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Resumen
Los encinos o robles como también se les conoce a las especies de Quercus son el grupo
mas diverso dentro de la familia Fagaceae. Se caracterizan por su alta variacion
morfoldgica intra e interespecifica y su alta capacidad de hibridacion. Por lo anterior, a
este género se le considera como taxondmicamente complicado para la delimitacién sin
ambigiedades de sus especies.

En Chiapas se han reportado alrededor de 44 especies agrupadas en dos
secciones (Lobatae y Quercus) y para la region de Los Altos de Chiapas se tiene un
registro de 23 especies. El nimero de especies para cada region es dificil de precisar
debido a que la clasificacion taxonémica de los encinos se basa principalmente en la
morfologia foliar y distribucion geogréfica. Sin embargo, los cambios en la morfologia
foliar pueden ser resultado de cambios fenotipicos, cuya plasticidad esta asociada al
ambiente, lo cual dificultan la identificacion taxondmica entre especies.

En el presente trabajo se realiz6 la caracterizacion morfolégica y genética de 13
especies de Quercus, colectando material vegetal en 12 localidades de Los Altos de
Chiapas, para determinar el nivel de diferenciacién genética y morfolégica entre estas
especies. La caracterizacion se hizo mediante el analisis de cinco caracteres vegetativos,
con base en medidas lineales y en la relacién geométrica de 23 puntos morfométricos en
las hojas de los individuos mediante morfometria geométrica y la secuenciacion de la
region de cloroplasto matkK de 105 individuos de las 13 especies de Quercus. Los
resultados muestran una baja diferenciacién morfoldgica y genética entre especies. Los
caracteres lineales como el ancho de la hoja, longitud total de la hoja y longitud de la hoja,
ayudaron a discriminar a Q. crassifolia, Q. calophylla, Q. rugosa, Q. crispipilis, Q.
ocoteifolia, Q. acutifolia y Q. polymorpha. El analisis de morfometria geométrica y el
marcador molecular matK permitieron separar claramente a siete de las 13 especies. A
partir de los datos genéticos se identificaron dos grupos de haplotipos que corresponden
a la seccién Lobatae y Quercus. Para separar a las seis especies restantes (Q.
acatenangensis, Q. castanea, Q. dysophylla, Q. peduncularis, Q. sapotiifolia y Q.
segoviensis) se necesitan estudios considerando otros caracteres morfolégicos y

marcadores moleculares mas variables.



Palabras claves: Encinos blancos, encinos rojos, ADN de cloroplasto,

morfometria geométrica, variacion.

Capitulo 1.

1.1 Introduccion general
Chiapas cuenta con una gran diversidad de ecosistemas debido a la complejidad
fisiogréfica e historia geolégica de la region (Mullerried 1957). Se considera como uno de
los estados mas importantes de México en cuanto a diversidad floristica, la cual esta
conformada entre 8,250 y 10,000 especies de plantas vasculares (Rzedowski 1978,
Breedlove 1986 y Gonzélez-Espinosa et al. 2005).

Miranda (1952) y Breedlove (1981) reconocen para Chiapas entre 12 y 18
formaciones vegetales, de las cuales los bosques de pino, pino-encino y bosque mesofilo
de montafia constituyen los tipos de vegetacion que predominan en las regiones
fisiograficas de la Sierra Madre, Los Altos de Chiapas y las Montafias del Norte (Palacio-
Prieto et al. 2000; Gonzalez-Espinosa et al. 2005). Los bosques de pino-encino
(asociaciones de especies de Pinus spp. y Quercus spp.) de Los Altos de Chiapas
contienen una gran diversidad de especies arbéreas (Rzedowski 1978, Breedlove 1981)
lo mismo que los bosques mesdéfilos de montafia; en ambos dominan las especies del
género Quercus (Juarez-Medina 2013).

A nivel mundial se estima que hay entre 300 y 600 especies de Quercus (McVaugh
1974; Valencia 2004) y lo constituyen dos subgéneros: Quercus y Cyclobalanopsis. El
subgénero Quercus comprende las secciones Lobatae (encinos rojos), Protobalanus
(encinos intermedios) y Quercus (encinos blancos) sensu stricto (Manos et al. 1999). La
rigueza de especies de Quercus para México es dificil de precisar, ya que el nimero varia
segun los autores (Zavala-Chavez 1998, Valencia 2004, Rzedowski 1978, Nixon 1993 y
Alvarez-Zufiga et al. 2010).

En Chiapas se han reportado alrededor de 44 especies de Quercus, agrupadas en
dos secciones: Quercus y Lobatae (Valencia 2004, Villasefior 2016), de las cuales 10
estan dentro de alguna categoria de riesgo (Breedlove 1981; Gonzéalez-Espinosa et al.
2007). Para Los Altos de Chiapas se han registrado 23 especies de Quercus (Alba-Lopez

et al. 2003, Quintana-Ascencio y Gonzalez-Espinosa 1993; Rocha-Loredo et al. 2010);



sin embargo, el niumero de especies de cada region de Chiapas podria cambiar, en la
medida en que se estudie mas la ecologia y taxonomia de los encinos en el estado.

La clasificacién taxondmica de las especies de encinos se basa principalmente en
la morfologia (tamafio y forma) de sus hojas y en su distribucion geografica (Bacilieri et
al. 1995, Meade y Parnell 2003). Se ha propuesto que la forma y tamafio de las hojas de
los encinos es resultado de un proceso de seleccidon natural (Bacilieri et al. 1995); sin
embargo, se ha observado que la amplia variacion en el tamafio y forma de las hojas de
los encinos es principalmente ambiental. Es decir, la variacion observada en las especies
es plasticidad fenotipica y no totalmente producto de la variacién genética bajo seleccion

Si los genotipos de una poblacién son sensibles al ambiente, es posible que estos
expresen fenotipos distintos en funcién de la variacion ambiental, al grado que especies
emparentadas filogenéticamente pueden ser fenotipicamente similares en ciertas
condiciones ambientales; lo que podria indicar procesos de desarrollo involucrados en la
evolucion de los caracteres como el paralelismo (Hall 2003,Shubin et al. 2009). También
es esperable que, una misma especie sea fenotipicamente diferente en ambientes
contrastantes, como resultado de la alta plasticidad fenotipica que presentan los mismos.
Otra fuente de variacion fenotipica de origen genético es la capacidad de hibridacion
(entrecruzamiento entre especies diferentes) de los encinos, cuyo producto puede ser
una especie distinta con rasgos fenotipicos intermedios con relacion a los de las especies
gue participan en la hibridacion (Gonzalez-Rodriguez et al. 2004; Tovar-Sanchez y
Oyama 2004; Gonzalez-Rodriguez y Oyama 2005). Tanto la plasticidad fenotipica como
la hibridacién producen una amplia variacion y similitudes fenotipicas que dificultan la
identificacion taxondémica de las especies de encinos y han generado numerosas
sinonimias que reducen el numero de especies en ciertas areas geograficas (Muller y
McVaugh 1972, McVaugh 1974, Zavala 1998, Martinez-Cabrera et al. 2011).

De las 23 especies descritas hasta el momento para Los Altos de Chiapas, 16 se
encuentran dentro de la seccidén Lobatae (Q. acatenangensis, Q. acutifolia, Q. benthamii,
Q. calophylla, Q. conspersa, Q. cortesii, Q. castanea, Q. crispipilis, Q. crassifolia, Q.
dysophylla, Q. laurina, Q. ocoteifolia, Q. sapotiifolia, Q. skutchii, Q. tenuaristata, Q.
xalapensis) y siete dentro de la seccion Quercus sensu stricto (Q. obtusata, Q. pilarius,

Q. polymorpha, Q. rugosa, Q. segoviensis, Q. peduncularis y Q. sebifera), las cuales



presentan sinonimia. En taxonomia, sinonimia hace referencia a la existencia de dos o
méas nombres cientificos designadas a un mismos taxén (Turland et al. 2018). Por
ejemplo, Q. acatenangensis es considerado como sinénimo de Q. ocoteifolia (Valencia 'y
Flores-Franco 2006). Se sabe también que Q. acutifolia ha sido objeto de revisiones
taxonomicas por estar confundida con Q. conspersa y/o Q. grahamii, pero mediante la
revision del espécimen tipo éstas Ultimas han sido propuestas como sinGnimos y parte
del complejo Acutifoliae (Romero 2006; Valencia-A. et al. 2015). Quercus achoteana es
considerado como sinénimo de Q. segoviensis; Q. cerifera, Q. cinnamomea y Q. skutchii
como sinonimos de Q. crispipilis y Q. petiolaris como sinénimo de Q. polymorpha
(Valencia y Flores-Franco 2006).

Por otro lado, Q. laurina es una especie que puede presentar hibridacion con Q.
affinis (Gonzalez-Rodriguez y Oyama 2005). Estudios en poblaciones de Q. rugosa
sugieren que la variacion morfolégica de sus hojas esta asociada a factores ambientales
como la precipitacion y es una especie de amplia distribucion (Uribe-Salas et al. 2009),
gue puede presentar hibridacion con Q. glabrescens y es considerada como la especie
gue presenta hibridacién con un mayor niumero de especies (Zavala 1995, Nufiez-Castillo
et al. 2011). En la regién de Los Altos de Chiapas se presentan condiciones ambientales
asociadas a la acentuada orografia que repercute en la variacién de la temperatura,
humedad y radiacién solar lo que probablemente afecta la expresion fenotipica y los
procesos de divergencia de las especies de encinos.

1.2 Concepto de especie en el género Quercus
Las especies son la unidad fundamental de los estudios bioldégicos (Mayer 1982, Rosell
etal. 2010, Bacon et al. 2012, Su et al. 2015), ya que proveen las bases para describir la
diversidad natural y los procesos evolutivos que operan en la naturaleza (Rosenberg
1985).

