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La poliploidia y su efecto en los atributos foliares en Asteraceae: una

aproximacion de la biologia comparada

Resumen

La variacién en los caracteres vegetativos de las plantas suele asociarse con la
adaptacién a ambientes especificos. La disponibilidad de agua y nutrientes, y la
temperatura media anual son caracteristicas ambientales que generalmente se
encuentran relacionadas con la variacién en las plantas. Las hojas, como érganos
principalmente especializados para la fotosintesis y respiracion, tienen un gran
numero de caracteres morfoldgicos a los cuales se les han dado interpretaciones
adaptativas. Sin embargo, la variacion foliar también puede estar asociada a la
forma de crecimiento y el nivel de ploidia de la planta. En este trabajo utilizamos
métodos comparativos filogenéticos para evaluar la hipotesis de que la filogenia de
la familia Asteraceae influye en la relacién entre caracteres foliares y caracteres
citogenéticos a distintos niveles jerarquicos, particularmente a nivel de tribu.
Nuestros resultados muestran una gran diversidad en la arquitectura y anatomia
foliar de la familia, incluso dentro de un ambiente con disponibilidad restringida de
agua y suelo. Los analisis comparativos filogenéticos mostraron que la relacion
entre los caracteres foliares y los numeros cromosomicos presenta una senal

filogenética. También encontramos que los principales ejes de variacion de las hojas



se relacionan significativamente con la forma de crecimiento. Concluimos que la
diversidad en los caracteres foliares de la familia esta relacionada con la forma de
crecimiento y el numero cromosodmico de la planta, y que probablemente esta
diversidad ha sido clave para que Asteraceae se distribuya en todo el mundo y sea

exitosa en ambientes perturbados.

Abstract

Vegetative variation in plants is usually associated with adaptation to specific
environments. Water and nutrient availability together with mean annual temperature
are usually related to plant variation. The leaves, as organs specialized on
photosynthesis and respiration, have a large number of characters interpreted as
adaptive. However, leaf variation can be also associated with plant growth form and
ploidy level. In this work, we use phylogenetic comparative methods to evaluate the
hypothesis that Asteraceae phylogeny influences the relationships between leaf
characters and cytogenetic characters at different hierarchical levels, particularly at
the tribe level. Our results show that there is a great diversity in the leaf architecture
and anatomy of the family, even within an environment with restricted water and soil
availability. Phylogenetic comparative methods showed that the relationship between
leaf characters and chromosome numbers present a phylogenetic signal. We also
found that the main axes of leaf variation are significantly related to growth form. We
conclude that the diversity in the foliar characters of the family is related to both
growth form and chromosome number of the plant and we propose that this leaf
diversity could be important for the success of Asteraceae worldwide, particularly in

disturbed environments.



Introduccién general

Las plantas han jugado un papel importante en la historia de la Tierra. Por
ejemplo, al transformar una atmaésfera reductora a una oxidante o secuestrando
carbono atmosférico (Woodward et al., 1995; Elbert et al., 2012; Niklas 2016). Se
estima que 90% de la productividad primaria del planeta es generada por las plantas
vasculares (Belnap 2012; Harrison y Morris 2017). Las hojas de cultivos y bosques
con predominancia de angiospermas contribuyen a dicha productividad (Brodribb y
Feild 2010). La variacion en hojas esta relacionada con la productividad primaria
porque la funcién principal de las hojas es capturar luz y CO, (Brodribb y Feild
2010). Los procesos biofisicos basicos detras de esta funcion estan fuertemente
conservados en los diferentes grupos de plantas; sin embargo, la diversidad en los
caracteres micro y macroscoépicos foliares aumenta a mayores niveles de
organizacion. Esta variacién foliar es un componente importante para entender la
biodiversidad porque relaciona explicitamente las estrategias evolutivas de las
especies de plantas con los ciclos de materia y energia de los ecosistemas
(Harrison y Morris 2017).

A escala global, el espectro de variacion foliar suele relacionarse con la
adaptacioén de las plantas al ambiente (Westoby et al., 2002; Wright et al., 2004).
Por ejemplo, en ambientes humedos las hojas suelen ser suaves y tener mayor area

foliar que en ambientes secos en los que predominan hojas esclerdfilas y mas
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pequefas. Sin embargo, también se ha comprobado que existe un amplio espectro
de variacion foliar dentro de cada comunidad (Diaz et al., 1998; Rivera et al., 2017).
La variacion microclimatica, las interacciones con herbivoros o polinizadores y los
diversos origenes filogenéticos y biogeograficos de las especies contribuyen en gran
medida a la variacion dentro de las comunidades (Herrera 1992). Particularmente
los eventos de duplicacion completa del genoma (poliploidia) tienen efectos
importantes en la estructura foliar. La poliploidia puede generar interacciones entre
distintos genomas parentales y permitir la generacién de “novedades evolutivas” a
nivel genético, que tienen repercusiones en la planta a nivel morfoldgico, ecolégico y
fisiolégico (Osborn et al., 2003). Por ejemplo, Balao et al., (2011) encontraron que
los niveles de ploidia y los tamafios gendmicos tienen un efecto neto significativo
sobre la evolucion del fenotipo de poblaciones de Dianthus broteri Boiss. & Reut.
Los autores estudiaron caracteres florales y foliares y concluyeron que para que
cualquier relacién entre poliploidia/contenido de ADN y fenotipo sea correctamente
investigada, las relacion de parentesco entre los organismos debe ser considerada.

Una aproximacion actual es que la variacion foliar refleja compromisos entre
los requerimientos de las hojas para realizar sus funciones primarias de adquisiciéon
de energia y un conjunto de “restricciones” a nivel celular y organismico, que
incluyen la necesidad de soporte mecanico, la prevencién de pérdida de agua, la
forma de crecimiento, los patrones de desarrollo y los caracteres citogenéticos
(Press 1999; Santiago y Wright 2007; Balao et al., 2011; John et al., 2013). Dado
que estos compromisos suelen ser especificos para cada especie, muy

probablemente son dependientes de la historia filogenética del organismo. Es decir,
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gue en especies mas cercanamente relacionadas la variacion en los caracteres
foliares va a responder de forma parecida a un conjunto similar de restricciones.

El estudio de la variacion foliar es complejo y requiere un muestreo amplio de
plantas con un espectro de variacién en los caracteres foliares; por ejemplo, que
crezcan en distintos ambientes, con diversas formas de crecimiento y cuyas
relaciones filogenéticas sean conocidas. La familia Asteraceae es un buen sistema
para estudiar la variacién foliar ya que es una de las familias de angiospermas mas
diversas. Los miembros de la familia presentan gran variacion foliar, de formas de
crecimiento y de numeros cromosomicos. Es cosmopolita y se encuentra bien
representada en México. Se considera que mas de la mitad de las especies
presentes en nuestro pais son endémicas (Villasefior 2003, 2004). Las relaciones al
interior de la familia estan casi completamente resueltas (Panero y Funk 2008;
Panero et al., 2014; Panero y Crozier 2016; Mandel et al., 2017) aunque las
especies mexicanas se encuentran pobremente representadas en las hipotesis
filogenéticas recientes. Con el objetivo de explorar en un contexto filogenético que
conjunto de caracteristicas de las plantas de la familia Asteraceae explican mejor su
gran diversidad foliar, se plantearon los siguientes objetivos:

e Describir y documentar la variacidon de las hojas de representantes de

Asteraceae en México.

e Investigar la posicidn filogenética de especies de Asteraceae nativas de

México dentro de la filogenia mas reciente de la familia.

e Ultilizar la filogenia que incluya a representantes de los géneros mas diversos
de Asteraceae nativos de México para analizar los patrones de relacion entre

caracteres anatdémicos foliares, citogenéticos y formas de crecimiento.
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Para abordar los objetivos, en este trabajo se describe la variacion foliar observada
en especies de Asteraceae distribuidas en un matorral xerdéfilo de México (Capitulo
1). El capitulo 2 explora la variacion asociada a la adaptacion a un ambiente
especifico: El matorral xerdfilo de la Reserva Ecoldgica del Pedregal de San Angel.
El capitulo 3 aborda las relaciones filogenéticas dentro de la familia, poniendo
énfasis en la posicion filogenética de las especies mexicanas. Finalmente, se integra
la informacién obtenida en este trabajo en un estudio de la variacion foliar asociada

a caracteres citogenéticos en un contexto filogenético (Capitulo 4).
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Capitulo 1.

Descripcion de la variacion foliar en especies de Asteraceae distribuidas en un

matorral xerofilo de México

Rivera P., Terrazas T., Rojas-Leal A., Villaseior J. L. 2019. Leaf architecture
and anatomy of Asteraceae species in a xerophytic scrub in Mexico City,

Mexico. Acta Botanica Mexicana. 126: e1515. DOI: 10.21829/abm126.2019.1515
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Research article

Leaf architecture and anatomy of Asteraceae species in a
xerophytic scrub in Mexico City, Mexico

Arquitectura y anatomia foliar de especies de Asteraceae
en un matorral xerofilo de la Ciudad de México, México

Patricia Rivera' ** @, Teresa Terrazas' @, Alicia Rojas-Leal' @, José Luis Villasenor @

Abstract:

Background and Aims: Leaf architecture and anatomy in the Asteraceae family are extremely diverse and have been studied from ecological, physi-
ological and evolutionary perspectives. The aims of this study are to describe in detail leaf architecture and anatomy for 61 species belonging to 13
tribes of Asteraceae inhabiting a xerophytic scrub in Mexico City, Mexico and to discuss characters commaon to these tribes.

Methods: Mature and undamaged leaves of 61 species of Asteraceae were collected in southwestern Mexico City in the "Reserva Ecoldgica del Pedre-
gal de San Angel” (REPSA). Standard anatomical technigues were used to obtain permanent slides of cleared leaves and transverse and paradermal
sections. The permanent slides were analyzed to describe leaf architecture and anatomy by tribe following the standard terminologies.

Key results: The results show a significant variation in leaf architecture although pinnate venation, brochidodromous secondary venation, areoles
moderately developed and looped ultimate marginal venation predominate in the material studied. For anatomy, the most common traits are the
striate cuticle, occurrence of trichomes and glands, as well as collateral vascular bundles with a parenchymatous sheath with girders in the Asteraceae
present in this xerophytic scrub. There are no unigue combinations of leaf characters for the family or any tribe.

Conclusions: Leaf diversity in the family and within each tribe is consistent with some previous reports. Anatomical descriptions are a fundamental
piece of the evolutionary, ecological and physiological studies in Asteraceae. The results of this descriptive study will allow testing hypotheses about
the factors causing leaf diversity inthis plant lineage. More leaf anatomical studies of the family are necessary to confirm the patterns proposed for
the tribes and the family.

Key words: Asteroideae, Compositae, Heliantheae, leaf anatomy, midvein, vascular bundle sheath, venation pattern.

Resumen:

Antecedentes y Objetivos: La arguitectura v anatomia foliar en la familia Asteraceae son extre madamente diversas y han sido estudiadas desde dis-
tintas perspectivas, como la ecoldgica, fisiolégica y evolutiva. Los objetivos de este estudio son describir detalladamente la arguitectura y anatomia
foliar de 61 especies incluidas en 13 tribus de |a familia Asteraceae gue habitan un matorral xerofilo en la Ciudad de México, México v discutir los
caracteres comunes de las tribus.

Meétodos: Secolectaron hojas maduras v sanas de 61 especies de Asteraceae al sureste de la Ciudad de México en la “Reserva Ecologica del Pedregal
de San Angel” (REPSA). Se usaron técnicas anatdmicas estandarizadas para obtener hojas aclaradas y secciones transversales y paradermales. Estas
preparaciones permanentes se analizaron para describir la arguitectura y anatomia foliar por tribu con base en la terminologia convencional.
Resultados clave: Los resultados muestran una variacion significativa en la arguitectura foliar, aungue predominan la venacion pinnada, venacion
secundaria broguidédroma, areolas moderadamente desarrolladas y margenes en bucles. En la anatomia los atributos mads comunes son la cuticula
estriada, la presencia de tricomasy glandulas, asi como haces vasculares colaterales con una vaina parenguimatosa con extensiones en las Asterdceas
presentes en este matorral xerofilo. No hay una combinacion Unica de caracteres foliares para la familia o las tribus.

