaQ from four different dataset. γ = 

inheritance probabilities 

Figure 7. Reconstruction of the ecological niche models (ENM) for the six major lineages 

detected in the Quercus laeta complex. a) Binary distribution for centralis TMVBc lineage; 
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b) Binary distribution for centralis TMVBe lineage; c) Binary distribution for laeta SMS 

lineage; d) Binary distribution for laeta SMOc lineage; e) Binary distribution for prinopsis 

lineage; and f) Binary distribution for transmontana lineage. 

 

Fig 8. Climatic niche differentiation between the major lineages identified in the Quercus 

laeta complex. Dotted line shown observed values of Schoener's D statistics versus values 

generated from 100 replicates (pink histograms). a) pairwise tests between centralis 

TMVBc and centralis TMVBe lineages; b) pairwise tests between centralis TMVBc and 

laeta SMS lineages; c) pairwise tests between centralis TMVBc and laeta SMOc lineages; 

d) pairwise tests between centralis TMVBc and prinopsis lineages; e) pairwise tests 

between centralis TMVBc and transmontana lineages; f) pairwise tests between centralis 

TMVBe and laeta SMS lineages; g) pairwise tests between centralis TMVBe and laeta 

SMOc lineages; h) pairwise tests between centralis TMVBe and prinopsis lineages; i) 

pairwise tests between centralis TMVBe and transmontana lineages, j) pairwise tests 

between laeta SMS and laeta SMOc lineages; k) pairwise tests between laeta SMS and 

prinopsis lineages; l) pairwise tests between laeta SMS and transmontana lineages; m) 

pairwise tests between laeta SMOc and prinopsis lineages; n) pairwise tests between laeta 

SMOc and transmontana lineages; o) pairwise tests between prinopsis and transmontana 

lineages. 
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Online Appendices 

 

Phylogenomics and ecological niche contrasts lead to the identification of multiple and 

independent evolutionary lineages within the Quercus laeta complex (Fagaceae): new insights 

into the diversification of the Leucomexicana clade 
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Appendix 1. List of samples used in this study for Q. laeta complex and for species from 

the subsection Leucomexicana that were closely related to the Q. laeta complex with GPS 

coordinates of localities.  Individual label includes abbreviation for species, site 

abbreviation, and individual number. 

Species Sample ID Locality Coordinates 

Q. laeta centr_CTP2 Mexico: Michoacán: Contepec 19°59'45.60"   100°9'28.80" 

Q. laeta centr_CTP5 Mexico: Michoacán: Contepec 19°59'45.60"   100°9'28.80" 

Q. laeta 
centr_TUL4 

Mexico: Puebla: waterfalls of 
Tuliman 

19°52'8.40"    97°58'30.00" 

Q. laeta 
centr_TUL7 

Mexico: Puebla: waterfalls of 
Tuliman 

19°52'8.40"    97°58'30.00" 

Q. laeta centr_TET4 Mexico: Puebla: Tetela de Ocampo 19°48'0.00"    97°48'36.00" 

Q. laeta laeta_CU04 Mexico: Jalisco: Sierra El Cuale 20°22'40.80"   105°6'39.60" 

Q. laeta laeta_CU07 Mexico: Jalisco: Sierra El Cuale 20°22'40.80"   105°6'39.60" 

Q. laeta laeta_CU08 Mexico: Jalisco: Sierra El Cuale 20°22'40.80"   105°6'39.60" 

Q. laeta laeta_1165 Mexico: Durango: Canelas 25°07'33.6"    106°30'03.6" 

Q. laeta laeta_1166 Mexico: Durango: Canelas 25°07'33.6"    106°30'03.6" 

Q. laeta prinop_10B Mexico: San Luis Potosi: Guadalcazar 22°38'31.20"    100°19'37.20" 

Q. laeta prinop_G10 Mexico: San Luis Potosi: Guadalcazar 22°38'31.20"   100°19'37.20" 

Q. laeta prinop_GU4 Mexico: San Luis Potosi: Guadalcazar 22°38'31.20"   100°19'37.20" 

Q. laeta pinop_GU9 Mexico: San Luis Potosi: Guadalcazar 22°38'31.20"   100°19'37.20" 

Q. laeta 
prinop_TO4 

Mexico: San Luis Potosi: San Nicolás 
Tolentino 

22° 4'30.00"    100°31'48.00" 

Q. laeta 
prinop_TO5 

Mexico: San Luis Potosi: San Nicolás 
Tolentino 

22° 4'30.00"    100°31'48.00" 

Q. laeta trans_CNL1 Mexico: Guanajuato: Cieneguilla 21° 2'34.80"    100°10'19.20" 

Q. laeta trans_CNL3 Mexico: Guanajuato: Cieneguilla 21° 2'34.80"    100°10'19.20" 

Q. laeta trans_CNL9 Mexico: Guanajuato: Cieneguilla 21° 2'34.80"    100°10'19.20" 

Q. laeta trans_CO05 Mexico: Aguascalientes: La Congoja 22° 9'32.40"   102°32'9.60" 

Q. laeta trans_CO06 Mexico: Aguascalientes: La Congoja 22° 9'32.40"   102°32'9.60" 

Q. laeta trans_CO10 Mexico: Aguascalientes: La Congoja 22° 9'32.40"   102°32'9.60" 

Q. laeta trans_COY1 Mexico: Oaxaca: Coyula 17°55'19.20"   96°55'51.60" 

Q. laeta trans_COY5 Mexico: Oaxaca: Coyula 17°55'19.20"   96°55'51.60" 

Q. laeta trans_COY7 Mexico: Oaxaca: Coyula 17°55'19.20"   96°55'51.60" 

Q. laeta trans_SIL4 Mexico: Guanajuato: Silao 21° 0'32.40"   99°6'57.60" 

Q. laeta trans_SIL5 Mexico: Guanajuato: Silao 21° 0'32.40"   99°6'57.60" 

Q. laeta trans_SIL7 Mexico: Guanajuato: Silao 21° 0'32.40"   99°6'57.60" 

Q. laeta trans_SIL9 Mexico: Guanajuato: Silao 21° 0'32.40"   99°6'57.60" 

Q. laeta trans_SI10 Mexico: Guanajuato: Silao 21° 0'32.40"   99°6'57.60" 
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Q. laeta 
trans_SPI4 

Mexico: San Luis Potosi: San José 
Gallinas 

22° 4'15.60"   100°13'15.60" 

Q. laeta 
trans_SPI6 

Mexico: San Luis Potosi: San José 
Gallinas 

22° 4'15.60"   100°13'15.60" 

Q. laeta 
trans_VER1 

Mexico: Guanajuato: Vergel de 
Bernalejo 

21°32'16.80"   100°16'44.40" 

Q. laeta 
trans_VER9 

Mexico: Guanajuato: Vergel de 
Bernalejo 

21°32'16.80"   100°16'44.40" 

Q. laeta trans_0929 Mexico: Durango: Mezquital 23°27'16.2"   104°21'16.3" 

Q. laeta trans_0951 Mexico: Nayarit: El Nayar 22°19'03.5"   104°24'42.1" 

Q. arizonica arizo _S06 Mexico: Durango: Tepehuanes 25°15'29.9"   105°52'12.0" 

Q. arizonica arizo _S19 Mexico: Durango: Tepehuanes 25°15'29.9"   105°52'12.0" 

Q. 
chihuahuensis 

chihua_S27 Mexico: Durango: Durango 
23°56'19.7"   104°41'31.5" 

Q. depressipes depress_S24 Mexico: Durango: Mezquital 23°27'16.2"   104°21'16.3" 

Q. 
magnoliifolia 

magnol_S20 Mexico: Durango: Canelas 
25°07'33.6"    106°30'03.6" 

Q. 
oblongifolia 

oblong_S23 
Mexico: Durango: Santiago 

Papasquiaro 
25°03'33.9"   105°17'39.3" 

Q. obtusata obtus_TUL1 
Mexico: Puebla: waterfalls of 

Tuliman 
19°52'8.40"   97°58'30.00" 

Q. obtusata obtus_TUL2 
Mexico: Puebla: waterfalls of 

Tuliman 
19°52'8.40"   97°58'30.00" 

Q. 
peduncularis 

pedun_COY1 Mexico: Oaxaca: Coyula 
17°55'19.20"   96°55'51.60" 

Q. 
peduncularis 

pedun_COY2 Mexico: Oaxaca: Coyula 
17°55'19.20"   96°55'51.60" 

Q. praeco praeco_S22 Mexico: Durango: Canelas 25°07'33.6"   106°30'03.6" 

Q. praeco praeco_S23 Mexico: Durango: Canelas 25°07'33.6"   106°30'03.6" 

Q. resinosa resino_S01 
Mexico: Guanajuato: Vergel de 

Bernalejo 
21°32'16.80"   100°16'44.40" 

Q. resinosa resino_S35 
Mexico: Guanajuato: Vergel de 

Bernalejo 
21°32'16.80"   100°16'44.40" 

Q. rugosa rugosa_S58 Mexico: Michoacán: Contepec 19°59'45.60"   100°9'28.80" 

Q. rugosa rugosa_S64 
Mexico: Durango: Santiago 

Papasquiaro 
25°03'33.9"   105°17'39.3" 

Q. sebifera sebife_S16 Mexico: Puebla: Tetela de Ocampo 19°48'0.00"   97°48'36.00" 

Q. sebifera sebife_S28 Mexico: Puebla: Tetela de Ocampo 19°48'0.00"   97°48'36.00" 

Q. striatula striatu_S30 Mexico: Zacatecas: Sombrerete 23°47'19.6"   103°48'33.1" 

Q. 
subspathulata 

subspat_S21 Mexico: Durango: Canelas 
25°07'33.6"   106°30'03.6" 
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Online Appendix 2a Values of bootstrap / Gene concordance factor (gCF) / site 

concordance factor (sCF) calculated for ML concatenated tree. 