Existen diversos conceptos de especie, todos ellos contribuyen al conocimiento y
comprensién de los organismos vivos y su biologia. Sin embargo, ninguno de estos
conceptos ha sido universalmente aceptado debido a que los criterios de determinacién
varian de acuerdo al campo y grupo con el que se trabaja (Mayden 1997, De Queiroz
2007, Aldhebiani 2018, Valencia-Avalos 2021).
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Tradicionalmente los estudios de los encinos estan basados en el concepto
biolégico y taxondmico de especie. Sin embargo, el uso de estos conceptos dentro del
género Quercus ha sido cuestionado, debido a la frecuente hibridacién entre diferentes
especies (Grant 1971, Burger 1975 y Hardin 1975) y alta variacion intra e interespecifica
(Valencia-Avalos 2004). Por lo que, Simeone y colaboradores (2013) consideran que para
definir la identidad de las especies de Quercus, es necesario hacer una revision profunda
basada en la sinergia de multiples datos para cada taxon, como ecologia, morfologia,
historia y genética. Lo anterior ha llevado a considerar que el concepto de especie
unificado propuesto por De Queiroz (2007) es adecuado para tratar a las especies de
Quercus, ya que considera a las especies como linajes que han evolucionado a diferentes

ritmos, lo mismo que sus caracteres (morfoldgicos, genéticos, etc).

1.3 Objetivos
En este estudio se propuso como objetivo general analizar la variacion fenotipica y
genética de las especies de Quercus que se distribuyen en Los Altos de Chiapas.
Los objetivos especificos fueron:
1. Analizar el nivel de diferenciacion morfoldgica entre especies de
Quercus en Los Altos de Chiapas con base en el analisis de caracteres lineales y
geomeétricos.
2. Determinar el nivel de diferenciacidbn genética entre especies de
Quercus presentes en Los Altos de Chiapas con base en una region del cloroplasto
(matK).
3. Analizar la relacion entre la variacién genética y morfolégica de las

especies de Quercus presentes en Los Altos de Chiapas.

4. Ratificar las especies de Quercus reportados para Los Altos de
Chiapas.
5. Determinar la riqueza de especies de Quercus presentes en Los

Altos de Chiapas a partir de datos morfolégicos y genéticos de los ejemplares

obtenidos en campo.
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1.4 Metodologia
La presente investigacion tuvo como fundamento metodoldgico el andlisis de caracteres
foliares a través de la morfometria tradicional y geométrica, asi como el estudio de la
variacion genética mediante el analisis de la region de cloroplasto matK.

La clasificacion taxonomica de las especies del género Quercus esta basada
principalmente en la caracterizacion morfologica de las especies, mediante el analisis
cualitativo (forma del apice, margen y base) y cuantitativo (largo y ancho) de las hojas
(Acedo 2004, Martinez-Cabrera et al. 2011). Sin embargo, estos caracteres no siempre
logran establecer claramente los limites taxondmicos de las especies dentro de un
género, como en el caso de Quercus, debido a que hay especies que presentan
plasticidad fenotipica asociada a las condiciones ambientales en el que se desarrollan
(Pedroso et al. 2010).

Ante tal dificultad, una de las soluciones emergentes ha sido el analisis digital de
imagenes mediante la morfometria geométrica. La morfometria geométrica es una
herramienta que permite el analisis de los patrones de forma, donde las mediciones
derivan de contornos y puntos morfologicos claves o landmarks (Adams et al. 2004). El
andlisis por puntos clave permite caracterizar la forma a través de coordenadas de un
conjunto de puntos que pueden ser localizados inequivocamente en cada uno de los
especimenes bajo estudio (Klingenberg et al. 2002). Lo que nos permite capturar la forma
de las estructuras con mayor eficiencia, ademas de poder analizar las variaciones en
tamafio y forma por separado (Klingenberg y Mcintyre 1998). Por lo que la morfometria
geométrica, es una herramienta Gtil en estudios taxonémicos y ecoldgicos de plantas y
un método complementario a la morfometria tradicional (Jaramillo-Ocampo 2011, Viscosi
et al. 2010, Canché-Delgado et al. 2011, Klingenberg et al., 2012).

Ante la complejidad biolégica de las especies, se requiere que los limites
taxondmicos sean estudiados desde perspectivas multiples y complementarias (Padial y
de la Riva 2007).

Actualmente, el cédigo de barras de ADN ha surgido como una nueva herramienta
para identificacion de especies. Un cddigo de barras de ADN es una regioén de ADN corta
y estandarizada que normalmente se utiliza para la identificacién de especies (Hebert et
al. 2003).
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Dentro de los codigos de barras propuestos por el grupo de trabajo de plantas del
consorcio para el codigo de barras de la vida (CBOL) se encuentra la region codificante
matK (Hollingsworth et al. 2009). El gen matK es una region con una tasa evolutiva rapida
y ha demostrado buenos niveles de discriminacion entre especies (66 %). Sin embargo,
la universalidad de los oligonucleoétidos utilizados para su amplificacién tiene resultados
variables entre grupos de plantas (Hollingsworth et al. 2009, Lahaye et al. 2008). La
utilizacion de estas herramientas en forma combinada puede ser de gran ayuda, mas aun
cuando se utilizan para la verificacion de especies y analisis filogenéticos.

Por lo tanto, se espera que la informacion obtenida en el presente trabajo
contribuya al mejoramiento de la delimitacién de las especies de Quercus de Los Altos
de Chiapas y sea util para la conservacion y el manejo de los encinos en la regién. En los
siguientes capitulos de la tesis se presentan mas detalles del marco tedrico de la tesis,
la metodologia, resultados y discusion de éstos. En el capitulo 2, se encuentran detalles
del marco metodoldgico que se realizé para cubrir los diferentes objetivos especificos y
corresponde al articulo cientifico derivado del trabajo de tesis. El articulo fue enviado a la
Revista Acta Botanica Mexicana.

En el tercer capitulo se hace una discusién adicional a la presentada en el capitulo
2, y se ofrecen conclusiones generales, asi como lineas de investigacién que le dan

continuidad al trabajo.
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Capitulo 2.
2.1 Articulo sometido a la Revista Acta Botanica Mexicana: Genetic and
morphological differentiation of Quercus (Fagaceae) in Los Altos de Chiapas,

Mexico.

Genetic and Morphological Differentiation of Quercus Species (Fagaceae) in
Los Altos de Chiapas, Mexico
Diferenciacion genética y morfoldgica entre especies de Quercus (Fagaceae) en
Los Altos de Chiapas, México

Quercus in Los Altos de Chiapas
Ana Cristina Ruiz-Dominguez?, Lorena Ruiz-Montoya!, Alfonso Angel Gonzalez-Diaz!y
Gabriela Castellanos-Morales?
'EIl Colegio de la Frontera Sur, Unidad San Cristébal, Departamento de la Conservacién de la
Biodiversidad. Carretera Panamericana y Periférico Sur s/n, Maria Auxiliadora, C. P. 29290, San
Cristdbal de Las Casas, Chiapas, México.
2El Colegio de la Frontera Sur, Unidad Villahermosa, Departamento de Conservacion de la
Biodiversidad. Carretera a Reforma Km. 15.5 s/n Ra, Guineo 2da. Secciéon. C.P. 86280.

Villahermosa, Tabasco, México.

Abstract

Background and Objectives:

Oaks (Quercus spp.) belong to the family Fagaceae and dominate the forests in Los Altos de
Chiapas (Chiapas Highlands), Mexico, where they promote plant and animal diversity. Until now,
the genetic and morphological variation of Quercus species in this region has not been reported.
This study aimed at determining the levels of genetic and morphological variation in 13 oak species
recorded in Los Altos de Chiapas.

Methods:

Leaves were collected from 205 Quercus trees of 13 species in 12 locations across Los Altos de
Chiapas. Morphological variation was determined based on the measurement of five leaf characters

and the analysis of leaf shape through geometric morphometrics. The genetic analysis was
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performed by sequencing the chloroplast matK region (810 bp); then the level of genetic diversity
(Hd) was obtained for each species. To determine the genealogical relationships between taxa, we
obtained a haplotype network, estimated Nei’s genetic distance, and subsequently grouped these
taxa by the UPGMA method. Additionally, genetic clusters of species were obtained through a
Bayesian population assignment (BAPS) analysis. Finally, genetic differentiation was correlated
with morphological differentiation between taxa through a Mantel test.

Key results:

We recorded a wide morphological variation and low genetic differentiation among the 13 Quercus
species inhabiting Los Altos de Chiapas. Little genetic and morphological differentiation was
observed between Q. ocoteifolia and Q. acatenangensis, supporting the previous hypothesis that
they are synonyms. Geometric morphometrics and analysis of the matK region (cDNA) clearly
separated seven of the 13 species. The genetic data clearly separated the sections Lobatae and
Quercus. The genetic and morphological distances were not significantly correlated.
Conclusions:

The 13 Quercus species inhabiting Los Altos de Chiapas showed low levels of genetic and
morphological differentiation. Further studies are needed to identify the factors determining the
observed morphological and genetic differentiation between species and to identify the characters
that better define each Quercus species.

Key words: white oaks, red oaks, chloroplast DNA (cDNA), taxonomy, variation.