Conclusiones: La diversidad foliar dentro de la familia y al interior de cada tribu corresponde con reportes previos, Las descripciones anatomicas
son una pieza fundamental de los estudios evolutivos, ecoldgicos v fisioldgicos en Asteraceae. Los resultados de este estudio descriptivo permitiran
probar hipotesis acerca de los factores gque causan la diversidad foliar en este linaje de plantas. Se necesitan mds estudios anatdmicos foliares en
Asteraceae para confirmar los patrones propuestos para las tribus y la familia.

Palabras clave: anatomia foliar, Asteroideae, Compositae, Heliantheae, patron de venacion, vaina del haz vascular, vena media.
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Introduction
As pointed out by Endress et al. (2000) the backbone of

plant systematics is the comparative study of plant struc-
ture, morphology and anatomy. The information obtained
through comparative morpho-anatomical studies is neces-
sary for ecological, phylogenetic and evolutionary studies.
For example, anatomical characters, especially of leaves,
have been extensively used in the systematics of sever-
al plant families, including Bromeliaceae (De Faria et al,
2012), Myrtaceae (Al-Edany and Al-Saadi, 2012), Ama-
ryllidaceae (Lin and Tan, 2015), Malpighiaceae (Araljo et
al., 2010) and Asteraceae (Castro et al.,, 1997; Milan et al,,
2006; Adedeji and Jewoola, 2008; Bombo et al., 2012; Akin-
nubi et al., 2014; Rojas-Leal et al., 2017; Lusa et al., 2018).
Particularly in Asteraceae, leaf architecture and anatomical
characters are extremely diverse (Bombo et al., 2012; Ro-
jas-Leal et al., 2014, 2018) and have been studied from an
ecological (Bercu et al., 2012; Moroney et al., 2013; Rivera
etal., 2017; Ferraro and Scremin-Dias, 2018), physiological
(Bondarev et al., 2003; McKown and Dengler, 2007, Santi-
ago and Kim, 2009), and medical perspective (Cambi et al.,
2006; Hulley et al., 2010; Garcia-Sanchez et al., 2012).

Asteraceae is one of the largest families of angio-
sperms. While cosmopolitan, it is usually dominant in arid
and temperate vegetation. Evidence suggests that Morth
America, particularly Mexico, has been important for diver-
sification in some of the most diverse lineages of the family
(Moyes and Rieseberg, 1999; Suarez-Mota and Villasefior,
2011; Villasefior, 2018). Leaf diversity in the family has been
associated to variable environmental conditions such as
drought (Ferraro and Scremin-Dias, 2018), saline soils (Grig-
ore and Toma, 2006; Bercu etal., 2012) and light conditions
{Rossattoand Kolb, 2010). However, the erwironment alone
does not explain the variation in leaf anatomical characters,
because some of these as well as most leaf architectural
characters can be constrained by the phylogenetic history,
the growth form or the ploidy level of the species (Rivera
etal., 2017).

In this paper, we describe the leaf architecture and
anatomy of 61 species belonging to 13 tribes of the Aster
aceae growing in a xerophytic scrub natural reserve within
the central campus of the Universidad Nacional Autdnoma

de México. This area represents the remnants of the native
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flora of Mexico City before the extensive urbanization and
it is one of the best-studied protected areas in Mexico in
terms of its biodiversity (Lot and Cano-Santana, 2009, Cés-
pedes et al., 2018). The aims of this work are to present a
detailed description of the diversity in the leaf architecture
and anatomy of Asteraceae occurring in a xerophytic scrub

and to discuss characters common to the tribes present.

Materials and Methods

Site description

Plant samples were collected in the “Reserva Ecoldgica del
Pedregal de 5an Angel” (REPSA). The REPSA is located in
southwestern Mexico City, between coordinates 19°18'21"
-19°20'11"N, 99°10'15" - 99°12'4"W and from 2200to 2310
m a.s.l. The REPSA has a total area of 237.3 hm (UNAM,
2006). The average annual temperature is 15.6 °C and the
total annual rainfall 833 mm. The climate type in the area is
temperate subhumid (Cb{w1)w), with a distinctive rain sea-
son from June to October and a dry season from Movember
to May. The substratum is volcanic rock from the Xitle vol-

cano eruption, and the soil is scarce and shallow.

Sampling

Samples of mature and healthy leaves of 61 species were
collected from August 2008 to December 2002, during two
rainy seasons. Leaves were fixed with a formaldehyde-gla-
cial acetic acid-ethyl alcohol solution (Ruzin, 1999) for 24
hours; then rinsed with tap water and stored in a glycer-
in-ethyl-alcohol-water solution (GAA 1:1:1) until section-
ing. All the leaves were scanned with an HP Photosmart
Plus scanner (Hewlett-Packard Development Company,
Palo Alto, USA), with the highest resolution (2400 dpi) be-
fore sectioning. Leaf area was determined using an image
analyzer according to the procedure described by Garni-
er et al. (2001). At least three leaves per species where
cleared following Martinez-Cabrera et al. (2007). Three
to six leaves per species were dehydrated in increasing
concentrations of ter-butanol {10-100%) with an auto-
matic tissue processor (TP1020 Leica, Westlar, Germany)
remaining for 24 hours in each concentration. The tissues
were embedded in paraffin and transverse and parader-
mal sections of 10 to 12 pm in thickness were cut with

a rotatory microtome (RM2125 Leica, Westlar, Germany).
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The sections were stained with safranin-fast green (Ruzin,
1999) and mounted on synthetic resin. Photographs and
measurements were obtained through a microscope (BX-
51 Olympus, Tokio, Japan) attached to an image analyzer
{Image Pro, 2019).

Descriptions were made from cleared leaves and
transverse and paradermal sections of three leaves per
species. Voucher specimens are at the Herbario Macional
de Meéxico (MEXU) of the Instituto de Biologia, Universidad
Nacional Autdnoma de México. Details of the voucher spec-
imens as collector and collection number are given in Appen-
dix. Leaf architecture follows Ellis et al. {2009). Leaf lamina
and midvein descriptions follow Metcalfe and Chalk (15979),
Dickison (2000) and Koch et al. (2009). Quantitative charac-
ters for each species are available in Rivera et al. (2017) and
tribe classification follows Anderberg et al. (2007).

Results

The leaf architecture and foliar anatomy are summoarized
and illustrated (Figs. 1-15) by tribe. When te taxon name
is given for a character state meas that the character state

occurs only it.

Asteraceae

Tribe Anthemideae
Two species: Artemisia ludoviciana Nutt. and Cotula austra-
lis (Sieber ex Spreng.) Hook. f. (Figs. 1, 2).

Leaves sessile, alternate, simple (Artemisia L.), pin-
natisect or bipinnatisect (Cotula L., Fig. 14); lamina size mi-
crophyll, lamina shape linear to lanceolate, margin entire,
revolute (Artemisia), apex acuminate, base truncate (Ar
temisia) or concave (Cotula); primary vein framework pin-
nate, primary vein straight or slightly undulate, secondary
venation brochidodromous, areole development moderate
(Artemisia) or lacking (Cotula), veinlets simple, straight, un-
branched, marginal ultimate venation looped (Artemisia)
or incomplete (Cotula); teeth absent; leaves hypostomatic;
in surface view, cells tetragonal-elongated with S-undulate
anticlines (Figs. 24, B), adaxial epidermis glabrate, abaxial
epidermis subglabrous (Cotulo) to tomentose (Artemisia),

with multicellular trichomes and anomocytic stomata (Fig.
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2A), in transverse view, cuticle striate and thin (<0.44 pm),
epidermises uniseriate with conical or rectangular cells and
thicker outer periclinal walls, ad axial epidermis thicker than
the abaxial [Artemisia) or both epidermises equally thick
(Cotula), stomata at the same level as the epidermal cells
(Cotula) or above (Artemisia); mesophyll homogenous or
heterogeneous (Figs. 2C, D), palisade parenchyma gener-
ally occupying 50% of the mesophyll (Artemisia, Fig. 2C);
vascular bundles collateral with a parenchymatous bundle
sheath, canals associated with vascular bundles (Fig. 2E);
midvein contour gently protruded in both surfaces (Fig. 2F)
or flat adaxially and projected abaxially (Fig. 2G), cuticle
conspicuously striate and thicker than in the lamina, epi-
dermises uniseriate with narrow convex cells and thicker
outer periclinal and anticlinal walls, beneath the epidermis,
annular collenchyma and towards the vascular bundle pa-
renchyma, a single central collateral vascular bundle, with-
in the bundle, xylem with radial rows of three to five ves-
sels, phloem formed by three to five rows of cells, a cap of

sclereids (three to four layers) external to xylem.

Tribe Astereae
Six species: Baccharis pteronioides DC., B. salicifolio (Ruiz &
Pav.) Pers., Conyza bonariensis (L.) Cronquist, C. canadensis

(L.} Cronquist, C. coronopifolio Kunth and Laennecia sophii-
folia (Kunth) G.L. Nesom (Figs. 1, 3).

Leaves sessile or peticlate, alternate, simple (Fig. 1B)
or pinnately lobed (Loennecia Cass., C. coronapifolia); lam-
ina size microphyll to notophyll, lamina shape linear-lan-
ceolate to linear-oblong, margin entire (C. bonariensis,
Laennecia), dentate to serrate (Baccharis L., C. conadensis,
C. coronopifolia), margin revolute (C. bonariensis), apex
acuminate to convex, base cuneate (Baccharis), truncate
or lobate (C. bonariensis, C. canadensis, Laennecia) to cor-
date (C. coronapifofia); primary vein framework pinnate (B.
salicifalia, Laennecia) or palmate (B. pteronioides, Conyza
Less.), primary vein straight, secondary venation brochi-
dodromous or actinodromous (B. pteronioides, Conyza),
arecle development moderate, veinlets simple, curved,
unbranched or one-branched (C. coronopifolia), margin-
al ultimate venation looped; teeth lacking principal vein,

with accessory vein straight (Baccharis, Conyza) or absent

EN
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Figure 1: Leaf morphology. A Cotulo oustralis (Sieber ex Spreng.) Hook. £ B. Boccharis pteronioides DC.; C. Schkwhrio pinnato (Lam.) Kuntze ex Thell.;
D. Helminthotheca echioides (L.) Holub.; E. Sonchus oleraceus L; F. Toraxacum officinale F.H. Wigg.; G. Bidens pilosa L.; H. Dohiia coccinea Cav.; |.
Pigueria trinervia Cav.; ). Pseudognapholivm wiscosum (Kunth) Anderb.; K. Ambrosio cumanensis Kunth; L. Montanog tomentoso Cerv.; M. Tithonio
tubiformis (lacq.) Cass.; N. Golinsoga parvifiora Cav.; O. Barkleyanthus solicifolius (Kunth) H. Rob. & Brettell; P. Pittocowlon proecox (Cav.) H. Rob. &
Brettell; Q. Dyssodie poppose (Vent.) Hitche.; R. Togetes micrantha Cav. Scale is 0.5 cmin &, C; 1 cm in B, D-R.

Acta Botanica Mexicana 126: e1515 | 2019 | 10.21829/abmi26.2019.1515
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Figure 2: Lamina and midvein in Anthe mideae. A, D, F. Cotwla gustralis (Sieber ex Spreng.) Hook. f.; B, C, E, G. Artemnisia ludoviciona Mutt. Scale is 20

pm in A, B: 50 pmin C-F, 100 pm in G. c=canal.