 

. 
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Online Appendix 2b A) Relation among site concordance factor (sCF) and gene concordance factor (gCF); B) 

Relation among gene concordance factor (gCF) and bootstrap support; C) Relation among site concordance 

factor (sCF) and bootstrap support. In all cases are not correlated, but BS is high for some low concordance 

factor and site concordance factor.  
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Online Appendix 2c. Species tree inferred from the ASTRAL analyses based on 155 loci. Quartet scores are 

displayed on the branches.  
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Online Appendix 3 The negative log psuedolikelihood for phylogenetic network estimation 

h 

Group 

0 1 2 3 

Dataset1 3736.18 3588.92 3562.07 3517.19 

Dataset2 4147.48 3961.34 3918.96 3874.48 

Dataset3 3370.85 3234.00 3209.63 3179.40 

Dataset4 61518.86 59733.89 59504.22 59504.22 

Notes: h = number of hybridization events. 
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•  Negative log pseudolikelihood profile for each number of hybridization events for each dataset inferred 

using SNaQ. The best-fitting number of hybridization events (h) is displayed as the value at which the 

rate of change in -log pseudolikelihood plateaus. A: Dataset1; B: Dataset2; C: Dataset3 and D: Dataset4.     
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 online Appendix 4b. 1. Metrics of performance of selected model settings regarding regularization multiplier (RM), feature classes (F; l = 

linear, q = quadratic and p = product,), and sets of environmental variables, per each identified lineage within Quercus laeta complex 

Model Best models p-value P. 
ROC 

Mean AUC 
ratio 

Omission 
rate (5%) 

AICc ∆AICc Parameters 

 
 
 
 
centralis TMVBc lineage 

RM_0.3_F_lq_set_03 0 1.726 0 181.798 1.044 2 

RM_0.4_F_lq_set_03 0 1.708 0 181.862 1.108 2 

RM_0.5_F_lq_set_03 0 1.699 0 181.943 1.189 2 

RM_0.6_F_lq_set_03 0 1.678 0 182.041 1.287 2 

RM_0.7_F_lq_set_03 0 1.658 0 182.157 1.403 2 

RM_0.8_F_lq_set_03 0 1.639 0 182.291 1.537 2 

RM_0.9_F_lq_set_03 0 1.646 0 182.443 1.689 2 

RM_1.1_F_lqh_set_03 0 1.642 0 181.033 0.279 2 

RM_1.3_F_lqh_set_03 0 1.651 0 181.658 0.904 2 

RM_1_F_lq_set_03 0 1.648 0 182.615 1.860 2 

RM_1_F_lqh_set_03 0 1.652 0 180.754 0 2 

 
centralis TMVBe lineage 

RM_0.4_F_l_set_01 0 1.772 0 183.323 1.606 3 

RM_0.5_F_l_set_01 0 1.777 0 183.587 1.870 3 

RM_0.5_F_lq_set_01 0 1.791 0 181.717 0.000 3 

RM_0.6_F_lq_set_01 0 1.795 0 182.019 0.302 3 

RM_0.7_F_lq_set_01 0 1.793 0 182.241 0.524 3 

RM_0.8_F_lq_set_01 0 1.785 0 182.323 0.606 3 

 
laeta SMS lineage 

RM_0.1_F_l_set_01 0 1.896 0 153.922 0 3 

RM_0.2_F_l_set_01 0 1.896 0 154.301 0.378 3 

RM_0.3_F_l_set_01 0 1.895 0 154.696 0.773 3 

RM_0.4_F_l_set_01 0 1.894 0 155.100 1.178 3 

RM_0.5_F_l_set_01 0 1.891 0 155.509 1.587 3 

RM_0.6_F_l_set_01 0 1.888 0 155.920 1.997 3 

laeta SMOc lineage RM_0.1_F_l_set_02 0 1.932 0 252.462 0 6 

RM_0.2_F_l_set_02 0 1.926 0 252.994 0.531 6 

RM_0.3_F_l_set_02 0 1.931 0 253.806 1.343 6 

prinopsis lineage RM_0.3_F_lq_set_02 0 1.946 0 380.668 0 6 
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RM_0.2_F_lq_set_02 0 1.949 0 382.547 1.878 7 

 
 
 
transmontana lineage 

RM_0.8_F_lqp_set_03 0 1.922 0 224.598 0.000 2 

RM_0.9_F_lqp_set_03 0 1.919 0 224.841 0.243 2 

RM_1.1_F_l_set_03 0 1.920 0 225.927 1.329 2 

RM_1.2_F_l_set_03 0 1.921 0 226.038 1.440 2 

RM_1.3_F_l_set_03 0 1.919 0 226.159 1.561 3 

RM_1.3_F_lqp_set_02 0 1.933 0 225.980 1.382 2 

RM_1_F_lqp_set_03 0 1.920 0 225.116 0.518 2 
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Online Appendix 4a. Set of Worldclim variables used for the construction of the 

ecological niche modelling for Quercus laeta lineages.  

Lineage Sample 
size 

Variable 
set 

Code 

 
centralis 
TMVBc 

 
7 

Set 1 Bio 1, Bio 2, Bio 12, Bio14, Bio 17, Bio 19 

Set 2 Bio 4, Bio 8, Bio 13, Bio 15, Bio 18 

Set 3 Bio 3, Bio 7, Bio 9 

 
centralis 
TMVBe 

 
7 

Set 1 Bio 1, Bio 2, Bio 6, Bio 12, Bio 14, Bio 15 

Set 2 Bio 4, Bio 9, Bio 13, Bio 15, Bio 18 

Set 3 Bio 4, Bio 7, Bio 9 

 
laeta SMS 

 
6 

Set 1 Bio 1, Bio 14, Bio 15, Bio 19 

Set 2 Bio 3, Bio 4, Bio 9, Bio 10, Bio 16, Bio 19 

Set 3 Bio 7, Bio 09 

 
laeta SMOc 

 
10 

Set 1 Bio 1, Bio 2, Bio 3, Bio 4, Bio 12, Bio 14, Bio 19 

Set 2 Bio 6, Bio 14, Bio 15, Bio 16, Bio 17, Bio 19 

Set 3 Bio 2, Bio 3, Bio 9, Bio 18, Bio 19 

 
prinopsis 

 
17 

Set 1 Bio 1, Bio 2, Bio 4, Bio 7, Bio 12, Bio 14 

Set 2 Bio 2, Bio 4, Bio 7, Bio 14 

Set 3 Bio 3, Bio 4, Bio 7, Bio 9, Bio 14, Bio 18 

 
transmontana 

 
7 

Set 1 Bio 1, Bio 2, Bio 3, Bio 4, Bio 12, Bio 15 

Set 2 Bio 2, Bio 3, Bio 4, Bio 6, Bio 15, Bio 18 

Set 3 Bio 3, Bio 7, Bio 8, Bio 19 
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Abstract 

Foliar micromorphological analysis has recurrently proven to be a valuable tool to assess 

relationships at different taxonomical levels in the genus Quercus. However, Quercus also 

is characterized by showing complicated taxonomical patterns resulting from frequent 

convergent evolution of vegetative characters, low differentiation among closely related 

species, and hybridization. Therefore, a purely qualitative approach may not be enough to 

document the micromorphological intraspecific and interspecific variation. In the present 

study, we used scanning electron microscopy to perform a qualitative and quantitative 

analysis of trichomes and foliar waxes for 48 individuals belonging to four species 

identified within Quercus laeta complex, with the goal of determining the value of these 

micromorphological traits in the taxonomy of the group. Type and density of trichomes, 

and trichome arm number and length significantly differentiated to Q. centralis, Q. laeta, 

Q. prinopsis, and Q. transmontana. A taxonomic key was prepared for the identification of 

these species. Our results provided useful information to correctly identify and discriminate 

among species of the Quercus laeta complex, by highlighting quantitative (continuous) 

rather than qualitative (categorical) differences, contrary to what has historically been used 

to discriminate among Mexican oak species.  
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Introduction 

The considerable variability in foliar micromorphological characters present in flowering 

plants makes these traits ideal for research in fields such as taxonomy, ecology, physiology, 

and evolution (Adebowale et al. 2014; Deng et al. 2014; Mannethody and Purayidathkandy 

2018; Stephan et al. 2018; Zafar et al. 2020). Particularly, micromorphological characters 

have been successfully employed as a tool to solve taxonomic problems across different 

plant lineages since the 20th century (Payne 1978; Stace 1984; Deng et al. 2014; Chen et al. 

2015; Ecevit-Genç et al. 2017; Woodenberg et al. 2019; Siadati et al. 2020; Ullah et al. 

2020).  