Resumen

Antecedentes y objetivos:

Los encinos (Quercus) pertenecen a la familia Fagaceae y son especies que dominan los bosques
de la region de Los Altos de Chiapas, México, en donde son promotores de diversidad tanto de
plantas como de animales. Hasta ahora no se habia reportado la variacion genética y morfoldgica
de las especies de Quercus en esta region. El objetivo de este estudio fue determinar el nivel de
variacion genética y morfoldgica de 13 especies de encinos registrados en Los Altos de Chiapas.
Métodos:

Se colectaron hojas de 205 individuos de Quercus de 13 especies en 12 localidades de Los Altos
de Chiapas. La variacion morfoldgica se determiné con base en la medicion de cinco caracteres
foliares y el analisis de la forma de la hoja a través de morfometria geométrica. El analisis genético

se realizé mediante la secuenciacion de laregion de cloroplasto matK (810 pb), con lo que se estimd
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el nivel de diversidad genética por especie (Hq). Para determinar las relaciones genealdgicas entre
taxa se obtuvo una red de haplotipos, luego se estimd la distancia genética de Nei y posteriormente
se agruparon por el método de UPGMA. Adicionalmente, se obtuvieron grupos genéticos de
especies a través de un analisis Bayesiano de estructura poblacional (BAPS). Finalmente, se estim6
la correlacion entre la diferenciacion genética y morfoldgica entre taxa por medio de una prueba
de Mantel.
Resultados clave:
Registramos una amplia variacion morfoldgica y baja diferenciacion genética entre las 13 especies
de Quercus de Los Altos de Chiapas. Se observo poca diferenciacion genética y morfologica entre
Q. ocoteifolia y Q. acatenangensis, lo cual apoya la hipotesis previa de que son sinénimos. La
morfometria geométrica y el analisis de la region matK (ADNCc) permitieron separar claramente a
siete de las 13 especies. Las secciones Lobatae y Quercus fueron claramente diferenciadas a partir
de los datos genéticos. El analisis de correlacion entre la distancia genética y morfologica fue no
significativo.
Conclusiones:
Los niveles de diferenciacion genética y morfoldgica entre las 13 especies de Quercus de Los Altos
de Chiapas fueron bajos. Se requieren estudios adicionales para determinar los factores que
promueven diferenciacion morfoldgica y genética observada entre las especies y para identificar
caracteres que delimiten mejor las especies de Quercus.
Palabras clave: encinos blancos, encinos rojos, ADN de cloroplasto (ADNc), taxonomia,
variacion.

Introduction
Oaks, as Quercus species are commonly known comprise a highly diverse and taxonomically
complex biological group within the family Fagaceae (Manos et al., 1999; Acedo, 2004).
Worldwide, the genus is distributed in temperate and subtropical areas of the northern hemisphere,
with two recognized centers of diversity, one in southeast Asia and the other in the mountainous

regions of central and eastern Mexico (Nixon, 1998; Valencia-Avalos, 2004; Rzedowski, 2006).

Villasefior (2016) recognizes about 174 species in Mexico, which are grouped in three sections:

16



Quercus (white oak), Lobatae (red oak), and Protobalanus (intermediate oak) (Nixon, 1993;
Manos et al., 1999; Valencia, 2004; Alvarez-Zufiiga et al., 2010).

In Chiapas, 44 species have been recorded to date; of these, 10 are listed within a risk
category (Gonzalez-Espinosa et al., 2007, 2009, 2011; Villasefior, 2016). In particular, around 23
oak species are recorded for the central highlands of the state of Chiapas, a region commonly
known as Los Altos de Chiapas (Alba-Lopez et al., 2003; Gonzélez-Espinosa et al., 2006).

Similar to the taxonomic and systematic classification of most plants, oak species are
defined based on leaf morphology (Bell and Bryan, 2008; Meade and Parnell, 2003; Marcus, 1990;
Henderson, 2006). The typical leaf characters used are shape of the apex, base, and margin, and
leaf length and width (Marcus, 1990; Hernandez, 2014). However, changes in foliar morphology
can result from plastic phenotypic changes as the leaf is highly exposed to environmental
conditions (Sack and Frole, 2006). In oaks, for example, foliar variation has been observed between
populations, between individuals, and even between branches of the same individual; thus, it has
been proposed that oaks display high plasticity and phenotypic differentiation related to the
environment they inhabit (Gonzalez-Rodriguez and Oyama, 2005). Another source of phenotypic
variation in oaks is hybridization, i.e., the crossing between different species (Gonzélez-Rodriguez
et al., 2004; Tovar-Sanchez and Oyama, 2004; Gonzélez-Rodriguez and Oyama, 2005). Both
hybridization and phenotypic plasticity contribute to foliar variation giving rise to a wide variety
of shapes; this adds complexity to the taxonomic identification of species and can produce
numerous synonymies and uncertainty in the number of species in certain geographic areas (Muller
and McVaugh, 1972; McVaugh, 1974; Zavala, 1998; Martinez-Cabrera et al., 2011).

The reliable distinction of oak species is crucial for their conservation and management.
Thus, the analysis of their levels of phenotypic and genetic variation in a given geographic region

can be useful for improving the knowledge of the local species. Today, geometric morphometrics
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(GM) is an alternative to linear morphometry to detect morphological divergence in biological
groups displaying slight differences. GM allows estimating the size and shape of organisms, as
well as the relationship between these traits and ecological and evolutionary processes (Dryden
and Mardia, 1998; Viscosi and Cardini, 2011; Valcarcel and Vargas, 2010).

On the other hand, neutral molecular markers represent an additional source of information
that is not under selection by environmental factors (Martinez et al., 2010). In particular,
chloroplast DNA (cpDNA) is considered a neutral molecular marker that allows the interpretation
of genetic variation patterns from a broad temporal perspective as it is haploid, not subject to
recombination, and characterized by uniparental inheritance (paternal in gymnosperms and
maternal in angiosperms; Petit et al., 2002; Lumaret et al., 2002). In addition, the chloroplast shows
a low mutation rate, which is useful for the characterization of variation patterns in several tree
species (LOpez de Heredia et al., 2005).

Oak species are considered one of the main components of vegetation in Los Altos de
Chiapas and are of great ecological and economic importance; nevertheless, the genetic-
morphological studies carried out for the genus Quercus in the region are scarce (Martinez, 2011,
Rivas, 2017). Most studies on Quercus have focused on aspects related to the ecological succession
of mountain forests and the propagation of trees for forest restoration (Gonzalez-Espinosa et al.,
2007; Quintana-Ascencio and Gonzalez-Espinosa, 1993; Martinez-lco et al. 2015; Martinez-
Meléndez and Lopez-Santiago, 2019). The present work investigated the genetic and
morphological differentiation of 13 Quercus species reported for Los Altos de Chiapas and
assessed the taxonomic resolving power of analyzed data. This information is expected to
contribute to: (1) validate previously reported species and (2) assess the power of lineal and
geometric morphometrics and certain cpDNA regions to solve taxonomic uncertainty in Quercus.

The results of this analysis are valuable for the management and conservation of oak species in Los
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Altos de Chiapas and set the grounds for further studies addressing the taxonomic and genetic

diversity of oak species at local, and regional levels.

Materials and Methods

Study Area and Leaf Collection

Leaf samples for morphological and genetic analyses of the 13 species of Quercus studied were
collected from 12 localities of six municipalities in the Los Altos de Chiapas region (CEIEG, 2020)
(Table 1, Fig. 1). This region is located within parallels 16°15” latitude and —91° 50” longitude,
over an altitudinal range of 1500 to 2840 m asl, stretching across 3717.08 km? (INEGI, 2010). The
climate of the region is temperate subhumid, with a mean annual temperature of 14.8°C and mean
annual precipitation of 1402 mm (Garcia, 1987).

The Los Altos de Chiapas region is formed by a massif of limestone rocks and rendzina
soils, deep humic acrisols, and infertile chromic luvisols (INEGI, 2010). The dominant vegetation
types are pine-oak forest in the highest parts and mountain cloud forest in areas with high humidity.
The current landscape comprises vast areas of secondary vegetation and grasslands (CEIEG, 2020).

Sampling sites were determined from records of oak species from the Herbarium of Colegio
de la Frontera Sur (ECO-SC-H). The areas selected for the present study are currently covered by
well-preserved oak-pine, oak, and pine-oak forests (Table 1). Leaf samples were taken from five
randomly selected individual with a distance of at least 100 m between them of the species found
in each site. From each individual, leaf samples were collected from different branches with no
apparent damage. The leaf samples for the morphometric analysis were placed between newspaper
sheets in wooden presses with the respective label. Samples were determined using taxonomic keys

(Valencia-Avalos et al., 2002; Romero, 2006), species descriptions (Trelease, 1924 and Muller,
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1942), and by comparison with specimens available in virtual herbaria (Tropics, 2020; JSTOR,
2020).

For the genetic analysis, three to five healthy young leaves were collected per individual;
these leaves were placed in plastic bags and labeled, and then stored at -20°C to preserve the tissues

until DNA extraction.
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Figure 1: Location of the sampling sites for leaf samples of Quercus in the Los Altos de Chiapas region.
Ten 1= Ch’ixtontik, Ten 2 = Centro de Tenejapa, Mox= Moxviquil, Thz= Tzontehuitz, Enc = Encuentro,
Arc = Arcotete, Hui= Huitepec, Ped= Parque Educativo San José, Zin= Zinacantan, Teo-E = Teopisca,

Teo-CG = Cerro grande, Teopisca, Baz = Bazom.
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Table 1: Locality, municipality, georeference coordinates, and altitude of sampling sites of 13 Quercus species in Los
Altos de Chiapas. Q. aca = Q. acatenangensis, Q. acu = Q. acutifolia, Q. cal = Q. calophylla, Q. cas = Q. castanea, Q.
cras = Q. crassifolia, Q. cris = Q. crispipilis, Q. dys = Q. dysophylla, Q. oco = Q. ocoteifolia, Q. ped = Q. peduncularis,
Q. pol = Q. polymorpha, Q. rug= Q. rugosa, Q. sap = Q. sapotiifolia, Q. seg = Q. segoviensis.