(Lmennecia); leaves amphistomatic; in surface view, cells
tetragonal or polygonal-elongated with straight anticlines
(Baccharis, Fig. 3A, C. canadensis) or tetragonal to tetrag-
onal-elongated with S5-undulated to V-undulated anticlines
(C. bonariensis, C. coronapifalia, Fig. 3B, laennecia), adax-
ial and abaxial surfaces pubescent, with multicellular tri-
chomes and glands and anomocytic or cyclocytic stomata
(Baccharis, Fig. 3A), in transverse view, cuticle conspicu-
ously striate and thickness between 0.28 and 0.57 pum, epi-
dermises uniseriate with square or cupola cells (Figs. 3C-E)
and thicker outer periclinal walls, both epidermis with the
same width, stomata at the same level as epidermal cells;
mesophyll heterogeneous (Figs. 3C, D) or homogeneous
(L@ennecia, Fig. 3E), palisade parenchyma occupying 33 to
41% of the mesophyll, except for Laennecia, paraveinal me-
sophyll between the vascular bundles; collateral vascular
bundles with a parenchymatous bundle sheath, extensions
of the sheath (girders) (Fig. 3E), except in C. banariensis
and C. canadensis, girders across the leaf (C. coronopifo-
lia, Laennecia) or linked to either adaxial or abaxial surface

(Baccharis), canals generally associated with vascular bun-
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dles (Fig. 3D); midvein contour with a slight central depres-
sion adaxially and flat abaxially (Fig. 3F) or flat adaxially and
round and protruding abaxially (Fig. 3G), cuticle thickerthan
in the lamina, epidermises uniseriate with narrow convex
cells and thicker outer periclinal walls, annular collenchyma
below the epidermises mostly in the central region of the
midrib {Baccharis) and parenchyma towards the vascular
tissue, with palisade parenchyma towards the center of the
midvein, a single central collateral vascular bundle (Figs. 3F,
G) or three bundles, within the bundle, xylem with radial
rows of two to six vessels separated by one or two rows of
parenchyma, phloem formed by three to five rows of cells,
a cap of sclereids associated with phloem and xylem, more
conspicuous in the larger bundle.

Tribe Bahieae
Two species: Floresting pedata (Cav.) Cass. and Schkuhria
pinnata (Lam.) Kuntze ex Thell. (Figs. 1, 4, 5).

Leaves petiolate, opposite at the base and alternate

near the apex, pinnatisect or bipinnatisect (Schkuhria Roth,
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Figure 3: Lamina and midvein in Astereae. A, C. Bacchoris solicifolio (Ruiz & Pav.) Pers; B. Conyza bonoriensis (L) Cronguist; D, G. Conyzo conadensis
(L) Cronguist; E. Loennecio sophifolio (Kunth) G.L. Nesom; F. Baccharis pteronioides DC. Scale is 20 pm in A, B; 50 um in C-E, 100 pmin F, G.c=canal.

Fig. 1C) or palmatisect (Florestina Cass.); lamina size micro-
phyll, lamina shape linear (Schkuhria) or elliptic (Floresti-
na), margin entire, apex straight, base concave or cuneate;
primary vein framework pinnate (Fig. 4A), primary vein
undulate (Floresting), weak, secondary venation brochi-

dodromous, arecle development moderate, veinlets sim-
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ple, straight, unbranched (Floresting) or absent (Schkuhria),
marginal ultimate venation looped; teeth absent; leaves
amphistomatic; in surface view, cells tetragonal or polyg-
onal elongated with S-undulated and U-undulated anti-
clines (Figs. 5A, B}, both surfaces subglabrous, with short

glandular trichomes and anomocytic stomata (Floresting,
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Figure 4: Cleared leaves. A. Floresting pedaota (Cav.) Cass.; B. Bidens odorate Cav.; C. Cosmos bipinnatus Cav.; D. Heterosperma pinnatum Cav.; E.
Brickellio secundifiora (Lag.) A. Gray; F. Fleischmannio pycnocephalo (Less.) R.M. King & H. Rob.; G. Stewig micrantha Lag.; H. Zinnig peruviana (L.)
L.; I. Galinsogo porviflora Cav.; ). Pectis prostroto Cav.; K. Togetes microntha Cav. Scale is2 mmin A-D, G, H, l; 1cmin E, F; 5 mm in |, 21 mm in K.
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Rivera etal.: Leaf architecture and anatomy in Asteraceae in Mexico City

Figure 5: Lamina and midvein in Bahieae. A, C, E. Floresting pedata (Cav.) Cass.; B, D. Schkuhrio pinnato (Lam. ) Kuntze ex Thell. Scale is 20 pm in A,

B; 100 pm in C-E.

Schkuhria) or anisocytic (Schkuhrig), in transverse view,
cuticle striate with a thickness between 0.33 to 0.38 pm,
epidermises uniseriate, with rectangular to hemispherical
cells and thicker outer periclinal walls (Figs. 5C, D), adaxial
epidermis wider than abaxial (Floresting) or both epider-
mis the same width (Schkuhria), stomata at the same level
as the epidermal cells; mesophyll heterogeneous (Flores-
tina, Fig. 5C) or homogeneous (Schkuhria, Fig. 50), pali-
sade parenchyma occupying 54% of the leaf in Florestina;
collateral vascular bundles with a parenchymatous bundle
sheath, sheath extensions rare (Fig. 5C), canals associated
with vascular bundles; midvein contour with a slight cen-
tral depression adaxially and flat abaxially in Schkuhria (Fig.
5D), round and slightly projected adaxially and round and
protruding abaxially in Floresting (Fig. SE), cuticle similar
to lamina, epidermises uniseriate, with cupola cells and
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thicker outer periclinal walls, immediately beneath the epi-
dermises, four rows of annular collenchyma (Schkuhria) or
two to four rows of angular collenchyma (Florestina) and
parenchyma towards the vascular tissue, with palisade one
third towards the abaxial surface, a single central collateral
vascular bundle (Fig. 5E) or two bundles, within the bundle,
xylem with radial rows of three to four vessels separated by
one or two rows of parenchyma, phloem formed by three
to five rows of cells, caps of sclereids with thin walls associ-
ated to xylem and phloem.

Tribe Cardueae

One species: Cirsium vulgare (Savi) Ten. (Fig. ).

Leaves sessile, alternate, pinnately lobed; lamina
size mesophyll, lamina shape triangular, margin toothed

22



Rivera etal.: Leaf architecture and anatomy in Asteraceae in Mexico City

Figure 6: Lamina and midvein in Cardueae. A-D. Cirsium vulgore (Savi) Ten. Scale is 20 pm in &; 100 pm in B, C; 300 pm in D,

and ending in spines, apex acuminate and base cordate
to amplexicaul; primary vein framework pinnate, prima-
ry vein straight, prominent, secondary venation brochi-
dodromous, areole development moderate, veinlets
simple, curved, unbranched, marginal ultimate venation
looped; teeth lacking principal vein, with accessory vein
straight, spinose; leaves amphistomatic; in surface view,
cells elongated polygonal with straight anticlines (Fig.
6A), abaxial and adaxial surfaces pubescent, with multi-
cellular trichomes and stiff hairs stomata anomocytic or
anisocytic in the same plant, in transverse view, cuticle
striate and 0.3 pum in thickness, epidermises uniseriate,
with rectangular cells and thicker cells and outer peri-
clinal walls, adaxial epidermis wider than abaxial epider-
mis, stomata at the same level as epidermal cells; meso-

phyll heterogeneous with two or three rows of palisade
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parenchyma (Fig. 6B), occupying 54% of the mesophyll;
collateral vascular bundles with a parenchymatous bun-
dle sheath, girders seldom in secondary veins, with some
lignified cells (Fig. 6C), canals absent; midvein contour
protruded adaxially and sharply projected abaxially tri-
angular (Fig. 60), cuticle similar to lamina, epidermis-
es uniseriate, with squared cells, immediately beneath
the abaxial epidermis annular collenchyma (1-3 layers)
and abundant parenchyma towards the vascular tissue,
no palisade in the midvein, five to six collateral vascular
bundles, the smaller ones towards the adaxial surface
(Fig. 6D), within the bundles, xylem in clusters of two to
nine vessels or radial rows of three to five vessels and
parenchyma, phloem abundant and formed by five to
seven rows of cells, caps of sclereids wide (10-12 layers)

on each side of the vascular tissue.

23



Tribe Cichorieae
Four species: Helminthot heca echioides (L.) Holub, Lactuca

serriola L., Sonchus oleraceus L. and Taraxacum officinale
F.H. Wigg. (Figs. 1, 7).

Leaves sessile, although at the lamina base narrow
looking like a petiole, leaves opposite or alternate, simple
(Helminthotheca Vaill, Loctuca L., Fig. 1D) to pinnately
lobed (Sonchus L., Taraxacum EH. Wigg., Figs. 1E, F); lamina
size mesophyll to macrophyll, lamina shape variable, gener-
ally elliptic to obovate, margin dentate or serrate, frequent-
ly combining both characteristics, edge of the leaf blade
appear sinuous (Helminthotheca), apex straight, base trun-
cate or lobate to cordate; primary vein framework pinnate
or palmate (Sonchus), primary vein straight, prominent,
secondary wvenation brochidodromous (Helminthotheca,
Lactuca, Taraxacum) or basal actinodromous (Sonchus),
areole development moderate, veinlets simple, straight
(Lactuca, Taraxacum) or once-branched (Helminthotheca,
Sonchus), marginal ultimate venation looped (Lactuca, Son-
chus, Taraxacum) or incomplete (Helminthotheca); teeth
principal vein terminating in a tooth apex (Helminthotheca,
Taroxacum) or accessory veins straight (Sonchus); leaves
am phistomatic or hypostomatic (Sonchus); in surface view,
cells tetragonal or tetragonal elongated with S-undulate
or U-undulate anticlines (Figs. 7A-C), both surfaces gla-
brous (Sonchus, Taraxacum) or bristly and glandular (Hel-
minthotheca) and anomocytic stomata, in transverse view,
cuticle smooth and thickness between 0.31 and 0.45 pm,
epidermises uniseriate, with conical cells and thicker outer
periclinal walls, adaxial epidermis wider than the abaxial
(Sonchus, Taroxocum), stomata at the same level as epi-
dermal cells; mesophyll heterogeneous (Helminthotheca,
Sonchus, Figs. 70, E) or homogeneous (Lactuca, Taraxacum,
Fig. 7F), palisade occupying 36 to 46% of the mesophyll,
collateral vascular bundles with a parenchymatous bundle
sheath (Figs. 7D-F), girders present in all species and run-
ning across the mesophyll, canals absent; midvein contour
ample flat adaxially and round sharply projected abaxially
(Fig. 7G) or protruded in both surfaces with a large lysogen-
icarea in Taraxacum (Fig. 7H), cuticle similar to lamina, epi-
dermises uniseriate, with squared cells, immediately below

a hypodermis (single layer) and parenchyma towards the
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vascular tissue, with palisade parenchyma abaxially in To-
roxocum, three to five collateral vascular bundles, within
the bundles, xylem in radial rows of three to eight vessels
separated by one or two rows of parenchyma, phloem
formed by five to ten rows of cells, caps of sclereids (four to

six layers) associated with xylem and phloem.

Tribe Coreopsideae
Six species: Bidens odorata Cav., B. pilosa L., Cosmaos bipin-
natus Cav, C. parviflorus (lacq.) Pers., Dahlia coccinea Cav.

and Heterosperma pinnatum Cav. (Figs. 1, 4, 8).