Throughout history, the interspecific delimitation of oaks (Quercus L.) has 

challenged botanist (Canon and Petit 2019; Valencia-Á. 2021). In these efforts, foliar 

micromorphological analysis has recurrently proven to be a valuable tool to analyze 

relationships at different taxonomical levels (Tschan and Denk 2012; Deng et al. 2013; 

Deng et al. 2014) and, particularly, the characterization of trichome morphological features 

has been one of the most significant tools for the delimitation of oak species (Vázquez 

2006; Scareli-Santos et al. 2007; Tschan and Denk 2012). Since Dyal (1936) and Camus 

(1936–38), a functional classification based on glandular and non-glandular trichomes was 

established. Subsequently, with the introduction of the scanning electron microscope 

(SEM), several studies have contributed to the classification of different and new types of 

trichomes (Hardin 1976, 1979; Stace 1984; Jones 1986; Vázquez 2006; Tschan and Denk 

2012), as well as to the delimitation of Asian (Kim et al. 2011; Panahi et al. 2012; Deng et 

al. 2015; Deng et al. 2017), European (Bussotti and Grossoni 1997; Tschan and Denk 2012; 

Fortini et al. 2015), and North American oak species (Dyal 1936; Hardin 1979; Manos 

1993; Scareli-Santos et al. 2007; Scareli-Santos et al. 2013). However, although trichomes 
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alone provide relatively stable character sets, an integral analysis of micromorphological 

leaf traits including qualitative character states of trichomes, waxes and stomata, as well as 

quantitative measurements of trichome arm length and stomata width and length, has 

provided increased resolution for species delimitation (Fortini et al. 2009; Panahi et al. 

2012; Tschan and Denk 2012; Lopez-Camaal et al. 2017). 

For Mexican oaks, important taxonomic confusion still exists mainly within the 

section Quercus (Valencia-Á. 2004) because intergradation in macromorphological 

characters is common in this group, resulting in species complexes. Therefore, the effort to 

establish clearer limits among taxa requires the inclusion of additional traits and 

complementary approaches. An example of this situation is Quercus laeta, a taxon with a 

long history of controversy (McVaugh1974; Romero et al. 2002; Valencia-Á. 2004; Hipp et 

al. 2018; Morales-Saldaña et al. 2022). Quercus laeta is endemic to Mexico but with a wide 

geographic distribution in different habitat types. Even so, according to previous authors, 

Q. laeta individuals are considered members of the same based on characters such as the 

lack of glandular trichomes and the presence of papillae and sessile slightly contortous 

trichomes on the leaf underside. However, there is considerable variation in pubescence 

degree on the underside of leaves, lamina shape and pubescence of twigs, being one of the 

oak species with a large polymorphism (Valencia-Á. 2004; Morales-Saldaña et al. 2022).  

Recently, it has been suggested that Quercus laeta is not a highly polymorphic 

species but a complex of morphologically similar species and with weak reproductive 

barriers among its members (Morales et al., 2022; Morale et al., In. prep). This is supported 

by several phylogenetics studies, which show evidence that Q. laeta populations are not 

monophyletic, recognizing the existence at least four species within the Q. laeta complex 

(called Q. centralis, Q. laeta, Q. prinopsis, and Q. transmontana), each restricted 
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geographically and ecologically (Hipp et al. 2018, 2020; Morales-Saldaña et al. in prep.). 

Although these previous studies have demonstrated the existence of distinct biological 

entities within the Q. laeta complex, these species have not been thoroughly characterized 

morphologically and, in particular, a detailed analysis of micromorphological 

differentiation is required so their taxonomic status can be better understood. 

  In this context, we present a detailed quantitative study of trichome morphology and 

waxes across Quercus laeta complex. The objectives of this study were to: 1)  assess 

qualitative and quantitative trichome variability among species of the Q. laeta complex 

using scanning electron microscopy; and 2)  test the applicability of micromorphological 

characters and determine the most useful combination of micromorphological characters for 

the identification of species within Q. laeta complex (type and density of trichomes, 

variation in the length of trichome arms, and wax types)  

Material and methods 

Plant material and scanning electron microscopy (SEM) 

Leaf samples were collected from natural populations covering almost the complete 

geographical distribution of the Q. laeta complex (Fig. 1). A total of 48 individuals 

including 13 samples representing to Q. centralis, six of the Q. laeta, 13 of the Q. prinopsis 

and 16 of the Q. transmontana were analyzed. In all cases,  mature leaves were collected 

during the fruiting period (August-November) with no visible damage. After collection, 

leaves were dried at room temperature and conserved in plastic bags. The voucher 

specimens were deposited at MEXU and FCME herbaria.  

For scanning electron microscopy (SEM), the middle region of the leaves was cut 

between the midrib and the margin into pieces of approximately 1 cm2. Subsequently, the 

pieces were fixed on metal stubs using double sided adhesive without further treatment. 
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Micromorphological features were observed on the abaxial surface and Scanning Electron 

Microscopy (SEM) micrographs were taken using a JEOL JSM-IT300 electron microscope 

(Microscopy Laboratory ENES UNAM MORELIA) .  

Description of types of trichomes and wax types 

A brief description was made for the different trichome types observed on the abaxial 

surface using the terminology and classification of Hardin (1976, 1979). The nomenclature 

proposed by Barthlott et al. (1998) was followed for description of wax types.  

Micromorphological quantitative comparison among species  

 Length of trichome arms (µm), number of arms, and trichome density were analyzed on 

SEM images using the ImageJ software (Rasband 1997–2018). For compound trichomes 

(fasciculate and stellate), a maximum of eight arms per trichome were measured from their 

attachment point (excluding the pedestal in fasciculate trichomes) or the center of the 

central disc (in stellate trichomes) to the distal arm end. Also, we counted the number of 

arms for both fasciculate and stellate trichomes. To determine trichome density on the 

abaxial leaf surface, we divided the micrographs into grids of 0.05 mm2 and counted the 

number of glandular and non-glandular trichomes in each grid (five grids per sample). A 

total of 978 trichome arms and 573 grids were analyzed.  

To compare the distribution of the numeric variables among species, first we 

visualized the data with violin graphs using ggplot2 R package version 4.2.1 (R 

Development Core Team 20202). Violin graphs have the advantage of allowing 

visualization of the probability density of the data at different values by a kernel density 

estimator. Second, conformance to a normal distribution was assessed for all variables 

using the Shapiro-Wilk goodness of fit test. Once the normality of the data was confirmed, 

we conducted an analysis of variance (ANOVA). Subsequently a Tukey post hoc test was 
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used to compare mean values of trichome density, number of arms, and length of arms 

among the four species identified within Q. laeta complex. These analyses were performed 

using R version 4.2.1 (R Development Core Team 2022).  To identify the traits with higher 

contribution to the separation of species, a principal components analysis (PCA) and a 

canonical discriminant analysis (CDA) were carried out, using the individual mean values 

of each trait evaluated (i.e., length of trichome arms, number of trichome arms, and density 

of glandular and non-glandular trichomes). Only individuals that had metrics for all traits 

were included. A multivariate analysis of variance (MANOVA) was carried out to test the 

differences of the set of traits at the lineage level; a p < 0.05 was considered to be 

significant. The analysis was performed using the ‘stat’, “ggbiplot”, “MASS’, and 

“candisc” libraries in R version 4.2.1 (R Development Core Team 2022). Finally, on the 

basis of all the qualitative and qualitative traits evaluated, a taxonomic key was proposed 

for the species identification. 

Results  

Qualitative description of trichome and wax types 

We identified three different trichome types, simple uniseriate (glandular), fasciculate and 

stellate (non-glandular), in the four species of the Q. laeta complex (Table 1; Fig. 2) 

following Hardin (1976, 1979). We observed three different wax types among the samples 

(crystalloids, wax crusts and wax layer) (Table 1; Fig. 3) sensu Barthlott et al. (1998). 

Glandular trichomes 

Simple uniseriate (Fig. 2; A- D). Trichomes of this type consist of a single column of two 

or more thin-walled cells, turgescent in the juvenile state, in herbarium specimens usually 

collapsed (because of loss of the cellular content).  

Occurrence. This trichome type was found rarely on the abaxial leaf surfaces of Q. 
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prinopsis and Q. laeta and commonly on the abaxial leaf surfaces of Q. centralis and Q. 

transmontana. 

Non-glandular trichomes 

Trichomes of this group are generally thick-walled, multicellular, and compound. The 

function of these trichomes appears to be related to physical protection (Jones 1986). 

Within this category we can find the fasciculate and stellate trichomes. 

Fasciculate (Fig. 2; D-H). Multicellular and compound trichomes, arranged in tufts of (2) 6 

to 8 (12) thick-walled arms that originate from a common point. Fasciculate tufts occur in a 

sessile form with arms slightly curled down and then twisted, individual arms acicular or 

subulate; in the basal part groups of arms or all arms fused, in the distal part splaying out 

like a bouquet of flowers, those with very long elements often intertwined; surface of the 

arms is nearly smooth.  

Occurrence. Fasciculate trichomes occur on the abaxial surface of all investigated species. 

This trichome type occurs both on veins and in intercostal areas.   

Stellate (Fig. 2; I-L). Multicellular, compound trichomes, usually with 4–8 (15) subulate to 

acicular arms radiating from a common origin adpressed to the epidermis, hair base absent, 

but attachment point slightly rising above the surrounding epidermis, stellate trichomes are 

usually persistent.  