Species

Locality Q | Q |0 00 oo 0o lololao ol o

aca | acu | cal | cas |cras |cris| dys | oco ped | pol | rug | sap | seg

Bazom, Huixtan
(16°44°50" N X X X X X
9202945 W; 2400 m asl)

Arcotete Ecotourism
Center (16°43'55" N X X X X X
92°35°05"" W; 2350 m asl)

San José Educational Park
(16°43'12" N X X X X
92°42°03"" W; 2380 m asl)

Encuentro National Park
(16°44°13" N X X X X X X
92038715 W; 2136 m asl)

Huitepec Ecological
Reserve (16°44°43" N X X X X
92°40°46"" W; 2750 m asl)

Moxviquil Ecological
Reserve (154522 N X X X X
92°37°55"" W; 2240 m asl)

Tenejapa (16°49° No.
92°30" W; 2060 m asl)

Teopisca (16°32°33" N
92028719 W; 1800 m asl)

Tzontehuitz, Chamula
(16°48°35" N X X X
92034°24° W; 2800 m asl)

Zinacantan (16°46° N
92043" W; 2162 m asl)

Total No. of Individuals

(N)
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Linear Morphometry

We collected five leaves per individual of each species; these were individually scanned at a
resolution of 200 dpi with the upper side of the leaf facing upwards and a sheet of millimetric paper
as background for scale reference. The number and location of the anatomical marks were
determined by tracing equidistant lines with the MakeFan program (Sheets, 2014); subsequently,
these were digitalized (placed) with the programs tpsUtil and tpsDig ver 2.26 of the TPS series
(Rolf, 2015); this generated a matrix of coordinates for each leaf sample.

From the coordinate matrix, five morphological characters of the leaf underside were
measured using the CoorGen8 program of the software Integrated Morphometrics Package (IMP)
(Sheets, 2001). The characters measured were as follows: total leaf length (TLL, distance between
the leaf apex and the base of the petiole), leaf length (LL, measured from the leaf apex to the base,
not including the petiole), leaf width (LW, measured at the widest cross-section), petiole width
(PW), and petiole length (PL) (Uribe-Salas et al., 2008; Zufiga et al., 2009; Ruiz-Dominguez,
2016).

The data were normalized by logio transformation and processed through a multivariate
analysis of variance (MANOVA), with the species as the independent variable with 13 levels
(species) (Zar, 1999). To assess the degree of separation between species, we used a discriminant
function (DA) analysis based on the metrics of the five leaf characters. The morphometric
separation was visualized through a biplot that was constructed with the averages of the scores of
the first two discriminant functions. The MANOVA and DA were conducted in the PAST program

(Hammer et al., 2001).
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Geometric Morphometrics

The images of leaves used for linear morphometry were also used for the geometric analysis, which
allowed obtaining a geometric description of leaf shape. A configuration of 23 anatomical points
was designed, consisting of five major marks (type-1 landmarks) and 18 semilandmarks or
secondary marks. Type-1 landmarks are discrete homologous anatomical points that are recognized
in all samples and species. This study included five type-1 landmarks, two located in the petiole,
one at the apex, and two at the base of the leaf (Fig. 2). Semilandmarks are points with a variable
anatomical position, which depends on the natural shape of the leaf, so these were used to delimit
the contour of the leaf (Aguirre and Jimenez-Prado, 2018). The number and location of
semilandmarks were defined by tracing equidistant cross-lines on the image of each leaf with the
MakeFan program of the IMP software (Sheets, 2014). Subsequently, the MakeFan images were
used to set type-1 landmarks and semilandmarks to construct a matrix of geometric coordinates
using the programs tpsUtil and tpsDig ver 2.26 of the TPS series (Rolf, 2015) (Fig. 2).

From the coordinate matrix, we performed a Generalized Procrustes Analysis (GPA) to
eliminate the variation in the shape of the leaf due to the orientation, location and scale of the
analyzed organisms (Klingenberg and Mclntyre, 1998), and to obtain the matrix for the shape
variables (partial warps) and for the centroid size (CS). To eliminate the effect of leaf size on shape,
we performed a regression analysis between the matrix of shape variables and the natural logarithm
of the centroid size (Aguirre and Jiménez-Prado, 2018). The residual values of this regression were
used for further statistical analyses. We conducted a Principal Component Analysis (PCA) and a
Canonical Variate Analysis (CVA) to reduce the number of coordinates and to evaluate the
morphological differentiation between species due to the geometric configuration of leaf shape

(Lattin et al., 2003; De Luna, 2020). Subsequently, we used the first two principal components to
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elaborate deformation grids, which provide a visual description of the partial change in the shape
of the specimens. Also, the contours of the consensus leaves for each species were extracted from
these data (Manly, 1986; Lattin et al., 2003). All analyses were performed in the MorphoJ program

(Klingenberg, 2011); graphs were constructed with the PAST program (Hammer et al., 2001).
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Figure 2: Configuration of anatomical points of Quercus leaves. Blue dots represent type-I landmarks and

black dots represent semilandmarks
Genetic Variation

DNA extraction
Total DNA was extracted from leaves collected from 205 individuals of different Quercus species.
Prior to extraction, the leaves were washed with 70% alcohol and distilled water to remove the
pubescence in both sides of the leaf. From each sample, 60 mg of tissue were weighed and
macerated with liquid nitrogen to form a dust. Then, we used the CTAB 2x method for DNA

extraction (Doyle & Doyle, 1987), adjusting for substance volumes and incubation time. DNA
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extraction and quality were verified by electrophoresis in 1% (w/v) agarose gel in TAE 1x buffer
and stained with ethidium bromide.
DNA Amplification, Visualization, and Sequencing

From the extracted DNA we amplified a fragment of the matK gene through the polymerase chain
reaction (PCR) (Yang et al., 2017). The matK region was amplified in a Bio Rad T100 thermal
cycler in a final volume of 32 pL. Each reaction was prepared with a mixture of 13 pL of Taq 2x
Master Mix (QIAGEN), 10 pL of nuclease-free water (QIAGEN), 3 uL of each primer (forward
and reverse) (IDT), and 3 pL of DNA. PCR conditions were: initial denaturation at 94°C for 2
minutes, followed by 30 denaturation cycles at 94°C for 1 minute; alignment at 55°C for 1 minute;
elongation at 72°C for 2 minutes; and final extension at 72°C for 7 minutes (Yang et al., 2017).

PCR products were confirmed by 2% agarose gel electrophoresis using 3 pL sample
(DNA), 2 pL dye (Blue Orange, Promega), and 2 pL ladder 100 bp (Promega). DNA migration
was performed in a horizontal electrophoresis chamber (OWL, model B1) in buffer (TBE 1x),
applying a current of 90 volts (V) for 45 minutes. Gels were stained with ethidium bromide for 20
minutes and photographed with an imaging system (BioRad, Universal Hood 11l model). The
fragments obtained from the PCRs were sent for Sanger DNA sequencing on an ABI PRIS 3730XL
(Macrogen Inc. Seoul, Korea).

Genetic Data Analysis

To confirm that the sequences belong to the genus Quercus, we conducted a Nucleotide Blast
analysis at NCBI-GenBank webpage (Benson et al., 2015). Afterward, sequences were edited
manually and then aligned using the ClustlalX algorithm contained in MEGA version 7.0 (Kumar

et al., 2016). For further analyses sequences should have the same length so we removed the
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extreme bases of the longest sequences. The sequences obtained were deposited in the NCBI-
GenBank database (accession number MZ383802-MZ383813) (Benson et al., 2015).

We used DNAsp program (Librado and Rozas, 2009) to estimate standard measures of
genetic variation parameters including the number of haplotypes (H), haplotype diversity (Ha),
number of segregating or variable sites (S), and nucleotide diversity (). We determined the
genealogical relationships between haplotypes by constructing a network of haplotypes in the
program Network 5.0 with the Median Joining algorithm (Bandelt et al. 1999), where all minimum-
expansion trees are pooled within the network following an algorithm equivalent to the one
proposed by Excoffier and Smouse (1992).

The genetic similarity between individuals was assessed by calculating Nei’s standard
genetic distance between species (Nei, 1978) with the program MEGA version 7.0 (Kumar et al.,
2015). Additionally, a Bayesian analysis of population structure was performed in the rhierbaps
library (Cheng et al., 2013; Tonkin-Hill et al., 2018) in R (RCore Team, 2020). We run ten
iterations setting K = 13 as the upper limit of genetic groups (K). The individual probabilities of
assignment to each genetic group for the best-supported value of K were plotted using the ggplot2
library (Wickham, 2010) in R (R Core Team, 2020).

Relationship between Morphometric and Genetic Variation

The coherence between morphometric and genetic variation was assessed using the Nei’s genetic
distances matrix (Nei, 1972) and recovering the matrix of Mahalanobis distances from the
Canonical Variate Analysis (CVA) of geometric morphometrics. From these, we obtained a
dendrogram by UPGMA (Unweighted pair-group average) of each matrix; the position of each

species was visually compared between both analyses. Finally, the correlation between the two
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distance matrices was analyzed using a Mantel test implemented in the Vegan package (Oksanen

et al., 2020) using the software R (R Core Team, 2020).