Leaves peticlate, rarely sessile (C. bipinnatus), op-
posite, generally pinnatisect or bipinnatisect; lamina size
microphyll to mesophyll, lamina shape linear (Cosmos Cav,
Heterosperma Cav.) or ovate to elliptic (Bidens L., Dahlia
Cav., Figs. 1G, H), margin serrate (Bidens, Dahlia) or entire
(Cosmos, Heterosperma), apex acuminate or straight, base
truncate or concave; primary vein framework pinnate (Figs.
4B-D), primary vein straight or undulate (Heterosperma),
prominent or weak (Heterosperma), secondary venation
brochidodromous, areole development moderate (Bidens,
Dahlia), poor (Cosmos) or lacking (Heterasperma), veinlets
simple, curved (Bidens, Heterosperma), straight (C. bipin-
natus) or once branched (C. parviflorus, Dahlia), marginal
ultimate venation looped; teeth with principal vein and
two accessory veins straight (Bidens), accessory veins con-
vex [Dohlia) or absent (Cosmos, Heterosperma); leaves am-
phistomatic, in surface view, cells tetragonal elongated or
polygonal elongated with straight (Dahlia) or S-undulated
to U-undulated anticlines (Figs. 8A-C), both epidermises
glabrous or glabrate (Cosmos, Heterosperma), with mul-
ticellular trichomes and glands (Bidens, Dahlia) and sto-
mata anomocytic or anisocytic (Dahlia, Heterosperma),
in transverse view, cuticle striate in all species except C.
parviflarus and thickness between 0.23 and 0.42 pm, epi-
dermises uniseriate, with cupola or conical cells and thick-
er outer periclinal walls, tannins occluding cell lumina in
Cosmos (Fig. 8E), stomata at the same level as epidermal
cells; mesophyll homogeneous in €. bipinnatus (Fig. 8D)
and heterogeneous in C. parviflorus (Fig. 8E) and the rest
of the species (Fig. &F), palisade occupying 41 to 53% of
the mesophyll; collateral vascular bundles with a parenchy-
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Figure ¥: Lamina and midvein in Cichorieae. A, D. Sonchus oleroceus L B, E, H. Toroxocum officinole F.H. Wige., C. loctuce serriolo L. F, G.
Helminthotheco echioide (L.) Holub. Scale is 20 pm in A-C; 50 pm in D, E, 100 pm in F, G; 300 pm in H.

matous bundle sheath (Figs. €, F), girders in Dahlia and
Heterosperma, canals associated with vascular bundles or
in the mesophyll (Fig. &F); midvein contour projection on
the adaxial surface and round and slightly protruding on
the abaxial (Bidens, Dahlfia, Fig. 8G) or convex adaxially and
round abaxially (Cosmos, Heterosperma Figs. 8H, 1}, cuti-
cle similar to lamina. epidermises uniseriate, with convex
cells and thick-walled cells, below the adaxial epidermis
one-three layers of annular collenchyma and palisade pa-
renchyma and abaxially two layers of angular collenchyma,
vascular tissue surrounded by parenchyma or a sheath (Fig.

10.21829/abmI26.2019.1515
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2H), a single central collateral vascular bundle (Cosmos,
Heterosperma) or three bundles (Bidens, Dahlia, Fig. 8G),
within the bundles, xylem inradial rows of three to five ves-
sels, phloem formed by three to five rows of cells, a cap of

sclereids (three to four layers) external to xylem in Bidens.

Tribe Eupatorieae

Fourteen species: Agerotina adenophora (Spreng.) R.M.
King & H. Rob., A. choricephala (B.L. Rob.) R.M. King & H.
Rob., A. cylindrica (McWaugh) R.M. King & H. Rob., A. del-
toidea (Jacg.) R.M. King & H. Rob., Brickellia secundiflora

L1
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Figure 8: Lamina and midvein in Coreopsideae. A, F. Dahlio coccinea Cav.; B, Bidens odorata Cav.; C, E, G. Cosmos parviflorus (lacg.) Pers.; D, |. Cosmos
bipinnatus Cav.: H. Cosmos parvifiorus (lacg.) Pers. Scale is 20 pm in A-C: 50 pum in D-F, 100 um in G-l. c=canal.

(Lag.) A. Gray, B. veronicifolia (Kunth) A. Gray, Chromolaena
pulchella (Kunth) R.M. King & H. Rob., Fleischmannia pyc-
nocephala (Less.) R.M. King & H. Rob., Piqueria trinervia
Cav., Stevig micrantha Lag., S. origanoides Kunth, 5. salicifo-
lig Caw., 8. subpubescens Lag. and 5. tomentosa Kunth (Figs.
1,4,9).

Leaves petiolate rarely sessile (S. salficifolia), oppo-
site, simple (Fig. 11}; lamina size variable from microphyll
(B. veronicifolia) to macrophyll (A. deltoidea), lamina shape
ovate to elliptic, linear (5. salicifolia) or triangular (A. del-
toidea), margin crenate to serrate, sometimes both (Ste-
via Cav.), apex straight to rounded, base highly variable:
truncate, concave, concavo-convex, cuneate or cordate;

primary vein framework pinnate or palmate, primary vein
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straight, prominent or weak (Ageratina Spach, Stevia),
secondary wenation brochidodromous or actinodromous
basal (Fleischmannia Sch. Bip., Stevia, Figs. 4F, G), areole
development moderate or poor (Brickellio Elliott), veinlets
simple, curved, linear (Agerating) or once-branched (Chro-
molaena DC., 5. tomentosa), marginal ultimate venation
looped; teeth with accessory veins and simple or lacking
teeth (Chromolaena); leaves hypostomatic in most species,
just four species amphistomatic (4. cyfindrica, P. trinervia,
5. origancides, 5. salicifolia); in surface view, cells tetrag-
onal-elongated or polygonal with straight, V-undulated,
U-undulated or S-undulated anticlines (Figs. 9A-C), both
surfaces tomentose, rarely glabrous (Pigueria), with mul-
ticellular trichomes and stomata anomocytic, anisocytic

(5. origanoides) or staurocytic (A. cylindrica, P. trinervia, 5.
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Figure 9: Lamina and midvein in Eupatorieae. A, K. Stevig origonoides Kunth; B. Stewia salicifolio Cav.; C, D. Stevio tomentosa Kunth, E. Brickellio
veronicifolio (Kunth) A. Gray; F. Fleischmannio pycnocephalo (Less.) R.M. King & H. Rob.; G. Agerating deftoideo (Jacg.) R.M. King & H. Rob.; H.
Piguerio trinervia Cav.; . Brickellio secundiflore (Lag.) A. Gray; ). Ageroting choricephalo (B.L. Rob.) R.M. King & H. Rob. Scale is 20 pm in A-C; 50 um

in D-F, 100 pwm in H-K; 300 pm in G.

salicifolia); in transversal view, cuticle striate and 0.21 to
0.60 pm in thickness, epidermises uniseriate, with rectan-
gular or convex cells and thicker outer periclinal walls (Figs.
80-F), adaxial epidermis sometimes wider than the abaxial
(A. cylindrica, A. deltoidea, Brickellia, Chromolaena, Fleis-

chmannia, Stevia), stomata at the same level or above the
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epidermal cells (A. deltoidea, Brickellia, C. pulchella, Fleis-
chmannia, 5. micrantha, 5. origanaides, Figs. 2E, F); meso-
phyll heterogeneous (Figs. 9D-F), except in Pigueria, homo-
geneous, palisade occupying 45 to 56% of the mesophyll,
collateral vascular bundles with a parenchymatous bundle

sheath or sclerenchyma (5. salicifolia), girders in secondary
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veins (Fig. 9F), canals associated with vascular bundles or
in the mesophyll; midvein contour flat or slightly project-
ed adaxially and abaxially round or square protruded or
highly protruded (Figs. 2G-K), cuticle conspicuously striate,
epidermises uniseriate, with square and convex cells and
thicker outer periclinal walls, below both epidermises, an-
gular collenchyma (1 to 3 layers) limited by the mesophyll
(Piqueria) or exclusively parenchyma (Fig. 2K), a central
collateral vascular bundle forming an open arc, within the
bundle, xylem in clusters of three to ten vessels or radial
rows of three to five vessels separated by radial rows of pa-
renchyma, phloem formed by one to five rows of cells, caps
of parenchyma or sclerenchyma (three to seven layers) as-

sociated to xylem and phloem (Fig. GH).

Tribe Gnaphalieae

Three species: Pseudognaphalium canescens (DC.) Anderb.,
P. semilanatum (DC.) Anderb. and P. viscosum (Kunth) An-
derb. (Figs. 1, 10).

Leaves sessile, alternate, simple (Fig. 11); lamina size
microphyll, lamina shape elliptic to oblong, margin entire,
revolute (P. viscosum), apex straight to acuminate, base
truncate, sometimes cordate to sagittate (P. viscosum); pri-
mary vein framework pinnate, primary vein straight, weak,
secondary venation brochidodromous, areole develop-
ment moderate, veinlets simple, curved, marginal ultimate
venation looped; teeth absent; leaves hypostomatic (P. ca-
nescens, P. semilanatum) or amphistomatic (P. viscosum);
in surface view, cells tetragonal or elongated tetragonal
with U-undulated to V-undulated anticlines (Figs. 10A-C),
adaxial surface hirsute, abaxially densely tomentose, with
glandular trichomes and anomocytic stomata, in transverse
view, cuticle apparently smooth and between 0.20 and 0.42
pm in thickness, epidermises uniseriate, with rectangular
and conical cells (Figs. 100, E), adaxial epidermis wider than
abaxial, stomata at the same level as epidermal cells; meso-
phyll heterogeneous with one to two rows of palisade pa-
renchyma, palisade occupying 41 to 46% of the mesophyll;
vascular bundles collateral with a parenchymatous bundle
sheath in P. conescens and P. semilanatum, with girders
(Figs. 10D, E), canals absent; midvein contour flat or slightly

corvex adaxially and abaxially round and protruded (Figs.
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10F-H), cuticle similar to lamina, epidermises uniseriate
with convex cells and thick outer periclinal walls, immedi-
ately beneath the abaxial epidermis a layer of angular col-
lenchyma and mesophyll extending to most of the abaxial
faces, abundant parenchyma surrounding the vascular tis-
sue, a single central collateral vascular bundle, within the
bundle, xylem in radial rows of two to five vessels, phloem
formed by three to four rows of cells, a cap of parenchyma
({two or three layers) associated with phloem.

Tribe Heliantheae

Eleven species: Acmello repens (Walter) Rich., Aldamao
buddleiiformis (DC.) E.E. Schill. & Panero, A. excelsa (Willd.)
E.E. Schill. & Panero, Ambrosia cumanensis Kunth, Logas-
cea rigida (Cav.) Stuessy, Montanoo grandiflora Alaman ex
DC., M. tomentosa Cerv., Simsia amplexicauwlis (Caw.) Pers.,
Tithonia tubiformis (Jacg.) Cass., Verbesing virgata Cav. and
Zinnia peruviana (L.} L. (Figs. 1, 4, 11).