Occurrence. Stellate trichomes occur on the abaxial side of the leaf in Q. centralis, Q. 

laeta, and Q. prinopsis. They are found predominantly in the intercostal regions, only 

occasionally on the veins. In Q. prinopsis, the stellate trichomes are usually hidden below 

the fasciculate trichomes, while in Q. centralis and Q. laeta they are not hidden below the 

fasciculate trichomes.  
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Wax types. Wax of the crust type was observed on fasciculate trichomes of all species (Fig. 

3A-B). Wax layers, which are defined as continuous coverings usually less than 1 μm thick 

without a prominent surface sculpturing, were also observed on the abaxial surface of all 

species (Figure 3E-F). Crystalloid waxes were observed exclusively on the abaxial surfaces 

of the Q. transmontana and Q. laeta (Table 1; Fig. 3C-D). 

Quantitative morphological comparison 

A summary of quantitative leaf epidermal micromorphological features for all species is 

presented in Table 2. 

Length variation of trichome arms. Arm length of fasciculate and stellate trichomes 

differed, being longer in fasciculate than in stellate trichomes (Fig. 4A). Quercus prinopsis 

showed the largest variability for the arm length of stellate trichomes, with most arms 

ranging between 104.19 – 168.55 μm with a median of 135.01 and mean of 139.09 μm. In 

contrast, Q. centralis (92.79 – 135.33 μm with a median of 117.42 and mean of 116.37 μm) 

and Q. laeta (100.36 – 133.86 μm with a median of 114.43 and mean of 118.30 μm) 

showed less variability (Fig. 4B; Table 2). The ANOVA and the Tuckey post hoc test 

revealed significant differences (F2, 429 = 18.80; p < 0.005) in the length of stellate trichome 

arms between Q. centralis and Q. prinopsis but not between the Q. centralis and Q. laeta 

(Table 3).  

For the arm length of fasciculate trichomes, violin plots indicated a great dispersion 

of the data (Fig. 4C). Quercus prinopsis showed generally larger values than the rest of the 

species, with arms ranging in length from 225.84 – 395.23 μm with a median of 318.26 and 

mean of 313.20 μm. Quercus transmontana also showed large values although with a 

bimodal distribution, with arm length between 236.4 – 371.9 μm, a median of 300.3 μm, 

and mean of 307.2 μm. In contrast, Q. centralis and Q. laeta showed a tendency to shorter 
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trichomes. In Q. centralis these ranged between 171.74 – 306.92 μm with a median of 

234.91 and mean of 250.68 μm, although with outliers above 500 μm. For Q. laeta, most of 

the values ranged between 154.78 – 241.80 μm with a median of 188.01 and mean of 

205.41 μm, with outliers between 400 – 500 μm (Table 2; Fig. 4C). The ANOVA test 

revealed significant differences (F3,514 = 12.07; p < 0.00001) in the length variation of the 

arms of fasciculate trichome among species and the Tukey post hoc test revealed significant 

differences (p < 0.005) between pairwise comparisons of Q. laeta – Q. centralis, Q. 

centralis – Q. prinopsis, Q. centralis – Q. transmontana, Q. prinopsis – Q. laeta and Q. 

laeta – Q. transmontana, but not between Q. prinopsis – Q. transmontana (Table 3).  

Variation in the number of trichome arms. Violin plots indicated a tendency for stellate 

trichomes to present a greater number of arms compared to fasciculate trichomes (Fig. 5A). 

In the Q. laeta, stellate trichomes can have up to 15 arms, but are more likely to have 

between 7 and 8 arms (Fig. 5B). Both Q. centralis and Q. prinopsis had a high frequency of 

trichomes with 7 and 8 arms, though Q. prinopsis had stellate trichomes with up to 11 arms. 

In relation to fasciculate trichomes, both Q. centralis and Q. prinopsis had a higher 

frequency of trichomes with 7 or 8 arms. In Q. laeta, though most of the trichomes had 8 

arms, some had up to 12. Finally, Q. transmontana showed the greatest variability with 

fasciculate trichomes having between 2 – 9 arms, though with a higher frequency of 

trichomes with 7 or 8 arms (Figure 5C). The ANOVA test revealed significant differences 

(F2,197 = 31.03; p < 0.00001) in the number of arms of stellate trichomes among species and 

the Tukey post hoc test revealed significant differences (p < 0.005) between Q. centralis – 

Q. laeta and Q. laeta – Q. prinopsis, but not between Q. centralis – Q. prinopsis (p > 0.50) 

(Table 4). For fasciculate trichomes, the ANOVA test revealed significant differences 

(F2,197 = 31.03; p < 0.00001) and the Tukey post hoc test showed significant differences (p 
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< 0.005) in all pairwise comparisons except between Q. transmontana – Q. prinopsis 

(Table 4). 

Glandular and non-glandular trichome density. The violin plots indicated high non-

glandular trichome density in Q. laeta and Q. prinopsis, although in both cases with a 

multimodal distribution, while Q. centralis and Q. transmontana showed a low density of 

non-glandular trichomes (Fig. 5A). The ANOVA test revealed significant differences (F3,534 

= 85.3; p < 0.00001) and the Tukey post hoc test revealed significant differences (p < 

0.005) in non-glandular trichome density in all pairwise comparisons, except between Q. 

transmontana and Q. centralis (Table 5). In contrast, the violin plot for glandular trichome 

density showed higher values in Q. centralis and Q. transmontana, with a larger spread of 

data in Q. centralis (Fig. 5B). In the case of Q. laeta and Q. prinopsis, glandular trichome 

density was lower but with some outliers. The ANOVA test showed significant differences 

(F3,534 = 149.4; p < 0.0001) and the Tukey post hoc test indicated significant differences (p 

< 0.0001) in glandular trichome density between all pairwise comparisons (Table 5).  

The first two axes of the PCA explained 63% and 19.1% of the variation among 

traits for the four species (Fig. 7). For the PC1 a marked separation among the species was 

found, where an increase in loads of variation in the number of trichome arms (NTA) and 

trichome non-glandular density (TNGD) grouped the Q. laeta and Q. prinopsis on the 

positive side of the axis, as well as an increase in trichome glandular density (TGD) and 

length variation of trichome arms (LTA) loads segregated the Q. centralis and Q. 

transmontana on the negative side of the axis.  

The CDA resulted in a reliable classification of specimens of the differents species 

(Fig. 8), in agreement with the results obtained in the PCA. The first two axes accounted 

for 95% of the variation. The variables that contributed most to the first canonical axis 
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(85.7%) were the trichome glandular density (TGD) and trichome non-glandular density 

(TNGD), while characters that best discriminated along canonical axis two (10.2%) were 

number of trichome arms (NTA) and length variation of trichome arms (LTA) (Pillai´s 

trace = 1.4, p < 0.001, 85.8% of variation explained) (Table 6). The confusion matrix for 

the CDA showed for Q. centralis a rate of 83% of cases correctly classified, but 16% 

misclassified as Q. transmontana. In the case of Q. laeta showed a predicted rate of 100%, 

while Q. prinopsis reached a 90% of correctly classified cases, but 9% of cases were 

assigned as Q. transmontana. Finally, for Q. transmontana 69% of the cases were correctly 

assigned, while 23% and 7% were misclassified as Q. centralis and Q. prinopsis, 

respectively (Supplementary table 1).  

Discussion  

The value of micromorphological characters, especially trichomes, for taxonomy and 

systematics across different plant groups have been emphasized by many authors 

(Gharemaninejada et al. 2012; Adebowale et al. 2014; Ali et al. 2020; Arabameri et al. 

2020; Gissi et al. 2022). For the genus Quercus, nearly all authors consider characters of 

the indumentum to be important for species delimitation (Hardin 1976, 1979; Valencia and 

Delgado 2003; Vázquez 2006; Schand and Denk 2012; Scareli-Santos et al. 2013). 

However, Quercus also is characterized for showing complicated taxonomical patterns 

(Manos et al. 1999; Valencia-Á. 2004; Petit et al. 2004; Valencia 2021; Morales-Saldaña et 

al. 2022,) resulting from frequent parallel or convergent evolution of vegetative characters, 

pronounced intraspecific variation, low differentiation among closely related species, and 

hybridization (Tucker 1974; Baquedano et al. 2008; McVay et al. 2017; Kim et al. 2018; 

Crowl et al. 2020; Valencia 2021). Furthermore, if we consider that one or a few specimens 

are generally used for the characterization of species, a purely qualitative approach could be 
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not enough to document intraspecific micromorphological variation, leading to potential 

taxa misidentification. For these reasons a quantitative complementary approach may be 

useful, even in cases of species that are difficult to distinguish based on 

macromorphological characters (Vázquez 2006; Scareli-Santos et al. 2013). In this context, 

the present SEM study has provided, useful information to discriminate among different 

species within the Quercus laeta complex, by highlighting quantitative (continuous) rather 

than qualitative (categorical) differences, contrary to what has historically been used to 

discriminate among Mexican oak species (Liebmann 1854; McVaugh 1974; Romero et al. 

2002).  

Hardin’s studies (1976; 1979) to characterize the variety of trichomes in North 

American oaks has undoubtedly been a pillar in the field of oak micromorphology. 

However, despite the effort to characterize the micromorphology of Mexican oak species 

(Spellenberg and Bacon 1996; Valencia and Salinas 2003; Vázquez 2006; Scareli-Santos et 

al. 2013), there have been few studies focused on evaluating inter- and intraspecific 

variation under a statistical framework (Scareli-Santos et al. 2007; López-Caamal et al. 