Results

Linear Morphometry

The lowest values of total leaf length (TLL), leaf length (LL), leaf width (LW), and petiole width
(PW) were observed in Quercus crispipilis (TLL = 39.93 mm, LL = 37.78 mm, LW = 14.73 mm,
PW = 0.45 mm); Q. calophylla showed the highest values for TLL and PL (TLL = 308.6 mm, PL
= 38.34 mm). Highest values for LL, LW, and PW were observed in Q. crassifolia (LL = 288.28
mm, LW = 175.61 mm, PW = 8.02 mm). The lowest petiole length was recorded in Q. ocoteifolia
(PL = 0.93 mm). The MANOVA detected overall significant differences between species (Wilks
Lambda g. acite0/4720 = 45.23; p < 0.05). However, the results of the Hotelling paired values test
showed that Q. sapotiifolia-Q. crispipilis, Q. sapotiifolia-Q. disophylla, and Q. sapotiifolia-Q.
ocoteifolia did not differ significantly (p > 0.05).

The first two discriminant functions (FD) captured 90.49% of the variation. The first and
second discriminant factors accounted for 73.6% and 16.89% of the variation, respectively. Leaf
width (LW) was the most important trait on the first discriminant function (FD1, eigenvector =
12.06). The most relevant traits for discriminant function 2 (DF2) were total leaf length (TLL) and
leaf length (LL). The discriminant function analysis found that 67.96% (150 specimens) of the 205
individuals analyzed were correctly classified as the species initially assigned.

The biplot of the first two functions shows a trend toward the morphological separation of
Q. calophylla, Q. crassifolia, Q. rugosa, Q. crispipilis, Q. ocoteifolia, Q. polymorpha, and Q.

acutifolia, although an overlap was observed in some cases (Fig. 3).
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Species
® 0. acatenangensis
Q. acutifolia
® O. calophylla
® Q. castanea
® O. crassifolia
® O. crispipilis
® Q. dysophylla
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® Q. sapotiifolia
¥ Q. peduncularis
Q. polymorpha
Y 0. rugosa
V¥ O. segoviensis

DF2 (16.89 %)

1 ]

- 1
60 -45 -30 -15 00 15 30 45 6.0
DF1 (73.6 %)

Figure 3: Scatterplot of the discriminant analysis based on the five linear variables recorded for the 13
Quercus species. Circles correspond to species in the section Lobatae; triangles correspond to species in the

section Quercus

Geometric Morphometrics

The first two components explained 81.73% of the total variance. The first and second components
accounted for 72.25% and 9.48% of the variation, respectively (Fig. 4). The deformation grids
based on the negative and positive sections of CP1 showed that, in all species, leaf shape changes
as a result of the expansion or retraction of the apical and middle parts of the leaf. In CP2, the
greatest variation occurs in the shape of both the petiole and the base of the leaf (Fig. 5). The
species positioned on the negative side of the CP1 axis have broad leaves with the apex slightly
pronounced, while the species positioned in the positive section of CP1 have narrower elliptical
leaves with pronounced apices and thin petioles. The positive axis of CP2 is associated with the
separation of species with lobed leaves. The scatterplot of the averages of scores of the first two

components shows the relative segregation of some species, e.g., Q. ocoteifolia, Q. calophylla, Q.
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crassifolia, Q. crispipilis, and Q. rugosa (Fig. 4). For their part, Q. acatenangensis, Q. acutifolia,

and Q. ocoteifolia share a similar leaf shape; the same is observed in the group of Q. crispipilis, Q.

sapotiifolia, and Q. dysophylla, and in the group of Q. peduncularis, Q. segoviensis, Q. crassifolia,

and Q. rugosa (Fig. 6).

The averages of the first two canonical variables explained 83.64% of the total variation in

leaf morphology (CV1 =56.6% and CV2 = 27.04%). The scatterplot of the canonical variables 1

(CV1) and 2 (CV2) showed the segregation of seven species: Q. calophylla, Q. crassifolia, Q.

crispipilis, Q. ocoteifolia, Q. acutifolia, Q. rugosa, and Q. polymorpha; although some cases of

overlap of traits were observed (Fig. 7)
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Figure 4: Scatterplot of the first two PCA components based on the five linear foliar variables measured in

the 13 Quercus species.
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Figure 5: Deformation grids obtained from the positive and negative axes of PCA components 1 and 2 for
the 13 Quercus species present in Los Altos de Chiapas.
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Figure 6: Reconstruction of contours obtained from the PCA for each species of Quercus analyzed.
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Figure 7: CVA plot for the 13 Quercus species present in Los Altos de Chiapas. Circles correspond to

species in the section Lobatae; triangles correspond to species in the section Quercus.

Genetic Variation

Good-quality DNA was obtained from 108 of the 205 samples collected, corresponding to a
variable number of samples for the 13 species. The marker matK was successfully amplified in 105
samples; three sequences were discarded due to the poor quality (noise in the electropherogram),
as in several sites the correct base could not be recognized. The final alignment for the matK region
had a length of 810 bp, with a total of 17 segregating sites, 12 haplotypes, haplotype diversity (Hd)
of 0.674, and nucleotide diversity (z) of 0.0047 (Table 2).

The haplotype network shows 17 mutations and reveals two groups of haplotypes

corresponding to the sections Quercus and Lobatae. The highest number of mutations was observed
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between haplotypes H1 and H11 and between H6 and H8. H1 was the most frequent haplotype; it
was observed in nine species pertaining to the section Lobatae (Fig. 8). H3 was the second most
frequent haplotype, being recorded in four species, three of which belong to the section Quercus.

Six of the 12 haplotypes were unique. Of these, H9 and H10 were observed only in Q.
ocoteifolia; H5 and H6, in Q. crassifolia; and H11, in Q. calophylla; all the above species belong
to the section Lobatae. These haplotypes are connected to H1 in the haplotype network. Haplotype
H12 was only observed in Q. rugosa (section Quercus). The rest of haplotypes were observed in
more than two individuals and are shared between two or more species. H4 is shared between Q.
crassifolia, Q. crispipilis, and Q. ocoteifolia (section Lobatae). H8 is shared between Q.
segoviensis and Q. polymorpha (section Quercus); H7, between Q. rugosa and Q. segoviensis
(section Quercus); and H2, between Q. crassifolia and Q. dysophylla (section Lobatae).

The Bayesian allocation analysis detected two genetic groups (K = 2) (Fig. 9). The first
includes individuals of Q. acutifolia, Q. calophylla, Q. crispipilis, Q. dysophylla, Q. crassifolia
(except for two individuals), Q. ocoteifolia, Q. sapotiifolia, Q. acatenangensis, and Q. castanea,
all in the section Lobatae. For their part, Q. peduncularis, Q. rugosa, Q. segoviensis, and Q.
polymorpha, all in the section Quercus, form another group, which also includes two individuals

of Q. crassifolia.
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Table 2. Genetic diversity by species of Quercus collected in Los Altos de
Chiapas. N = number of sequences, S = segregating sites, H = number of

haplotypes, Hq = haplotype diversity, = = nucleotide diversity.

Species N S H Ha T
Q. acatenangensis Trel.* 1 - 1 - -
Q. acutifolia Née. 2 0 1 0 0
Q. calophylla Schlitdl. & Cham. 6 5 2 0.3333  0.0020
Q. castanea Née. * 1 - 1 - -
Q. crassifolia Humb. & Bonpl. 19 9 6 0.7777  0.0028
Q. crispipilis Trel. 18 1 2 0.1250 0.0016
Q. dysophylla Benth. 6 1 2 0.2500  0.0002
Q. ocoteifolia Liebm. 13 2 2 0.2948  0.0003
Q. sapotiifolia Liebm.* 1 - 1 - -
Q. peduncularis Née 5 0 1 0 0
Q. polymorpha Schitdl. & Cham.* 1 - 1 - -
Q. rugosa Née 23 3 3 0.3122  0.0005
Q. segoviensis Liebm. 9 2 3 0.4166  0.0006
Total 105 17 12 0.674 0.0047

* The diversity indices of these species could not be calculated because only one

haplotype was recorded. Data in bold correspond to the highest diversity values.
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Figure 8: Haplotype network of the 12 haplotypes identified in Quercus individuals using the Median
Joining algorithm (Excoffier and Smouse, 1992). Each circle represents a single haplotype (size [in brackets]
is proportional to haplotype frequency); lines represent mutational steps between haplotypes. Colors

indicate the species including each haplotype according to the legend in the figure.
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Figure 9: Results for the Bayesian analysis of population structure (BAPS) for K = 2, obtained for Quercus
species present in Los Altos de Chiapas. Color bars represent the assignment of individuals to each genetic
group. Q. acu = Q. acutifolia, Q. cal = Q. calophylla, Q. cris = Q. crispipilis, Q. dys = Q. dysophylla, Q.
cras = Q. crassifolia, Q. oco = Q. ocoteifolia, Q. ped = Q. peduncularis, Q. rug = Q. rugosa, Q. seg = Q.
segoviensis, Q. sap = Q. sapotiifolia, Q. aca = Q. acatenangensis, Q. cas = Q. castanea, Q. pol = QO

polymorpha.

Relationship between Morphometric and Genetic Variation

The UPGMA built from Nei’s genetic distance yields two basal groups that include the species of
the sections Lobatae and Quercus. The section Lobatae is split into two groups, one including Q.
crassifolia and the second Q. dysophylla, Q. acutifolia, Q. crispipilis, Q. castanea, Q.

acatenangensis, Q. ocoteifolia, and Q. sapotiifolia; Q. calophylla is bound at a greater distance.
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The section Quercus clusters Q. segoviensis and Q. rugosa, with Q. peduncularis and Q.
polymorpha joining this group at a greater distance (Fig. 10 A).

On the other hand, the dendrogram based on Mahalanobis distances obtained from the CVA
of the MG analysis showed a relationship between species that differs from the cluster analysis
based on genetic distances. The species were grouped into three basal groups. The first group
includes Q. acutifolia and the second maintains the grouping of Q. segoviensis and Q. rugosa
(section Quercus). In turn, the third cluster is split into two subgroups where Q. ocoteifolia and Q.
acatenangensis remain as a group (Fig. 10 B).