Leaves petiolate or sessile, opposite, sometimes al-
ternate near the apex, simple or pinnately lobed (Ambrosia
L., Fig. 1K; M. grandifiora, Simsia Pers.); lamina size micro-
phyll to megaphyll, lamina shape ovate to elliptic, margin
entire (Acmella Rich. ex Pers., Aldama La Uave, Zinnia L.),
crenate to serrate (M. grandiflora), dentate (V. virgata)
and erose (Simsia), apex straight to acuminate, base trun-
cate, concave, cuneate or cordate (Figs. 1L, M); primary
vein framework pinnate or palmate, primary vein straight
(Fig. 4H), prominent (Lagascea Cav.), secondary venation
brochidodromous or actinodromous basal (Aldama, M.
tomentosa, Tithonia Desf. ex Juss., Zinnia, Fig. 4H), areole
development moderate or good (Lagascea), veinlets once-
branched (Acmella, M. tomentosa), simple, straight (Aldo-
ma, Ambrosia, Lagascea, Tithonia, Zinnig) or simple curved
in the other taxa, marginal ultimate venation looped or
incomplete (Simsio, Verbesing L.); teeth with primary and
accessory veins straight (Ambrosia), only accessory veins
curved (Acmella, Simsia, Tithonia, Verbesina) or absent
(Aldama, Lagascea, Zinnia); leaves amphistomatic, rarely
hypostomatic; in surface view, cells tetragonal, tetrago-
nal-elongated or polygonal with straight to S-undulate anti-
clines (Figs. 11A-C), both epidermises hispid to tomentose,

with glands and unicellular or multicellular trichomes and
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Figure 10: Lamina and midvein in Gnaphalieae. A, D, F. Psevdognaphalivm conescens (DC.) Anderb.; B, E, G. Pseudognapholium semilanatum (DC.)
Anderb.; C, H. Pseudognophalium viscosum (Kunth) Anderb. Scale is 20 pm in A-C; 50 pum in D, E, 100 pm in F-H.

stomata anomocytic, anisocytic or staurocytic (Logascea),
in transverse view, cuticle striate and between 0.21 and
1.15 pm in thickness, epidermises uniseriate, with cupaola
or rectangular cells and thicker outer periclinal walls, adax-
ial epidermis is wider than abaxial in most species or both
are equally wide (Acmella, Lagascea, Verbesina), stomata
at the same level as other epidermal cells or above (Fig.
11G); mesophyll heterogeneous (Figs. 110-G), palisade oc-
cupying from 32 to 100% of the mesophyll (Aldama, logas-
cea, Simsia); collateral vascular bundles with a parenchy-

1021829/ abmi26.2019.1515
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matous bundle sheath, girders of parenchyma (Figs. 11D,
E) or sclerenchyma [Aldama, Logascea, Fig. 11F), second-
ary veins with angular collenchyma toward both surfaces,
canals associated with vascular bundles: midvein contour
flat or protruded on the adaxial surface and abaxially round
and protruding (Figs. 11H-1) or a crest toward both surfaces
(Ambrosia, Fig. 11G), cuticle similar to lamina, epidermis-
es uniseriate with cupola cells and thicker outer periclinal
walls, immediately beneath the epidermises, parenchyma

(Fig. 11H) or annular or angular collenchyma, frequently

5
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Figure 11: Lamina and midvein in Heliantheae. A, D. Montonog tomentosa Cerv., B, . Montonoo grondiflora Alaman ex DC.: C, F. Logascea rigido
[Caw.) Stuessy, E. Verbesing virgata Cav.; G. Ambrosia cumanensis Kunth, H. Zinnia peruwanae (L) L.; |. Tithonio tubiformis (Jacg.) Cass. Scale is 20 pm
inA-C; 50 pmin D, F, G, 100 pm in E, H; 300 pm in |, J. c=canal.

continuous (four to five layers, Figs. 111, J) or discontinuous  xylem in radial rows of two to ten vessels or in clusters of
(two to five layers), mesophyll or parenchyma towards the  three to fifteen or more vessels, phloem formed by five to
vascular tissue, a single central collateral vascular bundle  ten rows of cells, caps of parenchyma (Simsia, Zinnia) or

or more than ten bundles (Figs. 11H-J), within the bundles, sclerenchyma associated with xylem and phloem.
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Tribe Millerieae

Four species: Golinsoga parviflora Cav., Jaegeria hirta (Lag.)
Less., Melampodium longifolium Cerv. ex Cav. and M. perfo-
ligtum (Cav.) Kunth (Figs. 1, 4, 12).

Leaves sessile (Joegeria Kunth) or petiolate (Galin-
soga Ruiz & Pav., Melampodium L.), opposite and simple;
lamina size notophyll to mesophyll, lamina shape elliptic,
obovate or ovate, margin crenate to serrate (Fig. 1N), apex
acuminate to straight, base cuneate to rounded, some-
times concave (Galinsoga) or sagittate (Melampodium);
primary vein framework palmate (Fig. 4l1), primary veins
straight, prominent, secondary venation actinodromous
basal, areole development moderate, veinlets simple,
curved (Galinsoga), straight (Jaegeria) or once-branched
(Melampodium), marginal ultimate venation looped (Jae-
geria, Galinsoga) or incomplete (Melampodium), teeth
with accessory veins straight; leaves amphistomatic; in
surface view, cells tetragonal-elongated with 5-undulat
ed, U-undulated or V-undulated anticlines (Figs. 12A-C),
both epidermis strigose to hirsute, with multicellular tri-
chomes and stomata anomocytic, in transverse view, the
cuticle apparently smooth and between 0.23 and 0.24 um
in thickness, epidermises uniseriate, with cupola or rect-
angular cells and thicker outer periclinal walls, adaxial epi-
dermis wider than the abaxial, stomata at the same level
as the epidermal cells; mesophyll heterogeneous (Figs.
12C, D), palisade occupying 25 to 39% of the mesophyll, in
Jaegeria most of the mesophyll occupied by aerenchyma
(Fig. 12C); collateral vascular bundles with a parenchyma-
tous bundle sheath and girders (Galinsoga and Melampo-
dium), canals associated with vascular bundles; midvein
contour with a projection on the adaxial surface and abax-
ially wide slightly protruding (Jaegeria) or round and pro-
truding (Figs. 12G-1), cuticle similar to lamina, epidermises
uniseriate, rectangular or convex cells with thicker outer
periclinal walls, immediately beneath the epidermises
parenchyma or annular collenchyma, one to three layers,
restricted to the projections and parenchyma towards
vascular tissue, a central arc of vascular tissue (Figs. 126G,
I} and in Galinsoga opposite to the main arc phloem and
some vessels evident (Fig. 12H), within the bundle, xylem
in radial rows of two to five vessels or clusters of five to
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ten vessels, phloem formed by one to four rows of cells,

caps associated to vascular tissue absent.

Tribe Nassauvieae
One species: Acourtia cordata (Cerv) B.L. Turner (Fig. 13).

Leaves sessile, alternate and simple; lamina size ma-
crophyll, lamina shape elliptic to oblong, margin dentate,
apex convex, base cordate; primary vein framework pin-
nate, primary vein straight, prominent, secondary venation
brochidodromous, areole development moderate, veinlets
simple, curved, marginal ultimate venation looped; teeth
more than one central plus two accessories straight; leaves
amphistomatic; in superficial view, cells tetragonal-elongat-
ed with S-undulate anticlines (Fig. 134), both surfaces pu-
bescent, with multicellular trichomes and stomata anomo-
cytic or anisocytic, in transverse view, the cuticle smooth
and less than 0.06 pum in thickness, epidermises uniseriate,
with convex cells and thicker outer periclinal walls, both
epidermis of the same width, stomata at the same level as
epidermal cells; mesophyll heterogeneous with one row of
palisade parenchyma, occuping 26% of the mesophyll (Fig.
13B); collateral vascular bundles with a parenchymatous
sheath, girders present in secondary veins and usually com-
posed of sclerenchyma associated to phloem (Fig. 13C),
canals absent; midvein contour adaxially flat and abaxially
protruded triangular (Fig. 130D), cuticle similar to lamina,
epidermises uniseriate with narrow convex cells and thick
outer periclinal walls, immediately beneath the epidermis-
es, angular collenchyma of one or two layers and paren-
chyma towards the vascular tissue, three collateral vascular
bundles, within the bundles, xylem with more than twelve
vessels, separated by parenchyma, phloem formed by six to
ten rows of cells, caps of abundant sclerenchyma associat-
ed with xylem and phloem (Fig. 130).

Tribe Senecioneae

Three species: Barkleyanthus salicifolius (Kunth) H. Rob. &
Brettell, Pittocaulon praecox (Cav.) H. Rob. & Brettell and
Roldano lobata La Lave (Figs. 1, 14).

Leaves petiolate, alternate and simple; lamina size
mesophyll to macrophyll, lamina shape ovate-elliptic (Pit-
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Figure 12: Lamina and midvein in Millerieae. A, D, G. loegerio hirta (Lag.) Less.; B, E, H. Golinsogo parviflore Cav.; C. Melompodium longifolium Cerv.
ex Cav.; F, |. Melompodivm perfoliotum (Cav.) Kunth. Scale is 20 pmin A-C: 50 pm in D-F, 100 pm in G-1.

tocaulon H. Rob. & Brettell) or linear-elliptic ( Barkleyant hus
H. Rob. & Brettell, Roldana La Llave), margin entire, serrate
or dentate, apex acuminate acute (Barkleyanthus, Fig. 10;
Pittocaulon, Roldana), base lobate (Pittocaulon, Fig. 1P),
rounded to truncate (Rofdana) or cuneate (Barkleyanthus);
primary vein framework pinnate or actinodromous, pri-
mary vein straight, prominent, secondary venation is par-
allelodromous (Barkleyanthus), actinodromous suprabasal
(Pittocaulon) or mixed craspedrodromous (Roldana), are-
ole development moderate (Barkleyanthus, Pittocaulon)
or good (Roldana), veinlets once-branched (Barkleyanthus,

Pittocaulon) or absent (Roldana), marginal ultimate vena-
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tion looped; teeth with accessory veins (Barkleyanthus,
Roldana) or absent (Pittocawlon); leaves amphistomatic
or hypostomatic, in surface view, cells polygonal-elongat-
ed with straight anticlines (Figs. 14A-C), both epidermises
glabrous or glabrate and stomata anomocytic, in trans-
verse view, the cuticle striate and between 0.36 and 0.46
pm in thickness, epidermises uniseriate, with rectangular
or conical cells and thicker outer periclinal walls, both epi-
dermis equally in width, stomata at the same level as the
epidermal cells; mesophyll heterogeneous (Fig. 14D} or
homogeneous (Pittocaulon, Roldana, Figs. 14E, F), palisade
occupying 53% of the mesophyll (Barkleyanthus); collater-
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Figura 13: Lamina and midvein in Massauvieae. A-D. Acourtio cordato (Cerv.) B.L. Turner. Scale is 20 pm in A; 100 pm in B, D; 50 pm in C. f=fibers.

al vascular bundles with a parenchymatous bundle sheath,
girders in secondary veins, canals associated with vascular
bundles or in the mesophyll (Barkfeyanthus); midvein con-
tour slightly convex or protruded adaxially and abaxially
round and protruded (Figs. 14G, |) or gently protruded in
both surfaces (Fig. 14H), cuticle similar to lamina, epider
mises uniseriate with convex cells and thicker outer peri-
clinal walls, immediately beneath the epidermis angular
collenchyma, one to three layers surrounding almost all the
midrib (Pittocaulon), restricted to a small region in either
surface (Barkleyanthus) or lacking (Reldana), a single cen-
tral collateral vascular bundle or three bundles forming an
arc (Fig. 14E), within the bundle, xylem inradial rows of two
to ten vessels, phloem formed by two to five rows of cells,

cap of sclerenchyma associated with xylem.