2017; Sánchez-Acevedo et al. 2022). This lack of statistical rigor could cause taxonomic 

difficulties in certain species complexes, as is the case for Quercus laeta complex. In this 

context, the original description by Liebmann (1854) originally described a densely 

tomentose abaxial surface with the presence of stellate trichomes as diagnostic features to 

distinguish Q. laeta. However, several regional floras have used different character 

combinations to identify Q. laeta (McVaugh 1974; González-Villarreal 1986; Romero 

2002, Romero et al. 2014; Pérez and Valencia-Á. 2017). Our results indicate that all species 

share several micromorphological traits, such as the presence of papillae, fasciculate and 

glandular trichomes, as well as different types of wax on abaxial surface (Table 1). 
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However, it was also possible to detect certain consistent micromorphological traits capable 

of discriminating among species that are independent evolutionary units according to 

previous population genetics and phylogenetic studies (Morales-Saldaña et al. 2022, 

Morales-Saldaña in. prep.). In this sense, the presence or absence of stellate trichomes and 

the density of both glandular and non-glandular trichomes should be considered key 

features to discriminate among species. Despite it having been shown that trichome density 

can also be strongly influenced by the environment (Hernandez and Park 2022; Sánchez-

Acevedo et al. 2022), our results showed a widespread association between patterns of 

differentiation of micromorphological traits and phylogenetic assignment, indicating that 

there is a consistent pattern. 

  Since Liebmann (1854), the presence of stellate trichomes has only been 

commented by Romero (2002) as one of the features to consider in the identification of Q. 

laeta, but specimens examined by her were collected in the Trans-Mexican Volcanic Belt, 

so probably belonged to what we have recognized as Q. centralis (Morales-Saldaña et al. in 

prep). In contrast, other taxonomists, using samples from other geographic regions in 

Mexico, have not reported the presence of stellate trichomes (McVaugh 1974; González-

Villarreal 1986; Romero et al. 2014). In that sense, according to our results, the absence of 

stellate trichomes on the abaxial leaf surface immediately discriminates to Q. transmontana 

from the other species. Also, it was possible to identify other distinctive traits, such as the 

presence of crystalloid waxes, significantly longer arms of the fasciculate trichomes (236.4 

– 371.9 μm) in comparison to those observed in Q. centralis and Q. laeta, and a low density 

of fasciculate trichomes in comparison to Q. laeta and Q. prinopsis. This variation, together 

with the macromorphological morphometric differentiation presented by Morales-Saldaña 

et al. (2022), confirms that this is the most distinct lineage, supporting the hypothesis that 
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Q. transmontana should be considered as an independent species (Morales-Saldaña et al. 

2022, in prep.).  

Although glandular, stellate, and fasciculate trichomes were found in Q. centralis, 

Q. laeta, and Q. prinopsis, Q. centralis was characterized by an abaxial surface with a low 

density of fasciculate and stellate trichomes, but with a high density of simple uniseriate 

trichomes (glandular trichomes), distinguishing it from the other two species. Furthermore, 

arms of the fasciculate trichomes were significantly longer (171.94 – 306.92 μm) in Q. 

centralis than in Q. laeta (154.78 –241.80 μm) but significantly shorter than in Q. prinopsis 

(225.84 – 395.23 μm). For the recognition of Q. prinopsis and Q. laeta, PCA and CDA 

analysis suggested that glandular trichome density and the arm number of the trichomes are 

the two most important variables to differentiate between species. In such a way Q. 

prinopsis is characterized by a high density of non-glandular trichomes as well as stellate 

and fasciculate trichomes with significantly longer arms than Q. laeta, which showed a 

higher arm number. Another difference is the presence of crystalloid waxes in Q. laeta 

which are absent in Q. prinopsis. Therefore, quantitative differences are key to discriminate 

between these species as occurs in other oak groups (Bussotti and Grossoni 1997). 

Although Tschan and Denk (2012) considered that quantitative data should be used with 

care for taxon delimitation, especially in cases of overlapping variability, as is the case in 

some species investigated here, the multiple samples representing different populations and 

the results of statistical tests suggest that micromorphology is capable of differentiating 

among species and, therefore, should serve as a tool in the correct identification of these 

species. 

In this sense, our results allow us to interpret phenotypic variation as a way to 

buttress the results obtained from phylogenetic analysis (Morales-Saldaña et al. in prep.), 
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since ignoring phenotypic differentiation may leave us with units that are little more than 

historical constructs without meaning for biodiversity (Zapata and Jiménez 2012; 

Freudenstein et al. 2017). In this framework, our study emphasizes pairwise comparisons of 

quantitative characters among putative species (lineages) under the hypothesis that a 

bimodal (or polymodal) distribution of morphological variation suggests the existence of 

more than one species (Futuyma 1998; Zapata and Jiménez 2012). The probability density 

function illustrated by violin plots allowed us to observe multiple modes in the distribution 

of the quantitative characters, suggesting a certain degree of micromorphological 

divergence among species in the analyzed features, which was statistically supported by 

pairwise comparisons and multivariate analyses. However, violin plots also showed 

bimodal distribution within some species, suggesting that even within the species there is 

an important micromorphological variation.  

Since phenotypic discontinuities can result from geographic differentiation within a 

single species (Stephan et al. 2018; Maya-García et al. 2020), description of new species 

based only on morphological variation could result in taxonomic inflation; so that, an 

evolutionary framework is necessary to explain certain patterns found in this work. On the 

one hand, according to phylogenetic studies carried out by Hipp et al. (2018; 2020) and 

Morales-Saldaña et al. (in prep.), Q. laeta complex are a non-monophyletic group, which 

suggests that the features they share, such as the presence of papillae, fasciculate and 

glandular trichomes as well as the presence of wax crusts and layers on the abaxial surface 

do not necessarily indicate close taxonomic affinity, and that they could be parallelisms 

(Tucker 1974; Struck et al. 2018), so they should not be considered to diagnose different 

species. On the other hand, micromorphological differences found in this study provide a 

morphological identity that these evolutionarily independent lineages have acquired 
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throughout the speciation process. 

Conclusions  

The use of SEM to qualitatively and quantitatively analyze micromorphological 

characteristics helped to correctly identify and discriminate among species of the  Quercus 

laeta complex previously proposed by phylogenetic data. Our study stresses the importance 

of stellate trichomes and trichomes density as key features that in conjunction with the arm 

length and arm number variation provide reliable taxonomic characters that can serve as an 

additional tool in the correct identification of these species. In addition to this, we considered 

that the characteristics proposed here to recognize the different species are consistent across 

multiple geographical samples suggesting that they not change with environmental variation 

that in combination with approaches taken up in this work could serve to reduce the 

ambiguity among other oaks species complexes.  

Taxonomic key based on leaf micromorphological characters to species identification  

1. Abaxial surface with stellate trichomes absent……........................... Q. transmontana  

1. Abaxial surface with stellate trichomes present  

2. Abaxial surface with a low density of fasciculate trichomes, but with abundant (high 

density) simple uniseriate trichomes (glandular trichomes) …………… 

……………………………………………………………………………...…. Q. centralis  

2. Abaxial surface with a high density of fasciculate trichomes but with a low density of 

simple uniseriate trichomes (glandular trichomes)  

3.- Stellate and fasciculate trichomes significantly longer (225.84 – 395.23 μm), wax platelets 

absent on the adaxial surface ...………………………………………..……….... Q. prinopsis  

3 Stellate and fasciculate trichomes significantly shorter (154.78 – 241.80 μm), wax 

platelets present on the adaxial surface ……………………...…………..……….… Q. laeta  
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Figures 

Figure 1. Localities sampled for Quercus laeta complex.  
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Figure 2. SEM micrographs for the trichomes types. Figs. A-D. Simple uniseriate 

trichomes; (A) Q. centralis, (B) Q. centralis, (C) Q.  transmontana, (D) Q.  transmontana. 

Figs. D-H. Fasciculate trichomes; (D) Q. transmontana (E) Q.  centralis (F) Q. centralis 

(G) Q. transmontana (H) Q. prinopsis. Figs I-L Stellate trichomes; (I) Q.  laeta, (J) Q.  

centralis, (K) Q.  centralis, (L). 
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Figure 3. Different types of waxes present in Quercus laeta complex. Figs A-B. Q. 

transmontana and Q. centralis: Wax crusts. Figs C-D. Q. transmontana and Q. laeta: 

Crystalloids. Figs E-F.  Q. transmontana and Q. prinopsis: Wax layers. 
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Figure 4. Length variation of trichome´s arms for each species and trichome type. A. 

Length variation of trichome´s arms between fasciculate and stellate trichomes. B Length 

variation of stellate trichomes arms. C. Length variation of fasciculate trichomes arms. 