According to the Mantel test, no significant correlation was found between genetic distance

and phenotypic distance (r = 0.072, p = 0.30).
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Figure 10: Dendrograms constructed with the UPGMA algorithm with Nei’s genetic distances (A) and
Mahalanobis distance (B) for Quercus species. Names in blue correspond to species in the section Quercus;

names in black correspond to species in the section Lobatae. Q. aca = Q. acatenangensis, Q. acu = Q.
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acutifolia, Q. cal = Q. calophylla, Q. cas = Q. castanea, Q. cris = Q. crispipilis, Q. dys = Q. dysophylla, Q.
cras = Q. crassifolia, Q. oco = Q. ocoteifolia, Q. ped= Q. peduncularis, Q. rug= Q. rugosa, Q. seg = Q.
segoviensis, Q. sap = Q. sapotiifolia, Q. pol = Q polymorpha; G1-G3 = Group 1-3.

Discussion

The results of the present study suggest low levels of genetic and morphological differentiation
among the 13 Quercus species present in Los Altos de Chiapas; consequently, identifying some
species is a complex task. Genetic data clearly distinguished the two sections, i.e., Lobatae and
Quercus, with the former including two genetic groups. On the other hand, the analyses based on
geometric morphometrics and the molecular marker matK (cDNA) were consistent in separating
seven of the 13 species included in the analysis. However, there was no correlation between genetic
and morphological information.

The linear characters that were most important for separating species in both the linear and
geometric analyses were leaf width, leaf length, and petiole width. These results were consistent
whit those obtained by Fortini et al. (2014) for Q. frainetto, Q. petrae and Q. pubescens. This
congruence suggests that these characters may be considered for future revisions of the genus
Quercus, or to deepen the delimitation of some species, as in the studies conducted by Curtu et al.
(2007) for Q. robur and Q. frainetto. Villar and Merino (2001) mention that the specific leaf area
is an attribute that can help characterize the species, however, as it is an attribute that varies
depending on various environmental factors such as the availability of light, water and nutrients
and the age of the individuals (De la Vega et al., 2010), it was not considered for this study.

The deformation grids (geometric morphometrics) showed that the middle part, base, apex,
and petiole are the aspects showing the greatest variation in leaf shape that support species

differentiation. These results are similar to those reported by Viscosi et al. (2009) in their study on
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Q. frainetto, Q. robur, Q. petrae, and Q. pubescens. Fortini et al. (2007) also indicated that the leaf
apex, petiole length, and lobe depth concentrate the morphological traits that allow differentiating
between Q. pubescens, Q. virgiliana, and Q. dalechampii. Although the geometric morphometry
analysis allows us to detect differences in leaf shape in the oaks of Los Altos de Chiapas, the
differences are insufficient to completely separate the 13 species according to the sections Quercus
and Lobatae, as well as to distinguish some species within the sections. The lack of separation in
some of the species could be associated with the elimination of the effect of leaf size on shape,
since according to Viscosi et al. (2012) the effect of size on the total variability of oak leaf shape
is significant. However, given that leaf size varied significantly in only four (Q. calophylla, Q.
acutifolia, Q. crassifolia and Q. rugosa) of the 13 species, it is necessary to consider other attributes
that can contribute to the taxonomic delimitation of species such as seeds or trichomes, since they
are considered as diagnostic characters (Acedo, 2004).

The low phenotypic or morphological separation of six of the 13 species can be attributed
to the fact that leaf traits vary in response to environmental changes, which can lead to phenotypic
similarity, particularly under similar environmental conditions. Los Altos de Chiapas is considered
a relatively uniform physiographic region, with variations in temperature and humidity likely
related to the exposure of slopes where oak trees grow (Alvarez-Moctezuma, 1999). These
environmental variations may favor a similar leaf morphology across species of different sections;
consequently, neither the sections nor some of the species in them could be differentiated based on
leaf morphology. Several species in the section Lobatae were morphologically overlapped with
species in the section Quercus (see Fig. 3 and 4). Morphological modifications associated with
environmental changes frequently occur in the genus Quercus, and this has been a limitation to
classify and determine species in the genus (Hernandez, 2014; Valencia-Avalos, 2020).

Morphological changes can be observed even in leaves of the same tree under different exposure
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to shade or direct solar radiation (Bruschi et al., 2003, Niinemets et al.,2004, Nufez-Castillo et al.,
2011). It has also been observed that although some characters related to leaf support (petiole length
and diameter) are genetically determined, the variation largely results from phenotypic plasticity
(Tzukaya, 2005; Ackerly et al., 2000; Cordell et al. 1998). Therefore, studies addressing phenotypic
plasticity in Quercus trees growing in Los Altos de Chiapas are required to determine whether the
similarity between some species is driven by phenotypic plasticity. In other words,
phylogenetically distant lineages may exhibit morphological similarities when growing under
similar environmental conditions (Wake et al., 2011; Valencia-Avalos, 2020).

Previous studies have indicated that Q. ocoteifolia, Q. acutifolia, and Q. acatenangensis
may present both whole and dentate leaves in the same individual, which has led to an inaccurate
specific determination (Valencia-Avalos, 2020). Based on this possible presence of leaves with
differentiated morphology in the same individual, it has been suggested that Q. ocoteifolia and Q.
acatenangensis are synonyms (Valencia and Flores-Franco, 2006; WFO, 2021); however, there is
a lack of detailed taxonomic studies for these species to confirm this potential synonymy. Our study
shows that Q. ocoteifolia and Q. acatenangensis are morphologically similar and genetically
identical; these findings support the synonymy between Q. ocoteifolia and Q. acatenangensis.
Therefore, taxonomic studies at the genetic and morphological levels are needed to counterpart the
taxonomic studies of Quercus based on macroscopic and microscopic morphology of leaves to
improve the delimitation of species (Valencia-Avalos, 2020; Peterson and Navarro-Sigiienza,
2001).

Studies of Quercus species in Los Altos de Chiapas and their areas of distribution should
also analyze hybridization and introgression, which are common within the genus Quercus
(Ellstrand et al., 1996), especially between species in the same section (Curtu et al., 2007; Ortego

etal., 2017). These events are often favored by environmental disturbances and promote processes
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leading to the rapid adaptation of species to changing environments (Rieserberg, 1997; Ortego et
al., 2017; Cannon and Petit, 2019). Hybridization events may also favor the fixation of
advantageous mutations in a genetic group different from the one in which these mutations
appeared, producing a certain degree of genetic similarity (Leroy et al., 2017).

The hybridization phenomenon can be studied in Los Altos de Chiapas with Q. crassifolia
and Q. crispipilis, which can result in Q. dysophylla. Morphological and genetic studies have
determined that Q. dysophylla is the result of hybridization between Q. crassifolia and Q. crassipes
(Vazquez, 1992; Tovar-Sanchez and Oyama, 2004; Vézquez and Nixon, 2013). Because
reproductive barriers between oak species involved in hybridization events change between parent
species, according to the species acting as maternal and paternal (Curtu et al., 2007, Jensen et al.,
2009, Lepais et al. 2009). Especially, among species of section Lobatae (Kashani and Dood, 2002).
Our results suggest that Q. crassifolia and Q. crispipilis could be the parental species of Q.
dysophylla in Los Altos de Chiapas. Morphologically Q. dysophylla presented a leaf shape
intermediate between Q. crassifolia and Q. crispipilis, and genetically they share at least one
haplotype between the three species. These results are consistent with those reported by Vazquez
(1992), Tovar-Sanchez and Oyama (2004) and Vézquez and Nixon (2013). Geometric
morphometrics analyses are also useful to distinguish hybrid individuals, as reported by Liu et al.
(2018) for Q. aliena and Q. dentata, and by Viscosi et al. (2012) and Stephan et al. (2018) for Q.
frainetto and Q. petrae. To note, in these studies, parental species were separated along a canonical
variable, and hybrids were grouped at the center of the variation. These observations are consistent
with our findings in the present study between Q. crassifolia, Q. crispipilis and Q. dysophylla (Fig.
7).

Genetic diversity indices for the 13 Quercus species obtained for the matK chloroplast

region could be considered as low (H =12, Ha = 0.674). These values are lower than those recorded
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by Ruiz-Dominguez (2016) for 11 Quercus species in Chiapas (H = 10, Ha= 0.875, #=0.014, S =
30), based on analysis of two cDNA markers (trnH-psbA and psbk-trnSO). The value of 7 for the
group of species present in Los Altos de Chiapas (= 0.0047) is similar to the value reported by
Yan et al. (2019) and Yang et al. (2018) for the section Quercus in Asia and the Mediterranean (=
=0.0041) when combining four chloroplast regions (atpl-atpH, matK, PSBA-trnH, and ycfl). Yang
etal. (2018) also noted that the four cONA markers differ in discriminating power, with psbA-trnH
and ycfl being the markers with the best discriminating power at the species level. It has also been
observed that the combination of multiple molecular markers provides better phylogenetic
resolution and discrimination between species in the genus Quercus, as achieved by Binh et al.
(2018) within the Q. langbianensis complex by combining three DNA regions (rbcL, matK and
ITS) and by Pang et al. (2019) by combining four chloroplast regions (matK-trnK-rps16, trnR-atpA,
ndhF, ycflb). The low genetic differentiation of Quercus species from the analysis of the matK
region in the present study is consistent with the differentiation obtained for the European white
oak (Petit et al., 2004) and the American red oak (Zhang et al., 2015) using various chloroplast
markers. The low genetic differentiation observed in the present study may be reflecting a high
degree of conservation of the chloroplast genome in the genus Quercus, which, together with its
maternal inheritance (Mogensen, 1996; Yang et al., 2016, Pang et al. 2019), may be limiting the
separation of species. In the future, it would be desirable to explore other regions of the chloroplast,
such as psbA-trnH and ycfl, and nuclear markers, to identify sites with interspecific variation that
allow for a definite identification of Quercus species, as well as phylogeographic studies to gain a
better understanding of their evolution (Rodriguez-Correa et al., 2017).