Tribe Tageteae
Four species: Dyssodia papposa (Vent.) Hitche., Pectis prostrata
Cav., Tagetes micrantho Cav. and T tenuifolio Cav. (Figs. 1, 4, 15).
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Leaves sessile, opposite, simple (Pectis L.) or pinnati-
sect (Dyssodia Cav., Togetes L., Figs. 1Q, R); lamina size nano-
phyll to mesophyll, lamina shape linear-elliptic to obovate,
margin entire (P. prostrata, T. micrantha), toothed (Dysso-
dia) or serrate (T. tenuifolia), apex straight or acuminate,
base cuneate or truncated; primary vein framework pinnate
(Figs. 4), K}, primary vein straight, prominent, secondary ve-
nation brochidodromous, areole development moderate (T.
tenuifolia), poor (Dyssodia, Pectis) or lacking (T. micranthal),
veinlets simple, curved (Dyssodia, Tagetes), straight (Pectis)
or absent (Pectis), marginal ultimate venation looped (Pec-
tis, Tagetes) or incomplete (Dyssodia); teeth with primary
and accessory veins straight, primaryveintermination atthe
apex of tooth; leaves amphistomatic; in surface view, cells
tetragonal, tetragonal-elongated or polygonal with straight
to S5-undulate anticlines (Figs. 15A-C), glabrate in both sur-
faces and stomata anomocytic or anisocytic, in transverse
view, the cuticle striated or smooth and between 0.19 and

0.44 pm in thickness, epidermises uniseriate, with square
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Figure 14: Lamina and midvein inSenecioneae. A, D, G. Borkleyanthus saficfolivs (Kunth) H. Rob. & Brettell: B, E, H. Pittocowlon proecox (Cav.) H. Rob.
& Brettell; C, F, I. Roldane lobota La Llave. Scale is 20 pm in A-C; 50 pm in E, F; 100 um in D, G-l; 300 pm in |, J. c=canal.

or convex cells and thicker outer periclinal walls, both epi-
dermises equall in width, tannins occluding cell lumina in
Dyssodia, stomata at the same level as the epidermal cells;
mesophyll heterogeneous (Figs. 150-F), palisade occupying
27 to 42% of the mesophyll; collateral vascular bundles with
a parenchymatous bundle sheath, paraveinal mesophyll be-
tween vascular bundles (Fig. 15D), canals associated with
vascular bundles or in the mesophyll (Fig. 15E); midvein
contour adaxially flat and abaxially gently protruded (Pectis,
(Fig. 15H, T. micrantha) or adaxially flat and abaxially pro-
truded round (T. tenuifolia) or triangular (Dyssodia) (Figs.
15G, 1), cuticle conspicuously striate and thicker than the
lamina, epidermises uniseriate with convex cells and thicker
outer periclinal walls, immediately beneath the epidermis-

es, a layer of annular collenchyma and parenchyma towards

10.21829¢ abm126.2019.1515
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the vascular tissue, a single central collateral vascular bun-
dle or three bundles (Fig. 15H), within the bundles, xylem in
grouped in radial rows of two to four vessels, phloem formed
of two to three rows of cells, caps of sclerenchyma (one to

three layers) associated with phloem and mainly xylem.

Discussion

We find that most of the studied species are petiolate
(61%), simple (68%) and microphyll (29%). The laminar sha-
pe is most often ovate (45%) with some type of vascularized
margin projections in 62% of the species. The brochidodro-
mous venation pattern predominates (62%), followed by
actinodromous (33%); areole development is moderate in
86% of the species and the freely ending veinlets are simple
and curved in 53% of these; 90% of the species have looped

EN
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Figure 15: Lamina and midvein in Tageteae. &, D, G. Dyssodio popposa (Vent.) Hitche; B, E, H. Pectis prostrata Cav.; C. Tagetes micrantha Cav.; F, 1.

Togetes tenuifolio Cav. Scale is 20 um in A-C; 50 umin D-F, 100 pmin G-l

marginal ultimate venation. The leaves are amphistomatic
(66%) with anomocytic stomata (62%). Seventy four per-
cent of the species have striate cuticle. The surface of 75%
of the species is pubescent. The stomata of 77% of the spe-
cies are at the same level as the rest of the epidermal cells.
Epidermal cells in superficial view are tetragonal-elongated
with S-undulated anticlines (63%). Almost all species (98%)
have a vascular bundle sheath, but only in 73% of these
there are sheath extensions, whereas sclerified cells asso-
ciated with bundle sheaths are rare in the species studied,
as in other members of the family (Aytas-Akcin and Akcin,
2017). Bundle sheaths have also been recorded for other
taxa of Asteraceae (Bombo et al,, 2012; Chwil et al., 2015;

10.21829/abmI26.2019.1515
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Mendes et al., 2016; De Sousa et al., 2018; Lusa et al., 2018)
and they appear to be one of the most common traits in
the family.

Although we did not find a unique combination of
characters for any of the tribes, some patterns exist. For
instance, the brochidodromous venation pattern appears
to be the most common trait in most tribes, except in Sene-
cioneae which has three different types (parallelodromous,
actinodromous suprabasal and mixed craspedrodromous);
this is consistent with Rojas-Leal et al. (2018), who found
four venation patterns for the Mexican genera of the Sene-
cioneae tribe. Stomata raised above epidermal cells appear

to be a trait more common in the Eupatorieae as well as a
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particular type of midvein contour (adaxially flat or slightly
projected and abaxially round or square protruded or high-
ly protruded). This combination of characters has been re-
corded in other members of this tribe (Milan et al., 2006;
Santos et al., 2016). The presence of paraveinal mesophyll
and bundle sheaths without girders are common in the Tag-
eteae tribe whereas the presence of bundle sheaths with
extensions and canals associated with them is a common
feature in the Heliantheae as recorded for other members
(Bombo et al., 2012). The occurrence of abundant sclerified
cells associated with vascular bundles in the lamina and the
midvein in A. cordata is a distinctive feature of the Nassau-
vieae compared to the other tribes studied. The midvein
contour which is flat or slightly convex adaxially and round
and protruded abaxially, is a common trait of the Pseudo-
gnaphalium species studied (Gnaphalieae). In the Millerie-
ae, the midvein contour (adaxially projected and abaxially
slightly protruding or round and conspicuously protruded)
is common to the three species studied, which also repre-
sent three genera. Sampling more species of all tribes of
Asteraceae will allow improving not only the tribal descrip-
tions, but also confirm the traits just mentioned for some
tribes or find additional ones.

In the Asteraceae tribes studied there is a predomi-
nance of small leaf size, serrate margins, poorly developed
areole development and the presence of bundle sheath
extensions. This combination of characters has been re-
lated to efficiency in leaf hydraulic conductance {Sack and
Scoffoni, 2013; Sack et al., 2015), light absorption (Nikol-
opoulos et al., 2002) and biemechanical support (Read and
Stokes, 2006). Rivera et al. (2017) tried to explain leaf vari-
ation in this xerophytic scrub associating it with different
drought-resistance strategies (Ferraro and Scremin-Dias,
2018). However, their results showed that leaf variation
could not be solely explained by dry conditions promoted
by the volcanic outcrop rocks. Rivera et al. (2017) suggest
that characters as plant lifespan, growth form, genome size
and species biogeographic history help explain the leaf vari-
ation since this attributes have been found related to dif-
ferent extents with anatomical characters in different plant
species (Press, 1999; Santiago and Wright, 2007). Detailed
anatomical and architectural descriptions are the first steps

for any exhaustive study on the causes of leaf variation.
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Conclusions

Here we present leaf characters occurring in the thirteen
tribes of the Asteraceae present in the REPSA. There is sig-
nificant variation in leaf architecture and anatomy in this
area. The variation observed is consistent with the diver-
sity reported for other authors for the family and for some
Mexican tribes. The results of this descriptive study will
allow testing evolutionary and ecological hypotheses about
the effect of intrinsic and extrinsic factors of the species on
the leaf diversity in this area. We suggest future avenues of
research on the leaf anatomy of Asteraceae following the
format and the terms used in our descriptions of the tribes.
We consider that this model will allow standardization of
leaf descriptions without losing useful information. Anato-
mical descriptions are a fundamental piece of the evolu-
tionary, ecological and physiological study of the leaves in

Asteraceae.
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Appendix: Collectors and collection numbers of vouchers of the species studied of Asteraceae. All species are deposited in the Herbario Nacional de
México [MEXU) Instituto de Biologia, Universidad Macional Auténoma de México.

Asteraceae

Tribe Anthemideae

Artemisia ludoviciona Mutt., . Céspedes 443

Cotuwlo gustrolis (Sieber ex Spreng.) Hook. f., L Céspedes 476

Tribe Astereae

Baccharis pteronioides DC., 0. Hinojosa 565

Baccharis salicifolio (Ruiz & Pav.) Pers., L Céspedes 438

Conyza bonariensis (L.) Cronguist; F. Soto 71, L. Céspedes 477
Conyzo canodensis (L) Cronguist, 0. Hinojoso 464

Conyzo coronopifolia Kunth, 0. Hinojosa 467

Loennecio sophiifolia (Kunth) G.L. Nesom, O. Hinojosa 583

Tribe Bahieae

Floresting pedata (Cav.) Cass., L Céspedes 223, 470

Schkuhrio pinnate (Lam. ) Kuntze ex Thell,, L Céspedes 124

Tribe Cardueae

Cirsium vulgare (Savi) Ten., O. Hinojosa 506

Tribe Cichorieag

Helminthotheco echioides (L) Holub., L. Céspedes 478

Loctuco serripla L., F. Soto 91

Sonchus oleroceus L., L Céspedes 456

Taraxacum officinale F.H. Wigg., 0. Hinojosa 525

Tribe Coreopsideae

Bidens odorata Cav., O. Hinojosa 518

Bidens pilosa L., 0. Hinojoso 550

Cosmos hipinnotus Cav., L. Céspedes 440

Cosmos porviflorus (Jacg.) Pers., L. Céspedes 439

Dohlio coccinea Cav., 0. Hinojosa 585

Heterosperma pinnatum Cav., 0. Hingjosa 515

Tribe Eupatorieae

Agerating adenophora (Spreng.) .M. King & H. Rob., 0. Hinojosa 563
Ageroting choricephala (B.L. Rob.) R.M. King & H. Rob., L Céspedes 623
Agerating cylindrico (McVaugh) B.M. King & H. Rob., L Céspedes 280
Agerating deltoiden (lacg.) R.M. King & H. Rob., 0. Hinojoso 549
Brickeliio secundifforn (Lag.) A. Gray, 0. Hinojosa 555

Brickellio veronicifolin (Kunth) A. Gray, 0. Hinojoso 497
Chromolgeno puichella (Kunth) B.M. King & H. Rob., 0. Hinojoso 559
Fleischmannia pycnocephala (Less.) R.M. King & H. Rob., 0. Hinojosa 554

Pigueria trinervia Cav., 0. Hinojosa 522
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Stewio microntho Lag., F Soto 153

Stewio origonoides Kunth, . Céspedes 668, 0. Hinojoso 523

Stevio solicifolio Cav., L. Céspedes 638, 0. Hinojoso 498

Stewio subpubescens Lag., 0. Hinojoso 561

Stewio tomentosa Kunth, L. Céspedes 433

Tribe Gnaphalieae

Pseudognaphalium canescens (DC.) Anderb., L Céspedes 484

Pseudognophalium semilonatum (DC.) Anderb., L. Céspedes 516

Peeudognaphalivm wiscosum (Kunth) Anderb., O. Hinojosa 504

Tribe Heliantheae

Acmella repens (Walter) Rich., 0. Hinojoso 519

Aldomo buddieiformis (DC.) E.E. 5chill. & Panero, L. Céspedes 441

Aldamao excelsa (Willd.) E.E. Schill. & Panero, L. Céspedes 370

Ambrosia cumanensis Kunth, 0. Hinojosa 507

Lagascea rigida (Cav.) Stuessy, L Céspedes 483

Montanoo grondiflors Alaman ex DC., L Céspedes 436, 607

Montanoo tomentoso Cery., L Céspedes 369, F. Soto 15

Simsio amplexicoulis (Cav.) Pers., L. Céspedes 473

Tithonia tubiformis (Jacg.) Cass., L Céspedes 444

Verbesing virgoto Cav,, L. Céspedes 437

Zinnia peruviana [L.) L., 0. Hinojosa 508

Tribe Millerieae

Galinsoga porviflora Cav., L Céspedes 475

Jaegerio hirta (Lag.) Less., L. Céspedes 372, F. Soto 176

Melompodium longifolivm Cerv. ex Cav., F. Soto 14

Melampodium perfoliotum (Cav.) Kunth, F. Soto 19

Tribe Nassauvieae

Acourtio cordote (Cerv.) B.L. Turner, L Céspedes 442

Tribe Senecioneae

Barkleyant hus salicifolius (Kunth) H. Rob. & Brettell, L Céspedes 559, F.
Soto 8BS

Pittocowon proecox (Cav.) H. Rob. & Brettell, O. Hinojosa 505

Roldona lobata La Llave, L. Céspedes 448

Tribe Tageteae

Dyssodio popposa (Vent.) Hitche., L Céspedes 206, 471

Pectis prostrata Cav., 0. Hinojosa 524

Togetes micrantha Cav., L Céspedes 434

Togetes tenuifolia Cav., L Céspedes 474
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Capitulo 2.