Wider sections of the violin plot represent a higher probability of observations taking a 

given value, the thinner sections correspond to a lower probability 
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Figure 5 Arm number variation for each lineage and trichome type. A. Arm number 

variation between fasciculate and stellate trichomes. B Arms number for stellate trichomes 

by species C. Arms number for fasciculate trichomes by species. Wider sections of the 

violin plot represent a higher probability of observations taking a given value, the thinner 

sections correspond to a lower probability 
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Figure 6 Trichome density variation among species. A. Number of non-glandular trichomes 

by unit area sampled. B.  Number of glandular trichomes by unit area sampled. Wider 

sections of the violin plot represent a higher probability of observations taking a given 

value, the thinner sections correspond to a lower probability 
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Figure 7 Principal Component Analysis (PCA) among the studied species. LTA: length 

variation of trichome arms; TGD: trichome glandular density; TNGD: trichome non-

glandular density; and NTA: variation in the number of trichome arms 
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Figure 8 Scatterplot of scores derived from discriminant functions Axis 1 vs. Axis 2 

produced by discriminant analysis applied to micromorphological characters for four 

species of the Quercus laeta complex. LTA: length variation of trichome arms; TGD: 

trichome glandular density; TNGD: trichome non-glandular density; and NTA: variation in 

the number of trichome arms 
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Tables. 1 

Table 1. Details of surface abaxial and trichome morphological characteristics in the four species of the Quercus laeta complex 2 

 

 

Species 

 

 

Density 

 

 

Surface 

 

Wax types 

Glandular 

trichomes 

 

Non-glandular 

trichomes 

Crystalloids Wax 

crusts 

Wax 

layer 

Simple 

uniseriate 

Fasciculate Stellate 

Q. centralis Dense Papillate - + + + + + 

Q. laeta Dense Papillate + + + + + + 

Q. prinopsis Very dense Papillate - + + + + + 

Q. transmontana Sparse Papillate + + + + + - 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 
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Table 2. Quantitative summary leaf epidermal features on abaxial surface of the species within Quercus laeta complex.  25 

 

Species 

Non-glandular 

trichome density 

(mm2)  

Glandular 

trichome density 

(mm2) 

Arm trichome 

fasciculate length 

(µm) 

Arm 

trichome 

stellate 

length 

(µm) 

 

Arm 

number for 

the stellate 

trichomes 

 

Arm 

number for 

fasciculate 

trichomes 

 

 

Q. centralis 

 

0 – 20 (80)  

 

(0) 80 – 175 (360)  

 

(88) 171.94 – 306.92 

(608.93) (250.67 ± 

99.77) 

 

(66) 92.79 

– 135.33 

(180) 

(116.36 ± 

28.43) 

 

6 – 10 

(7.73 ± 0.96) 

 

3 –8 

(6.36 ± 1.45) 

 

 

Q. laeta 

 

(0) 20 – 40 (100)  

 

 

0 – 40 (3.5) 

 

 

(96) 154.78 –241.80 

(489) 

205.48 ± 74.22 

 

(68) 100.36 

– 133.86 

(209) 

(116.36 ± 

28.43) 

 

6 – 16 

(9.53 ± 2.31) 

 

6 – 12 

(8.53 ± 1.24) 

 

 

Q. prinopsis 

 

(0) 40 – 60 (120)  

 

0 – 60  

 

(82) 225.84 – 395.23 

(538) (313.20 ± 

111.96) 

 

(55) 104.19 

– 168.54 

(267) 

(139.35 ± 

45.47) 

 

4 – 11 

(7.58 ± 0.98) 

 

4 – 10 

(7.11 ± 1.02) 

 

 

Q. transmontana 

 

 

0 – 20 (100)  

 

 

40 – 120 (240)  

 

(144) 236.4 – 371.9 

(540.2) (307.22 ± 

85.97) 

 

 

–  

 

2 – 9 

(6.86 ± 1.38) 

 

 

– 

 26 

 27 

 28 

 29 

 30 
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 31 

Table 3. Pairwise Tukey test among species for arm length of trichomes. p-values for the pairwise comparison among species for 32 

stellate trichomes (above), p-values for the pairwise comparison among species for fasciculate trichomes (below). Significance. codes:  33 

0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’  34 

 Q. centralis Q. laeta Q. prinopsis Q. transmontana 

Q. centralis ---------- 0.93 0.0001*** – 

Q. laeta 0.004* ---------- 0.0000** – 

Q. prinopsis 0.0000*** 0.0000*** ---------- – 

Q. transmontana 0.0000*** 0.0000*** 0.94 ---------- 

 35 

 36 

Table 4. Pairwise Tukey test among species for the number of arms of the trichomes. p-values for the pairwise comparison among 37 

species for stellate trichomes (above), p-values for the pairwise comparison among species for fasciculate trichomes (below). 38 

Significance. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’  39 

 40 

 Q. centralis Q. laeta Q. prinopsis Q. transmontana 

Q. centralis ---------- 0.0000*** 0.90 – 

Q. laeta 0.0000*** ---------- 0.0000** – 

Q. prinopsis 0.0000*** 0.0000*** ---------- – 

Q. transmontana 0.005* 0.0000*** 0.37 ---------- 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 
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Table 5. Pairwise Tukey test among species for the density trichomes. p-values for the pairwise comparison among species for non-49 

glandular trichomes (above), p-values for the pairwise comparison among species for glandular trichomes (below). Significance. 50 

codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’  51 

 52 

 Q. centralis Q. laeta Q. prinopsis Q. transmontana 

Q. centralis ---------- 0.0000*** 0.0000*** 0.5470 

Q. laeta 0.0000*** ---------- 0.0000** 0.0000*** 

Q. prinopsis 0.0000*** 0.9451 ---------- 0.0000*** 

Q. transmontana 0.0000*** 0.0000*** 0.0000 *** ---------- 

 53 

 54 

Table 6. CDA. Standardized coefficients for canonical variables derived from discriminant function analysis of the Quercus laeta 55 

complex. Numbers in bold font indicate the higher values. 56 

 57 

Variables Axis 1 Axis 2 

number of trichome arms (NTA) -0.13533 0.46711 

trichome non-glandular density (TNGD) -0.16944 -0.80755 

trichome glandular density (TGD) 0.92138 -0.10573 

length variation of trichome arms (LTA) -0.09507 -0.77656 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 
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 69 

 70 

Supplementary table 1 Confusion matrix for summary of classification of the four species of the Quercus laeta complex traits 71 

Species Q. centralis Q. laeta Q. prinopsis Q. transmontana 

Q. centralis 0.833 0 0 0.167 

Q. laeta 0 1 0 0 

Q. prinopsis 0 0 0.909 0.091 

Q. transmontana 0.231 0 0.077 0.692 

 72 

 73 

 74 

 75 

 76 

 77 

 78 

 79 

 80 

 81 

 82 

 83 

 84 

 85 
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V. Discusión general  

 

La especiación es uno de los procesos responsables del origen de la diversidad biológica 

(Gavrilets, 2003; Nosil et al., 2021), y típicamente comienza con una barrera al flujo génico, 

la cual en consecuencia podría promover una mayor divergencia genética y fenotípica (Nosil 

y Feder, 2012). Este modelo sugiere una división de linajes a nivel poblacional, donde 

divergen y permanecen independientes. Sin embargo, esta visión puede en muchas ocasiones 

simplificar la historia evolutiva de los taxa. Ahora se conoce que la hibridación es, de hecho, 

frecuente y generalizada y ha jugado un papel importante en la diversificación a través de 

diversos linajes del árbol de la vida (Abbott et al., 2013; Mallet et al., 2016; Solís-Lemus y 

Ané, 2016; Gernandt et al., 2018; Crowl et al., 2020; Kleinkopf et al., 2019; Taylor y Larson, 

2019; Rancilhac et al., 2021). En este contexto y bajo la visión génica de la especiación, la 

divergencia de especies ocurre a través de un continuo de diferenciación genética (Wu, 2001), 

con especies incipientes que pasan por una fase en la que solo están parcialmente aisladas 

reproductivamente (Kopp y Frank, 2005; Stankowski y Ravinet, 2021). Esta idea de un 

continuo de especiación ha permitido que estos puntos de vista sobre la especiación 

aparentemente paradójicos coexistan como parte del mismo marco conceptual (Stankowski 

y Ravinet, 2021). Además, la reconstrucción conceptual del concepto de especie, mediante 

una propuesta unificadora que identifica un elemento en común entre múltiples conceptos de 

especie, al equiparar a la especie con segmentos de linajes de meta-poblaciones que 

evolucionan de manera conjunta (De Queiroz, 2007), ha permitido eliminar los conflictos 

entre diferentes conceptos de especie sin negar la importancia de las propiedades secundarias 

que subyacen a dichos conceptos.  
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Estos avances teóricos-prácticos han dirigido este trabajo, permitiendo implementar 

estrategias donde convergen disciplinas como la genética de poblaciones, la morfología, 

ecología y la filogenética para abordar problemas taxonómicos bajo un marco evolutivo en 

grupos donde ha sido persistente la incertidumbre con respecto a la divergencia y 

diferenciación de taxones. En este sentido, el género Quercus resultó ser un sistema idóneo 

para investigar patrones de especiación desde múltiples perspectivas. De modo que, este 

estudio representa uno de los primeros intentos de integrar evidencia a nivel ecológico, 

genómico y morfológico para solucionar primero a un nivel taxonómico, la existencia de 

múltiples especies dentro de Quercus laeta (aquí llamado el complejo Quercus laeta) y 

segundo, hacer inferencias bajo un marco evolutivo sobre los procesos que han llevado a la 

diversificación del complejo, arrojando luz sobre la historia evolutiva y la diversificación 

dentro del clado Leucomexicana. 

 

Evidencia de una divergencia a múltiples niveles dentro del complejo Quercus laeta. 