In our study, seven of the 13 analyzed species were genetically and morphologically

separated. The recent divergence of Quercus species, characterized by the retention of ancestral
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polymorphisms and interspecific genetic flow (Manos et al., 1999; Hipp et al., 2018), has likely
produced the genetic similarity observed across most species within each section. For example,
haplotypes H1 and H3 are shared across species within the sections Quercus and Lobatae,
respectively. We unexpectedly found that H3 is also present in a couple of individuals of Q.
crassifolia, a species in the section Lobatae. This may be the result of the retention of ancestral
polymorphisms since, according to Hipp et al. (2018), both sections diverged from a common
ancestor, and our finding is consistent with the one obtained with the Bayesian genetic cluster
analysis.

It was also found that Q. acatenangensis, and Q. ocoteifolia, Q. segoviensis, and Q. rugosa
are grouped together based on genetic and geometric morphometrics data. This group of species
shared the same genetic characteristics, probably also leading to a high phenotypic similarity.
These species probably diverged recently, so species-specific characters allowing a clear
differentiation are not yet developed (Valencia-Avalos, 2020). In contrast, Q. calophylla and Q.
crassifolia (section Lobatae) and Q. polymorpha (section Quercus) show greater genetic and
morphological differentiation, which may be related to their divergence time. For Q. calophylla,
Q. crassifolia, and Q. polymorpha, a greater divergence time (8 to 10 million years) is estimated
relative to the remaining ten species (2 to 5 million years) (see Hipp et al., 2018). The low genetic
and morphological differentiation in Q. castanea, Q. sapotiifolia, and Q. acatenangenis may also
be a result of the low number of individuals analyzed.

The present study included 13 Quercus species in Los Altos de Chiapas; this figure may
vary after solving the synonymies between Q. laurina, Q. ocoteifolia, and Q. acatenangensis
(Valencia and Flores-Franco 2006), and by expanding the sampling to other localities of Los Altos
de Chiapas. The Ecosur Herbarium has vouchers for 17 Quercus species for Los Altos de Chiapas,

including Q. conspersa, Q. xalapensis, and Q. tenuaristata, species that were not found in the
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present sampling effort despite an intense search for them during fieldwork. Other species that have
been reported for Los Altos de Chiapas and that were also not found in this study are Q. laurina
and Q. skutchii (Ramirez-Martial et al., 1998). Q. laurina can be misidentified for Q. ocoteifolia
(Valencia-Avalos, 2004), while Q. skutchii has been proposed as a synonym of Q. crispipilis
(Valencia and Flores-Franco, 2006).

Another factor that may explain the absence of these species is that deforestation has
increased in the region in recent decades due to the change in land use to agriculture and livestock
raising, which has favored the survival of pine species over oak trees (Gonzalez-Espinosa et al.,
1995; Ramirez-Marcial et al., 2001; Galindo-Jaimes et al. 2002). This may promote inbreeding and

the small population sizes of the species mentioned above (Oyama et al., 2018).
Conclusions

The morphological and genetic differentiation among the 13 species studied was low. The
genetic analysis separated the sections Lobatae and Quercus, but morphologically this
differentiation was less clear. In Lobatae, we observed the separation of Q. crassifolia, Q.
calophylla, Q. ocoteifolia, Q. acutifolia, and Q. crispipilis; in the section Quercus, we observed Q.
polymorpha and Q. rugosa.

The combination of geometric morphometrics and molecular tools was useful for clearly
determining Q. calophylla, Q. crassifolia, Q. rugosa, Q. ocoteifolia, Q. crispipilis, Q. acutifolia,
and Q. polymorpha. The remaining six species were similar in both types of characters, likely due
to phenotypic plasticity, recent divergence, or hybridization and introgression. These aspects
should be investigated further in future studies. Our study highlights the importance of testing more

variable molecular markers such as ITS and other chloroplast regions (e.g., psbA-trnH, ycfl) and
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analyzing other morphological attributes that may contribute to delimit the species of the genus

Quercus present in Los Altos de Chiapas.
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Capitulo 3.
3.1 Discusion general

Los andlisis morfométricos y genéticos indicaron que las 13 especies de Quercus
analizadas presentan una diferenciacion morfoloégica y genética baja. La similitud
morfoldégica que presentan las especies limita la discriminacion entre especies. Lo
anterior, podria deberse a que la morfologia y estructura de las hojas de los arboles varian
significativamente de acuerdo a la posicién en la que las ramas se encuentren y al efecto
de la dicotomia sol-sombra (Bruschi et al. 2003, Niinemets et al. 2004, Nufiez-Castillo et
al. 2011). En algunos casos, las hojas expuestas al sol presentan un area foliar menor y
son mas gruesas Yy lobuladas que las que crecen en condiciones de sombra (Mitchelll et
al. 1999, Valladares et al., 2014). Algunos estudios sugieren que el tamafo de las hojas
esta relacionado con la capacidad fotosintética, uso del agua, tolerancia a la sequia y
varia en funcion de las mismas (Ourcival y Rambal 1999, Bresse 2004).

Los Altos de Chiapas es una region que presenta condiciones ambientales
relativamente homogéneas respecto a otras regiones fisograficas de Chiapas, lo que
pudiera estar afectando la variacion morfolégica entre las especies presentes, ya que se
ha documentado que la variacion foliar en Q. rugosa y Q. elliptica estan fuertemente
correlacionada con la altitud, temperatura, precipitacion, elevacion y aridez (Uribe 2009,
Maya-Garcia et al. 2020).

Los caracteres lineales que resultaron importantes en la discriminacion de siete de
las 13 especies analizadas (Q. calophylla, Q. crassifolia, Q. rugosa y Q. cripsipilis,
Q.ocoteifolia, Q. acutifolia y Q. polymorpha) fueron: el ancho de la hoja, longitud total y
longitud de la hoja. Estos resultados son consistentes con lo reportado por Tovar-
Sanchez y Oyama (2004), Gonzélez-Rodriguez y Oyama (2005) y Ruiz-Dominguez
(2016) para Q. crassifolia, Q. laurina, Q. benthamii, Q. rugosa y Q. sebifera. Sin embargo,
es importante continuar realizando estudios, donde se consideren otros atributos
morfolégicos p.e. area foliar especifica, tallo, corteza, tricomas, entre otros que
contribuyan a la delimitacién taxonomica de las especies de Quercus en Los Altos de
Chiapas.

Los analisis morfométricos mostraron diferencias significativas en la forma de las

hojas de las especies, permitiendo separar a siete de las 13 especies analizadas. Estos
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resultados indican que la forma de las hojas resultan Gtil en la separacion de las mismas.
Pues se considera que la forma de las hojas son menos variables a las condiciones
ambientales debido a que esta depende en gran medida de los reguladores generales
del meristemo apical y del ciclo celular en sus etapas de desarrollo (McDonald et al. 2003,
Barkoulas et al. 2007 y Lépez-De-Heredia et al. 2017). Las rejillas de deformacion
permitieron identificar que los rasgos de forma donde se presenta la mayor variacion
interespecifica se encuentran en el apice, base, ancho y peciolo de las hojas. La alta
variacion observada en estos atributos podria estar relacionado a que son estructura
susceptibles al ambiente (Parker 1982, Press 1999, Bruschi et al. 2003). Sin embargo,
Viscosi et al. (2009, 2021) mencionan que estos atributos son Utiles en la discriminacién
de Q. petrae, Q. pubescens, Q. frainetto y Q. robur (Viscosi et al. 2009, 2012).

En el gréfico de puntos del AVC (ver capitulo 2), las hojas de Q. crassifolia 'y Q.
crispipilis formaron dos grupos claramente separados, mientras que las hojas de Q.
dysophylla, una especie considerada como hibrida (Q. crassifolia y Q. crassipes)
(Vazquez y Nixon 2013) se ubico entre estas. Estos datos sugieren que Q. crassifolia y
Q. crispipilis pudieran estar participando como especies parentales en la hibridacion de
Q. dysophylla. Esta hip6tesis es apoyada por diversos estudios donde se reporta que las
especies de encinos rojos (Lobatae) presentan una barrera reproductiva mas débil que
los encinos blancos (Quercus) (Kashani y Dodd 2002, Aldrich et al. 2003) y la hibridacion
puede darse entre multiples especies cuando estas se encuentran en simpatria (Hardin
1975). Pefialoza-Ramirez et al.2010) analiz6 que los hibridos de Q. hypoleucoides, Q.
scytophylla y Q. sideroxyla son dominantes en las zonas de contacto donde se
encuentran las tres especies. Por otra parte, el patrén de variacion en el AVC es
consistente al observado en los hibridos y especies parentales de Q. frainettto y Q. petra
(Viscosi et al. 2012, Stephan et al. 2018).

Lopez de Heredia et al (2018), Liu et al (2018) y Viscosi et al (2012) han sefialado
también que los analisis de morfometria geométrica permiten distinguir a individuos
hibridos, tal como lo reportan para Q. alienay Q. dentata, y Q. suber y Q. ilex. La frecuente
hibridacion entre especies del género Quercus dificulta la identificacion taxondémica de
las especies y el conocimiento exacto del nimero de especies a nivel regional, estatal y

nacional (Valencia-Avalos 2004). Por lo tanto, es necesario continuar realizando estudios
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a nivel genético para corroborar la ocurrencia de dicho fenédmeno entre las especies de
Quercus en Los Altos de Chiapas. Asi mismo, se observo que las hojas de Q. ocoteifolia
y Q. acatenangensis son similares, estos resultados apoyan la hipétesis de considerarlos
como sinénimos (Valencia y Flores-Franco 2006).