Variacion foliar asociada a la adaptacion a un matorral xerofilo.

Rivera P., Terrazas T., Villasenor J.L. 2017. Meso- or xeromorphic? Foliar

characters of Asteraceae in a xeric scrub of México. Botanical Studies 58:12

Este capitulo corresponde al articulo de requisito aprobado por el Comité
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Abstract

Background: The anatomical traits associated with water deficit are also observed in plants growing in poor soils.
The species may resist water deficit through three main strategies: escape, avoid or tolerate. The Pedregal de San
Angel Ecological Reserve (REPSA), Mexico, is an environment with low nutrient scil and low water availability. It is

set on the basalt formation derived from the Xitle volcano eruption. The main vegetation type is characterized as
werophytic shrub. Thus we expect that species growing in this community will show leaf xeromorphic traits and may
have any of the three response strategies. We analyzed the foliar anatomy of 52 species of the Asteraceae family at the
REPSA because it is the most abundant angiosperm family in the site, showing a wide variety of growth forms and
anatomical variation.

Results: The foliar anatomies of the studied Asteraceae were highly variable as well as their guantitative traits as
revealed by principal component analysis. This agrees with previous studies that found great anatomical variation
within the family, Leaves have multiple layered palisade parenchyma and parenchyma bundle sheaths and could

not be categorized as xeromorphic because they possess mesomorphic leaf features as simple laming, single-layered
epidermis, and soft large-size glabrous leaves with high spedific leaf area.

Conclusions: The combination of mesomorphic and few xeromorphic foliar traits with other characters at the genus
and tribal level probably has been essential in Asteraceas to colonize various environments, including those with low

water and nutrient availabilicy.

Keywords: Astersae, Eupatorieas Heliantheas, Foliar anatomy, Poor soils, Water strass

Background

Plants growing under xeric conditions can have a set of
anatomical, physiological or phenological adaptations
allowing them to escape, avoid or tolerate water stress
(Santos and Ochoa 1990; Fahn and Cutler 1992; Dicki-
son 2000; Valladares et al. 2004). Drought-escaping spe-
cies penerally are annual or biannual herbs that develop
their life-cycle in short time periods when conditions
are favorable (Kramer 1983; Santos and Ochoa 1990
Fahn and Cutler 1992; Valladares et al. 2004} or they usu-
ally possess perennation structures, such as bulbs, rhi-
zomes or runners that remain latent until conditions are
favorable again. Plants showing the avoidance-of-stress
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strategy possess some features enabling them to mini-
mize or compensate for water loss or to increase water
uptake and avoid desiccation. Indicator traits of the
drought avoidance mechanism include deep roots, small
or strongly lobulated leaves, mesophyll cells smaller in
size, thick cell-walls and cuticles, multiseriate epidermis,
strongly developed palisade parenchyma, stomata sunken
or in crypts and abundant trichomes (Esau 1976; Kramer
1983; Santos and Ochoa 1990; Gibson 1996; Dicki-
son 2000; Valladares et al. 2004; Fang and Xiong 2015).
Drought tolerating plants can sustain a certain level of
physiological activities under stress conditions. Tolerat-
ing plants show tissues resistant to dehydration and char-
acters such as stress-induced leaf abscission, succulent
leaves, lignified cell-walls, mucilage accumulation and
the occurrence of buliform cells (Kramer 1983 Santos
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and Ochoa 1990; Dickison 2000; Valladares et al. 2004,
Fang and Xiong 2015).

Traits of stress-avoiding and stress-tolerating plants
have also been related to soil nutrient deficit (Dickison
2000; Fonseca et al. 2000; Wright et al. 2002). In fact,
soil nutrient availability explains better the distribu-
tion of foliar characters in plants around the world than
mean annual temperature, mean annual precipitation
and irradiance together (Ordonez et al. 2009). It has been
hypothesized that xeromorphism has evolved from the
adaptation of mesomorphic plants to low nutrient soil
(Fahn and Cutler 1992) or to both, the lack of water and
poor soils. These two conditions are found at the Pedregal
de San Angel Ecological Reserve in the Basin of Mexico.

The Pedregal de San Angel Ecological Reserve (REPSA)
is a protected area for the vegetation at the southern edge
of the Mexico basin (Fig. la). The REPSA is located in the
southwest region of the Mexico City basin (19°1821" to
19°20°11"N and 99°10°15" to 99°12°4"™W), at an elevation
interval of 2292-2365 m, and it encompasses an area of
237.3 ha (Rg. la). The vegetation type has been charac-
terized as xerophilous scrub (Rzedowski 2006). This eco-
system is on a set of basaltic formations produced by the
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solidification of lava flow during the eruption of the Xitle
volcano about 1670 vears ago (Siebe 2000). Although
mean annual precipitation is 883 mm, the bedrock does
not allow water retention and the soil is shallow. So arid-
ity in this site is more edaphic than climatic. It is a unique
system in the world because it is within the biogeographic
province of the Transmexican Volcanic Belt (Morrone
2006) and the flora composition has Neotropical and
Nearctic affinities ( Rzedowski 1998; Rzedowski and Rze-
dowski 2005). The vegetation surrounding the REPSA
includes various types of forests, including oak forest, fir
forest, and cloud forest (Rzedowski and Rzedowski 2005;
Lot and Cano-Santana 2009), which is consistent with the
vegetation tyvpe expected given the elevation (over 2240
masl), the mean annual rainfall (770-1200 mm), and
the mean temperature (11-15 *C) of the site (Fig. 1b).
Therefore, it is assumed that species hat colonized after
the eruption came mainly from the surrounding for-
ests; however, the current vegetation type is xerophilous
scrub (Castillo-Argiiero et al. 2007; Lot and Cano-San-
tana 2009). At the REPSA, the Asteraceae family shows
the highest number of species compared to the 73 other
vascular plant families found there (Castillo-Argiero
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et al. 2004, 2007; Lot and Cano-Santana 2009). Céspedes
(2010) reported 93 species belonging to 51 penera classi-
fied in 13 tribes of Asteraceae in this site. Moreover, the
morphological diversity of the family is well represented,
as there is a wide variety of growth forms, polyploid spe-
cies and species with high chromosomic numbers (Soto-
Trejo et al. 2011).

The foliar anatomy of Asteraceae has been studied
mainly in species with economical value (Ragonese
1938; Ferreira et al. 2002; Freire et al. 2005, 2007; Milin
et al. 2006). The leaves are usually dorsiventral, hypo- or
amphistomatic and have anomocytic stomata. Howewver,
it is difficult to assert generalizations regarding the foliar
anatomy of Asteraceae because there is so much varia-
tion in characters such as stomata distribution, trichome
density and tvpe, hypodermis development, presence of
secretory structures and parenchymatic vascular bun-
dles sheaths (Anderson and Creech 1975 Metcalfe and
Chalk 1979; Freire et al. 2005). The usefulness of foliar
characters for taxonomic classification at the genus or
species level (Ferreira and De Oliveira 198% Castro et al.
1997; Luque et al. 1999 Delbén et al. 2007; Adedeji and
Jewoola 2008} or for phylogenetic and ecological stud-
ies (Boeger and Wisniewski 2003; Horn et al. 2009) has
been overlooked because most studies have focused
exclusively on examining the epidermal surface (Ferreira
et al. 2002; Freire et al. 2005, 2007; Adedeji and Jewoola
2008; Gil et al. 2012; Redonda-Martinez et al. 2016) and
ecological or leaf evolution traits are missing for Aster-
aceae as they have been generated for other plant fami-
lies (Luckow 2002; Schmerler et al. 2012; Brodribb et al
2013).

We hypothesize that Asteraceae species at this ecologi-
cal protected area (REPSA) will show anatomical traits
for avoiding or tolerating stress, the aim of this study was
to characterize the foliar anatomy of a sample of 52 spe-
cies belonging to 41 genera and 13 tribes of Asteraceae
living in the xeric environment of this reserve.

Methods

The present study was conducted in the REPSA, within
the central campus of the National Autonomous Univer-
sity of Mexico (UNAM, Fig. la). Samples were collected
during two rainy seasons from August 2008 to December
2009. Three to six fully developed leaves showing no evi-
dence of injury were removed from three individuals of
each selected species. All the leaves were photographed
with a digital camera. Leaf area was determined using
an image analyzer according to the procedure described
by Garnier et al. (2001). After being photographed, two
to three the leaf laminas per species were dried in oven
at 60 °C for at least 48 h to constant weight and then
weighed on an analytical balance to determine the dry
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mass of the leaf. Specific leaf area (SLA) was calculated
as the ratio between the leaf area and leaf dry mass
[SLA = leaf area (cm®)/dry leaf mass (g)]. The remaining
leaves (1-4 per species) were fixed with a formaldehyde-
glacial acetic acid-ethyl alcohol solution (Ruzin 1999).
They were then rinsed with tap water to remove fixative
residues and stored in a glycerin-ethyl-alcohol-water
solution (1:1:1) until sectioning. Voucher specimens
information is given in Additional file 1.

Portions of the middle region of the leaf, including the
intercostal area from the midvein to the margin were
cut, rinsed and dehydrated in increasing concentra-
tions of tert-butanol (10-100%) with a Leica automatic
tissue processor (TPL020) remaining for 24 h in each
concentration. The tissues were embedded in paraffin
imelting point: 56 *C) and transverse and paradermal
sections 10-12 pm in thickness were cut with a Leica
rotatory microtome (RM2125). The resulting sections
were stained with safranin-fast green (Johansen 19440)
and mounted on synthetic resin. In the paradermal sec-
tions, the cuticle, guard cell length and epidermal cell
shapes were examined. In the transverse sections, the
thickness of the following features was measured: the
total leaf, mesophyll, palisade parenchyma, spongy
parenchyma, cuticle, and height of the abaxial and adax-
ial epidermis cells. The measurements were obtained
through an Olympus microscope BX-51 attached to
an image analyzer (Image Pro-plus version 6.1, Media
Cybernetics 2006). For each variable, 25 measures were
recorded. Other features, such as the number of pali-
sade parenchyma layers or the spongy parenchyma
type (open or compact), were also determined. Lami-
nar size classification followed Webb (1959), detect-
ing 6 categories: nanophyll (0.25-2.25 cm?), microphyll
(2.25-20.25 cm?), notophyll (20.25-45 cm?), mesophyll
(45-182.25 cm?), macrophvll (182.25-1640.25 cm?)
and megaphylly (>1640.25 cm?). Sclerophylly index (5I)
was calculated following Boeger and Wisniewski (2003)
where 51 = leaf dry mass (g)/2 leaf area (cm?), consider-
ing SI = 0.6 as sclerophylly and 51 < 0.6 as mesophylly).
Stomatal pore area index (SPI) was calculated following
Tian et al. (2016) where SPI = stomatal density*stomatal
length*10~* Leaf lamina and midvein descriptions fol-
lowed Dickison (2000} and tribe classification followed
Funk et al. (2009).