De Queiroz (2007) propone un cambio fundamental en la forma en que se conceptualizan las 

especies. Por un lado, mantiene el elemento común a todos los conceptos contemporáneos de 

especie, por otro lado, elimina los conflictos entre conceptos antagonistas sin negar la 

importancia de las propiedades que subyacen a dichos conceptos. De modo que estas 

propiedades subyacentes son consideradas propiedades contingentes, características que las 

especies pueden llegar a tener o no durante el curso de su existencia. En este contexto, los 

linajes identificados dentro del complejo Q. laeta muestran diferentes grados de 

diferenciación con base en diversas propiedades contingentes; desde muy divergentes, con 

diferencias morfológicas conspicuas y recíprocamente monofiléticas, hasta especies con 

bajos niveles de diferenciación genética y morfológica, aunque ecológicamente divergentes 
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(Tabla 1). Además, nuestros resultados sugieren que los diferentes grados de diferenciación 

que ocurren dentro del complejo se deben a que los linajes de Q. laeta representan un grupo 

polifilético, con diferentes trayectorias evolutivas, donde procesos como la introgresión 

histórica, el sorteo incompleto de linajes (ILS) y la divergencia de nicho han dado forma a la 

diversificación. 

 

Recientemente, Valencia-Á. (2020) consideró relevante evaluar la divergencia en las 

especies de encinos desde diferentes perspectivas, por ejemplo, señaló la importancia de 

valorar, además del concepto taxonómico, el concepto ecológico y genético para la 

delimitación de especies. Bajo esta premisa, uno de nuestros resultados más notables fue que 

utilizando pocos loci de microsatélites nucleares y analizándolos con diferentes métodos 

basados en designaciones tanto a priori como de novo, fue posible identificar un patrón de 

diferenciación genética jerárquica dentro del complejo. Si bien hubo una diferencia en el 

número de grupos genéticos detectados mediante los diferentes métodos, fue posible 

identificar una importante y constante discontinuidad genética entre dos entidades. Nuestros 

resultados genéticos sugieren que los individuos etiquetados inicialmente como morfotipo 

transmontana y transmontana coyula podrían considerarse como una misma entidad genética 

(denominada Q. transmontana; Capítulo I; Figs. 2, 3, 4). Mientras que los individuos 

categorizados inicialmente en los morfotipos centralis, laeta y prinopsis formaron un 

segundo grupo genético (Q. laeta; Capítulo I; Figs. 2, 3, 4), aunque con un importante patrón 

de subestructura genética discutido más a fondo en el capítulo I. Paralelamente, este patrón 

de diferenciación genética estuvo acompañado de una diferenciación a nivel morfométrico, 

en donde fue posible identificar una divergencia entre las hojas lanceoladas y oblongas de Q. 

transmontana y las hojas obovadas y elípticas de Q. laeta.  
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En el capítulo II, combinando enfoques filogenéticos, basados en secuenciación de 

enriquecimiento dirigido, con la evaluación de la diferenciación de nichos ecológicos 

permitió identificar hasta seis linajes dentro del complejo, contrastando con las dos entidades 

genético-morfométricas identificadas en el capítulo I. Si bien Q. transmontana, identificado 

mediante datos genéticos y morfométricos, fue soportado como un linaje independiente 

utilizando datos multilocus y ecológicamente divergente mediante análisis de divergencia de 

nicho, Q. laeta (también identificado utilizando datos genéticos y morfométricos) fue 

dividido hasta en cinco linajes mediante el uso de datos multilocus. Además, los resultados 

de análisis filogenéticos sugieren que los linajes identificados dentro del complejo Q. laeta 

son polifiléticos estando más cercanamente relacionados con otras especies del clado 

Leucomexicana que entre sí mismos. Considerando estos resultados, es pertinente mencionar 

que la asignación de poblaciones basada en la agrupación genética (realizada en el capítulo 

I), si bien podría establecer límites entre grupos con un importante aislamiento genético,  

debería considerarse un enfoque a seguir en las primeras etapas de la delimitación de 

especies, y no como un método de delimitación por sí mismo, ya que si bien estos enfoques 

agrupan individuos que probablemente intercambien genes o tienen frecuencias alélicas 

similares debido a la ascendencia compartida (Pritchard et al., 2000; Rittmeyer y Austin, 

2012; Carstens et al., 2013), estudios recientes han demostrado que el nivel de divergencia 

genética intraespecífica no predice la tasa de especiación, lo que indica que las poblaciones 

estructuradas a menudo no logran convertirse en especies (Huang y Knowles, 2016; Singhal 

et al., 2018). De tal manera, resulta necesario contrastar cualquier hipótesis genética de 

especie utilizando múltiples e independientes líneas de evidencia para robustecer y validar 

su estatus.  
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Una de las principales dificultades, no solo dentro del complejo, sino de los encinos 

en general, es la identificación de caracteres diagnósticos morfológicos estables. 

Particularmente para Q. laeta, la interpretación morfológica ha sido ambivalente. Por un lado, 

representa una de las especies de roble con mayor polimorfismo poblacional (Valencia-Á, 

2004; Morales-Saldaña et al., 2022), cuya variación se ha observado principalmente en el 

grado de pubescencia sobre el envés de las hojas, la forma de la lámina foliar y la pubescencia 

de las ramillas. Por otro lado, el hecho de que estas poblaciones compartan ciertos caracteres 

micromorfológicos considerados como caracteres diagnósticos, como la presencia de papilas, 

tricomas sésiles contortos y la ausencia de tricomas glandulares en el envés de la hoja, ha 

llevado a diversos taxónomos a considerar que las poblaciones polimórficas presentes en Q. 

laeta en realidad representan una sola especie (McVaugh, 1974; Rangel et al., 2002), y que 

la gran variación morfológica podría ser consecuencia de la plasticidad fenotípica y eventos 

de hibridación local con diversas especies de encinos. Sin embargo, ningún estudio había 

evaluado anteriormente la variación morfológica poblacional bajo una hipótesis 

filogenómica y por consiguiente presentado discontinuidades morfológicas dentro del 

complejo.  

 

Los análisis morfométricos revelaron que la forma de la lámina foliar es importante 

para identificar a Q. transmontana del resto de especies; sin embargo, el traslape 

morfométrico foliar es prevalente dentro del complejo.  De tal manera que el mayor grado de 

diferenciación morfológica ocurre a un nivel micro morfológico y únicamente bajo un 

enfoque cuantitativo-comparativo fue posible detectar ciertas combinaciones de caracteres 

(p. ej. la presencia/ausencia de tricomas estrellados, longitud de los radios y la densidad de 

los tricomas), que permiten distinguir desde una perspectiva morfológica a estos linajes 
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detectados mediante datos genómicos. De este modo, los resultados obtenidos en este trabajo 

resaltan que i) los caracteres considerados históricamente como diagnósticos no serían los 

adecuados para discriminar entre linajes, y que la presencia de estos caracteres en diversos 

linajes no relacionados podría ser consecuencia de una convergencia morfológica, y ii) se 

proponen una serie de caracteres micromorfológicos que pueden ser evaluados y utilizados 

como caracteres diagnósticos para identificar y soportar desde una perspectiva morfológica 

a los linajes detectados mediante datos multilocus. Además, considerando que el enfoque 

cualitativo claramente no puede distinguir entre los linajes presentes en el complejo, la 

propuesta del uso de un enfoque cuantitativo para evaluar discontinuidades morfológicas 

podría ser un enfoque que utilizar para resolver problemas de discriminación en otros 

complejos de encinos taxonómicamente controversiales cuando no es posible el uso de datos 

multilocus.   

 

Finalmente, este estudio mostró que los linajes identificados mediante datos 

genómicos y respaldados por datos micromorfológicos están restringidos a determinadas 

regiones geográficas y con diferentes afinidades climáticas, sugiriendo que estos linajes son 

ecológicamente divergentes entre sí. Particularmente para México, se ha propuesto que las 

altas tasas de diversificación de linajes están asociadas con altas tasas de evolución a lo largo 

de gradientes de humedad (Hipp et al., 2018). Por lo tanto, nuestros resultados sugieren que 

las barreras montañosas pueden haber jugado un papel clave en la especiación y la 

diversificación a través de los efectos de la complejidad topográfica en la estratificación 

ecológica, la heterogeneidad ambiental y la limitación del flujo de genes (Rodríguez-Correa 

et al., 2015; Hipp et al., 2018; Barret et al., 2019). 

 



 

153 

 

Implicaciones taxonómicas para los encinos mexicanos  

Bastante se ha hablado sobre la relevancia de la especie como unidad central en la biología, 

y que la asociación de nombres científicos inequívocamente a las especies es fundamental 

para una referencia confiable en el sistema de información biológica (Wheeler 2004; Padial 

y De la Riva, 2021). En este contexto, los nombres taxonómicos tienen consecuencias en el 

mundo real; pueden redefinir los programas de conservación, impactar el comercio 

internacional e informar sobre el manejo de plagas (Garnett y Christidis, 2017; Thomson et 

al., 2018). Por consiguiente, las revisiones taxonómicas, así como la identificación y 

discriminación de especies deben basarse en medidas sólidas y altamente replicables, así 

como en hipótesis comprobables debido a que son la base de la investigación en la 

biodiversidad, incluyendo estudios de evolución, conservación y biogeografía (Hebert et al., 

2003; De Queiroz, 2007; Fujita et al., 2012; Luo et al., 2018). 