Los indices de diversidad genética de las 13 especies fueron relativamente bajos
(Ha = 0.67) respecto a lo reportado por Ruiz-Dominguez (2016) para 11 especies de
Quercus en Chiapas (Hd = 0.87), empleando dos regiones de cloroplasto (trnH-psbA,
psbk-plf-trnS0), pero mayor al reportado por Lyu et al. (2018) para Q. aliena, Q. dentata
y Q. variabilis (Ha = 0.51), empleando cinco regiones de cloroplastos (accD-psal-75R,
trnH-psbA, rpS12-rpL20, rpS16 y trnQ-trnS).

La baja diferenciacion genética obtenida entre las especies de Quercus a partir del
analisis de la region matK es similar al reportado para los robles rojos norteamericanos
por Zhang et al (2015). Sin embargo, muestra una alta diferenciacion genética entre las
dos secciones (Quercus y Lobatae), que corresponde a la clasificacion taxonémica
reportada por Hipp et al (2018). Dentro de la seccidon Lobatae se logro separar a Q.
calophylla y Q. crassifolia, mientras que en la seccion Quercus a Q. polymorpha y Q.
peduncularis. La baja diferenciacién interespecifica puede deberse a que gran proporcion
de los individuos de las especies que constituyen la seccion Quercus comparten el
haplotipo H3 y los de la seccidén Lobatae el H1, lo que sugiere un proceso de especiacion
reciente de las especies y secciones (Hipp et al. 2018, Lyu et al. 2018).

Los bajos niveles de diferenciacion genética interespecifica podrian estar
asociados también al alto grado de conservacion que presenta el genoma del cloroplasto
de los Quercus (Yang et al. 2016, Pang et al. 2019) y al bajo nivel de variacion del
marcador (Yang et al. 2018). Por lo que seria recomendable realizar pruebas con otros
marcadores mas variables como los trnH-psbA, yfcl e ITS.

Los datos geométricos y genéticos permitieron la diferenciacion morfolégica y
genética de Q. calophylla, Q. crassifolia, Q. rugosa, Q. crispipilis, Q. ocoteifolia, Q.
acutifolia y Q. polymorpha, aunque con bajos niveles de diferenciacion interespecifica en
ambos andlisis. Esto es muy comun en areas de simpatria, y apoya la hipétesis de una
ascendencia compartida debido a una divergencia reciente (Hipp et al. 2018) y es

consistente con lo reportado por Albarran-Lara (2018) para Q. magnoliifolia y Q. resinosa.
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Sin embargo, la baja correlacién obtenida de la prueba de Mantel entre la matriz de
distancia genética y la distancia de Mahalanobis hace considerar que la alta variacion
morfolégica observada en las especies de Quercus se debe principalmente a la
plasticidad fenotipica y no al componente genético de estos.

Hasta el momento, estudios previos han registrado cerca de 23 especies para Los
Altos de Chiapas (Alba-Lopez et al. 2003), sin embargo, dentro del acervo botanico se
tiene Unicamente el registro de 17 especies, y en el presente estudio se lograron
identificar a 13 especies, dos de las cuales han sido consideradas como sinénimos de
las especies previamente reportadas. La falta de consistencia en el nimero de especies
registradas podria deberse a la complejidad morfolégica del género (Zavala, 1990), el
cual presenta alta variacion morfolégica asociada a la plasticidad fenotipica que
presentan las especies y la capacidad de hibridacién entre ellas (Grant, 1989), que
dificulta precisar el nUumero de especies presente en Los Altos de Chiapas. Esto hace
evidente que la delimitacion de las especies de Quercus a partir del concepto taxonémico
o bioldgico resulta insuficiente, pues la diferenciacion genética a nivel de especies se
restringe a unos pocos genes que dan una morfologia similar e impiden el reconocimiento
de una especie (Leroy et al. 2020). Por lo que, el concepto de especie unificado propuesto
por De Queiroz (2007) puede considerarse apropiado para el estudio de las especies, ya
gque tanto los atributos morfolégicos como genéticos evolucionan de manera

independiente.

3.2 Conclusiones generales
El presente trabajo es la primera aproximacion sobre la variaciéon genética y morfologica
de Quercus a nivel regional, y se suma a los pocos estudios realizados a nivel estatal,
logrando identificar 13 especies de Quercus, 10 de las cuales habian sido previamente
registradas para Los Altos de Chiapas.

El nimero de especies para Los Altos de Chiapas podria variar al resolver las
posibles sinonimias entre Q. ocoteifolia - Q. acatenangensis y Q. skutchii - Q. crispipiis.

Quercus rugosa y Q. crassifolia fueron registradas en casi todas las localidades de
colecta, mientras que, Q. castanea y Q. polymorpha fueron registradas en una sola
localidad de Los Altos de Chiapas (Teopisca y Zinacantan respectivamente).
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La alta variacién morfolégica intraespecifica limit6 la discriminacion entre especies
dentro de la seccién Lobatae.

Los caracteres morfoldégicos mas importantes que contribuyeron a la separacion
relativa de Q. calophylla, Q. crassifolia, Q. rugosa, Q. crispipilis, Q. ocoteifolia, Q.
acutifolia y Q. polymorpha fueron: longitud total de la hoja, largo de la hoja y ancho de la
hoja. Sin embargo, en estudios futuros seria importante explorar otros atributos
morfoldgicos (p. e. tricomas, corteza, etc) o el area foliar especifica que contribuyan a la
delimitacion de las especies morfolégicamente similares.

El analisis de la region matK muestra alta diferenciacion entre las secciones
(Lobatae y Quercus), pero morfolégicamente esta separacion fue menos clara. En la
seccion Lobatae se observo la separacion de Q. crassifolia y Q. calophylla, mientras que,
en la seccién Quercus de Q. peduncularis y Q. polymorpha.

La baja diferenciacion genética y morfologica entre especies se debe a la posible
divergencia reciente de las secciones y especies, y a los eventos de convergencia,
hibridaciéon e introgresion que pudieran estar ocurriendo entre las especies que
mantienen una distribucion simpatrica.

El fendmeno de hibridacion debera ser analizados mediante el analisis de
marcadores moleculares méas variables como el ITS u otras regiones de cloroplasto
(psbA-trnH, ycfl).

La combinacién de herramientas de morfometria lineal, geométrica y molecular
fueron Utiles para reconocer claramente a siete de las trece especies analizadas (Q.
calophylla, Q. crassifolia, Q. rugosa, Q. ocoteifolia, Q. crispipilis, Q. acutifolia y Q.
polymorpha). Las seis especies restantes fueron similares en ambos tipos de analisis,
debido a la probable divergencia reciente, al flujo génico interespecifico y a la presencia
de fendmenos de hibridacion e introgresion que se sugiere sean explorados en estudios
futuros.

La baja diferenciacién genética y morfolégica entre especies denota la necesidad
del uso de multiples lineas de investigacion que puedan contribuir a la delimitacion de las

misma, dado que el uso de la morfologia por si sola es insuficiente.
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El alto nUmero de especies de encinos que conviven de forma natural en Los Altos
de Chiapas, ofrece una oportunidad para investigar la dinamica de flujo génico entre las
especies.
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	González-Rodríguez A, Oyama K. 2005. Leaf morphometric variation in Quercus affinis and Q. laurina (Fagaceae), two hybridizing Mexican red oaks. Botanical Journal Linnean Society 147: 427–435.
	Grant V. 1971. Plant Speciation. USA: Columbia University Press. 563 pp. ISBN-10: 0231051131
	Grant V. 1989. Especiación vegetal. Limusa. México, D.F. 587 pp.
	Hammer Ø, Harper DAT, Ryan PD. 2001. PAST: Paleontological statistics software package for education and data analysis. Palaeontologia Electronica 4(1): 9 pp.
	Hardin, JW. 1975. Hybridization and introgression in Quercu alba. Journal of the Arnold arboretum 56: 336-363.
	Hebert PDN, Cywinska A, Ball SL, DeWaard JR. 2003. Biological identifications through DNA barcodes. Proceedings of the Royal Society of London 270(1512): 313–321. DOI: 10.1098 / rspb.2002.2218.
	Hipp AL, Manos PS, González-Rodríguez A, Hahn M, Kaproth M, McVay JD, Valencia AS, Cavender-Bares J. 2018. Sympatric parallel diversification of major oak clades in the Americas and the origins of Mexican species diversity. New Phytologist 217: 439-45...
	Hollingsworth PM, Forrest LL, Spouge JL, Hajibabaei M, Ratnasingham S, Van Der Bank M, Chase MW, Cowan RS, Erickson DL, Fazekas AJ. 2009. A DNA barcode for land plants. Proceedings of the National Academy of Sciences 106: 12794–12797.
	Jaramillo-Ocampo N. 2011. Morfometría geométrica: principios teóricos y métodos de empleo. 24 pp.
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	Pedroso HL, Rocha-Filho LC, Lomonaco C. 2010. Variación fenotípica de plantas del cerrado (Sabana brasileña) frente a la heterogeneidad ambiental. Revista ecosistemas 19(1): 24-36.
	Peñaloza-Ramírez JM, González-Rodríguez A, Mendoza-Cuenca L, Caron H, Kremer A, Oyama K. 2010. Interespecific gene flow in a multispecies oak hybrid zone in the Sierra Tarahumara of Mexico. Annals of Botany 105 (3): 389-399. DOI: 10.1093 / aob / mcp301
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