A pesar del desarrollo de nuevos enfoques y marcos conceptuales en el campo de la 

delimitación de especies, históricamente, el proceso de identificación y delimitación de 

taxones dentro del género Quercus se ha basado en el concepto taxonómico de especie, por 

lo cual los rasgos macro y micro morfológicos han tenido mayor relevancia (Valencia-Á., 

2020). Sin embargo, frecuentemente estos rasgos morfológicos son altamente homoplásicos, 

por lo cual en muchos casos el uso exclusivo de evidencia morfológica podría no ser 

suficiente para distinguir entre especies (Deng et al., 2017; Valencia-Á., 2020). En este 

contexto, el complejo Q. laeta ha sido un grupo donde la controversia con respecto a la 

divergencia y diferenciación de taxones ha sido constante, ya que ha sufrido múltiples ajustes 

en su clasificación intraespecífica (McVaugh, 1974; Rangel et al., 2002), debido 

principalmente a la presencia de caracteres morfológicos ambivalentes que han sido un 

desafío clasificar. No obstante, estudios filogenómicos previos habían sugerido que Q. laeta 
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no es un grupo monofilético (Hipp et al., 2018, Hipp et al., 2020), aunque el muestreo 

geográfico en estos estudios fue limitado. Considerando lo anterior, los resultados obtenidos 

a partir de ampliar el muestro a nivel poblacional a lo largo de la distribución geográfica de 

Q. laeta, y analizarlas bajo múltiples perspectivas, apoyan firmemente que las poblaciones 

del complejo Q. laeta son genética, morfológica y ecológicamente divergentes. De tal modo 

que es posible reconocer la existencia de al menos cuatro linajes principalmente alopátricos 

dentro del complejo, designados como centralis, laeta, prinopsis y transmontana, los cuales 

podrían considerarse como especies independientes bajo diferentes conceptos de especies. 

De tal manera, estos resultados sugieren que la diversidad de especies de robles en México 

sigue estando subestimada, a pesar de descripciones y reevaluaciones taxonómicas recientes 

(Valencia et al., 2016; González-Villarreal, 2018; McCauley et al., 2019; McCauley y 

Oyama, 2020; Valencia y Coombes, 2020; Morales-Saldaña et al., 2022) por lo que 

probablemente, escenarios similares ocurran al interior de otros complejos de encinos no 

estudiados.  

 

Ahora bien, aunque la designación de nombres para las especies putativas aquí 

propuestas se realizó con base en los nombres propuestos por Trelease (1924), podrían existir 

nombres más antiguos que tengan prioridad nomenclatural, por lo que de manera 

complementaria a la caracterización micromorfológica presentada en este trabajo es 

necesaria una diagnosis morfológica detallada y, una investigación nomenclatural para los 

linajes aquí propuestos antes de que puedan ser formalmente redescritos. 
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Tabla 1.  Caracteres sugeridos para distinguir entre especies identificadas dentro del 

complejo Quercus laeta. 

Caracter Q. centralis Q. laeta Q. prinopsis Q. transmontana 

Ramillas Glabrescentes  Puberulentas Tomentosas 

amarillo dorado 

Pubescente  

Forma de la hoja Elíptica Obovado Obovada Lanceolada, oblongo 

 

Tipo de margen 

 

Crenado 

 

Crenado 

 

Dentado 

Entero, ocasionalmente 

crenado 

Ancho de la hoja 

(mm) 

20 – 57 10 – 30 (38) 19 – 51 9 – 30 

Largo de la lámina 

(mm) 

60 – 136 42 – 95 (133) 50 – 125 33- 89 (96) 

Forma del ápice Mucronado Mucronado Mucronado Mucronado 

Forma de la base Redondeada, 

Oblicua 

Redondeada Oblicua, cordada Redondeada 

Forma de las 

yemas 

Ovoides con 

escamas 

glabrescentes 

Ovoides con escamas 

pubescentes 

Cónicas con 

escamas 

pubescentes 

Globosas/Ovoides con 

escama pubescentes 

Forma de las 

estípulas  

Acuminadas  Acuminadas 

pubescentes 

Lineares Lineares 

Tricomas 

estrellados 

Presente Presente Presente Ausente 

Densidad de 

tricomas 

glandulares (mm2) 

(0) 80 – 175 (360) 0 – 40 (3.5) 0 – 60 40 – 120 (240) 

Densidad de 

tricomas no 

glandulares (mm2) 

0 – 20 (80) (0) 20 – 40 (100) (0) 40 – 60 (120) 0 – 20 (100) 

Longitud de los 

brazos en tricomas 

fasciculados (µm) 

(88) 171.94 – 

306.92 (608.93) 

(250.67 ± 99.77) 

(96) 154.78 –241.80 

(489) 

205.48 ± 74.22 

(82) 225.84 – 

395.23 (538) 

(313.20 ± 111.96) 

(144) 236.4 – 371.9 

(540.2) (307.22 ± 

85.97) 

Longitud de los 

brazos en tricomas 

estrellados (µm) 

(66) 92.79 – 135.33 

(180) (116.36 ± 

28.43) 

(68) 100.36 – 133.86 

(209) (116.36 ± 28.43) 

(55) 104.19 – 

168.54 (267) 

(139.35 ± 45.47) 

 

— 

Número de brazo 

en tricomas 

estrellados 

6 – 10 

(7.73 ± 0.96) 

6 – 16 

(9.53 ± 2.31) 

4 – 11 

(7.58 ± 0.98) 

 

— 

Número de brazo 

en tricomas 

fasciculados 

3 –8 

(6.36 ± 1.45) 

6 – 12 

(8.53 ± 1.24) 

4 – 10 

(7.11 ± 1.02) 

2 – 9 

(6.86 ± 1.38) 

Patrón filogenético Polifilético  Polifilético  Monofilético  Monofilético 

 

Hábitat 

 

Bosque de 

pino-encino 

 

Bosque de 

pino-encino 

 

Bosque de 

encino seco 

Bosque de encino, 

Ecotono entre bosque 

de encino y matorral 

xerófilo 

 

 

Distribución 

geográfica 

 

 

Región centro-este 

de la Faja Volcánica 

Transmexicana 

 

Región norte de la 

Sierra Madre del Sur y 

región sur de la Sierra 

Madre Occidental 

 

 

 

Sierra Madre 

Oriental 

Región centro-sur de la 

Sierra Madre Oriental, 

Valle de Tehuacán-

Cuicatlán y regiones 

montañosas del 

Altiplano Mexicano 
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CONCLUSIONES 

 

La delimitación de especies necesita pruebas refutables para ser objetiva y empírica, de tal 

manera que establecer límites y proponer hipótesis de especies en grupos taxonómicamente 

conflictivos utilizando una sola línea de evidencia ocasionaría sesgos metodológicos y 

conceptuales que podrían requerir un monitoreo constante sobre la validez del taxon, 

especialmente en aquellos grupos donde procesos como la hibridación e introgresión son 

constantes. Asimismo, se debe insistir en la importancia de utilizar enfoques y herramientas 

que faciliten estudiar procesos de divergencia a nivel micro y macroevolutivo, y así obtener 

información que permita esclarecer las relaciones a un nivel taxonómico, pero bajo un claro 

contexto evolutivo.  

 

Particularmente, este enfoque permitió aumentar el rigor en la delimitación de 

especies dentro del género Quercus, remarcando que el uso de marcadores de cloroplasto 

podría no ser de los más indicados al momento de establecer límites dentro de complejos de 

especies de encinos. En contraste, el uso de marcadores de microsatélites en conjunto con 

una evaluación morfométrica podría servir como un primer paso en el descubrimiento de 

especies de encinos a pesar de su propensión a la hibridación, sin embargo, es importante 

señalar que la evaluación de cualquier hipótesis de especie debe realizarse bajo un marco 

filogenético. En este contexto, el uso del enriquecimiento dirigido permitió detectar genes 

ortólogos útiles para la estimación filogenómica, que en conjunto con evidencia de 

diferenciación de nicho climático soportan la hipótesis sobre la existencia de múltiples linajes 

dentro del complejo Quercus laeta, los cuales están restringidos a ciertas regiones 

geográficas y con diferentes afinidades climáticas. Finalmente, mediante una evaluación 

cuantitativa a nivel micromorfológico sugerimos caracteres cuantitativos y cualitativos que 

podrían tener un valor taxonómico para diferenciar entre especies, de modo que proponemos 

retomar la importancia de los tricomas estrellados y considerar la densidad de tricomas como 

características clave que en conjunto con la longitud del brazo y la variación en el número de 

brazos de los tricomas  brindan caracteres taxonómicos confiables que pueden servir como 

una herramienta adicional en la correcta identificación de estos linajes. Considerando toda la 

evidencia obtenida a partir de múltiples disciplinas proponemos que el complejo Quercus 
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laeta en realidad está compuesto por cuatro diferentes especies: Quercus centralis, Quercus 

prinopsis, Quercus laeta y Quercus transmontana, cada una con sus propias características 

micro morfológicas, afinidades climáticas y tendencias evolutivas.    

  

El presente estudio es un esfuerzo por contribuir al paradigma de que el rigor en la 

delimitación de especies debe residir en determinar qué parte de la variación observada en 

poblaciones (a nivel genómico, ecológico, fenotípico, funcional o, cualquier otra evidencia 

empírica), se explica mejor por la filogenia que por cualquier otro proceso. Este enfoque 

permitirá que la clasificación sea cada vez menos arbitraria y cada vez más replicable, 

permitiendo poner a prueba los límites de las especies, lo que proporciona un marco justo y 

riguroso para la investigación y la conservación. 
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