Characters were square root and loglO-transformed
prior to statistical analyses. Pearson and Sperman cor-
relations were calculated between pairs of leaf traits. In
addition we produce a principal component analysis
(PCA) to evaluate which leaf traits explained the varia-
tion in this site. Analyses were performed with R (R Core
Team 2015) and SAS (Statistical Analysis System soft-
ware version 9, 5A5 Institute 2002).
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Results

Leaf morphology

The leaves were simple in all the species. However, 29%
of species, including most of the studied species of the
Tageteae tribe, were deeply lobed. Based on the lami-
nar size, most species were classified in four categories:
microphyll (29% of the species), mesophyll (29%), noto-
phvll (23%) and macrophyll (13%). Only two species
iMontanoa grandiflora and Tithonia tubiformis) were
classified as megaphvll and one species (Tagetes micran-
tha) as nanophyll leaves. Laminar shape was variable,
from ovate, obovate to elliptic. Toothed or untoothed leaf
margins were observed. Serrate margins were common
and crenate margins were present in some species. Leaf
morphological characters by species are given in Addi-
tional file 2,

Epidermis

On the surface, the abaxial and adaxial epidermises were
glabrous in 95% of the examined species. The remaining
5% were glandular, tector or pluricellular uniseriate or
possessed multiseriate trichomes. Trichomes could be
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found on one or both leaf surfaces, but they were more
frequent on the abaxial surface. The epidermal cell shape
of both surfaces was elongated polygonal or isodiametri-
cal polygonal, with straight (Fig. 2a~c) or wavy anticlinal
walls (Fig. 2d-f). Both amphistomatic and hypostomatic
leaves were observed. When amphistomatic, the stomata
were more abundant on the abaxial surface. The stomata
were anomocytic and rarely anisocytic. The average sto-
matal density was 362 stomata/mm”, and the average per
tribe is given in Table 1.

On the transverse section, the examined species had
cuticle thicknesses varving between 0.19 and 1.15 pm. In
25% of the species, the cuticle appeared smooth. Cuticu-
lar striae (Fig. 3a—c) were found in greater abundance in
cells of the veins and around trichomes. The epidermises
were simple inall taxa. Abaxial (7. 48-35.79 pm in height)
and adaxial (6.22-40.69 pm in height) epidermises were
variable in size. The epidermal cells were generally rec-
tangular in shape and rarely square. In some species, the
epidermal cells appeared ovoidal in the periclinal walls
due to the elevation of the outer periclinal wall. The outer
periclinal wall was often thicker than the internal one,

N

Fig. 2 Epidermal cells forms of Asteraceae_a Conyea canadensis (Tribe Astereas). b Barckleyanrhus salicifolius (Senecionaae) € Fifacadlon praecax
(Senecioneas). d Pecnis prastrara (Tageteae). e Agerating adenaphasa (Eupatereas) f Lactuca sernola (Cichorieae). Bar is 20 pm
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Fig. 3 Cuticular striae and transwversa view of stomata of some Asteraceas species a Bacchars salicifalia {Tribe Asteraae). b Ambrasidpsdostachya

{Helantheae). € Barckleyanrhus salicifolius (Senecicneae) d Bacchars saliofla (stereae). e Brckelia secundiflora (Eupatorieae). Baris 5 pmin a-«,

20pmind e
L

as observed in Dyssodia papposa, Laennecia sophiifolia
and Schikwhria pinnata. In some species belonging to the
Coreopsideae, Heliantheae and Tageteae tribes, some
contents were stained a dark color in the cell lumen of
the epidermis. The stomata were located at the same level
as other epidermal cells (Fig. 3d) except for some spe-
cies of the Eupatorieae and Heliantheae tribes, for which
they were localized at a higher level than other epidermal
ordinary cells (Fig. 3e).

Mesophyll
A hypodermis was only observed in Pectis prostrata from
the Tageteae tribe, where the hypodermis was one cell
thick. The mesophyll was dorsiventral in most species
and only isofacial in five species (Fig. 4a-d). The palisade
parenchyma was formed by one to five cell strata, and, in
most cases, it occupied more than half of the total mes-
ophvll thickness. In some species of Astereae and Heli-
antheae, the palisade parenchyma occupied the most of
the mesophyll (Fig. 4). The spongy parenchyma was usu-
ally compact in 65% of the species and loose in the rest.

In some species from Anthemidae, Eupatorieae, Senecio-
neae and Tageteae tribes, it constituted the whole meso-
phyll (Fig. 5). There was an aerenchyma in Jaegeria hirta
iMillerieae). No mineral contents in the mesophyll cells
were observed.

Vascular bundles

Closed collateral vascular bundles were observed (Figs. 4,
5). In most species, they were surrounded by a sheath
of one to three parenchyma layers, which were more
conspicuous in species from the Astereae and Tageteae
tribes. In the Eupatorieae, Heliantheae, Cichorieae and
Senecioneae tribes, sheath extensions towards both sur-
faces were found (Fg. 5c, d). Secretory canals in some
species of Astereae, Eupatorieae and Senecioneae were
observed within the sheath (Fig. 4b).

Midvein

The midvein occupies the central position of the leaf. The
epidermis of the midvein in all species was the same as
in the lamina, except for Acourtia cordata (Massauvieae),
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Fig. 4 ‘Variation of mesophyll in Asteraceae. a Artermiskl lugovidgana [ Tribe Anthermideae). b Baccharks salicfba {Astereas). € Cosmas Binpinarus
[Corecpsideas). d Brickela veronicfalia (Eupatorieae). Baris 20 pm

which had a thicker outer epidermal wall. In this area,
the mesophyll and the palisade parenchyma were inter-
rupted by angular collenchyma with 9-16 cell layers.
The number of bundles composing the midvein was
variable (Fig. 6). The vascular tissue generally formed an
arch, with parenchyma at both ends of the vascular bun-
dles, except for A. cordata, where fibers were observed
(Fig. 6a, c—e). No foliar characters were unique to any
tribe, and most character states were shared by most
tribe members as seen in Table 1.

Statistical analyses

We found significant correlations between some of the
studied characters. For example, there is a negative and
significant relationship between the guard cell length and
stomatal density (Fig. 7). We also found positive signifi-
cant correlations between leaf thickness and the thickness
of palisade and spongy parenchyma (r = 0.66, P < 0.001)
and between guard cell length and the thickness of the

leaves (r = 0,43, P = 0.003), other correlations are shown
in Fig. 7. PCA explained in four axes 69% of the total vari-
ance (Table 2). The first axis explains the leaf thickness
whereas the second axis explains the positive values for
stomatal density and palisade thickness and negative val-
ues for guard cell length (Fig. 8).

Discussion

The foliar anatomy of Asteraceae was variable. In the
epidermis, differences were found in the shape of epider-
mal cells, seen in surface view, and in stomata location,
as well as epidermis and cuticle thickness. The cell types
constituting the mesophyll were variable as well as their
abundance. These observations were consistent with the
high foliar variation reported for the family (Anderson
and Creech 1975; Metcalfe and Chalk 1979; Ferreira et al.
2002; Freire et al. 2005, 2007; Milin et al. 2006; Adedeji
and Jewoola 2008). The striae in the leaf cuticle have
been previously observed by other authors (Adedeji and
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h

Fig. 5 Yariation of mesophyll in Asteraceas a fegena hima (Tribe Millerieae). b Monfanaa grandaiflosa (Heliantheae). e Sanchus aleraceus (Cicho
rieag). d. Pitocaukan praecor (Senecioneae). Baris 20 pm

Jewoola 2008}, who have suggested that the striae could
be used to separate species. The observed stomatal types
and the stomata being preferably distributed on the abax-
ial surface agrees with previous reports for the family in
other works (Metcalfe and Chalk 1979; Adedeji and Jew-
oola 2008).

It was difficult to find a defined anatomical pattern for
the family. However, we found that the combination of
anatomical features is usually more homogenous within
the tribes than the family level. For example, most exam-
ined species show bifacial leaves, except for some mem-
bers of the Bahieae, Coreopsidae and Tageteae tribes,
which had equifacial leaves. It should also be stressed
that all the members of Astereae had amphistomatic
bifacial leaves with striated cuticles, while striae were
absent in all members of Gnaphalieae. These observa-
tions should be confirmed by examining more Astereae
and Gnaphalieae members,

Relationship between the leavesand the habitat

Given that the Asteraceae examined here were found
in a habitat with low water availability and poor soils, it
was expected that the foliar anatomy would display xero-
phytic features (Shields 1951; Kramer 1983; Esan 1976;
Santos and Ochoa 1990; Fahn and Cutler 1992; Dicki-
son 2000; Cutler et al. 2007). This assertion was not sup-
ported by the anatomical features found. The leaves of
the Asteraceae studied are better classified as mesomor-
phic and do not correspond with the vegetation com-
munity or the water deficit or poor soils of the volcanic
outcrop they leave.,

Leafsize

It was suggested that a small leaf size is a xeromorphic
trait because it is correlated with a reduction in tran-
spiration rate (Fahn and Cutler 1992), so we expected
to observe leptophyll, nanophyll or microphyll leaves,
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Fig. & Midvein of some Asteraceae species a Mantanaa grandiflog {Triba Heliantheae). b Ageratna pichinchensis (Eupatonieas). € Pers echigides
(Cichorieae). d Bacchans salicfalia (Asteraae). @ Acourtia condara {Nassauvieae). Baris 300 pmin a—e, 100 pm in o

However, most of the studied species (46%) have large-
sized laminae (mesophyll, macrophyll and rarely mega-
phyll). Twenty-three percent of the studied species had
medinm-sized laminae (notophyll), and only 31% of the
studied species had small leaves. From the species with
larger leaves, 29% had deeply lobed margins, such as

Dahifia coccinea and Tagetes tenuifolia. Half of the spe-
cies with the larger leaves were ephemeral herbs that only
grow during the rainy season, such as Tithonia tubiformis
imegaphyll} and Cirsium vulgare imacrophyll). The other
21% of the species with larger leaves were deciduous
that usually respond rapidly to water stress by producing
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leaves exclusively during the rainy season and losing them
when the rain stops, such as Pitfocaulon praecox (macro-
phyll) and Roldana (ebata imacrophyll) that is a perennial

Table 2 Eigenvector for principal component analysis
for the 11 variables in the first four components analyzed
for the leaf traits of the 52 species of Asteraceae at the

REPSA, Mexico

Characters Prin 1 Prin 2 Prin 3 Prin 4

Variation explainad (%) 2548 1711 1315 1028

Eiganvalue 342 205 1458 1.23

Larrina size =127 0332 0455 —0.664
Specific leaf area 0216 17 00249 04839
Sclerophyll index =147 0332 0455 —0.065
Larnina thickness —0.144 —134 0575 —0.1024
Cuticke thickness =014 0294 —Q058 —0.430
Abaxial epidermis haight 0426 00549 0278 0127
Stematal density —0.1549 0518 137 0214
Guard cell length 0281 —457 0133 =195
Mesophyll thickness 0510 0075 0054 0.142
Palisade thickness 0214 0455 Qa7 0.2
Spongy Thickness Q138 =105 —0524 0,268

herb. Laminar area was expressed as types and this trait
was not revealed by our PCA as a variable that contrib-
utes to explain the variance in the first four components,
The projections of the margin of the lamina (i.e, the lobes
and teeth) are interpreted as being related to heat loss
morphology (Freire et al. 2005, 2007; Fahn and Cutler
1992; Adedeji and Jewoola 2008; Gil et al. 2012; Schmerler
et al. 2012; Redonda-Martinez et al. 2016). Eighty-three
percent of the studied species had toothed or lobed mar-
gins, which is a common combination in Asteraceae (Bai-
ley and Sinnott 1916; Rojas et al. in review).

Palisade parenchyma

Gibson (1996) mentioned that non-succulent xerophytes
have thicker leaves than mesophytes because they have
well developed multi-layered palisade parenchyma. This
agrees with our findings because the palisade paren-
chyma was well developed in most tribes (Table 1), and
in some species as Baccharis salicifolia (Astereae) and
Lagascea rigida (Heliantheae) the mesophyll is composed
exclusively of palisade parenchyma. The palisade thick-
ness was within the range (94-355 pm) found in other
plant families growing in dry environments {Nevo et al.
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2000; Rotondi et al. 2003; Bacelar et al. 2004; Gratani and
Varone 2004). Palisade thickness was one of the variables
with high loading to explain the variation found in the
species studied, this agrees with the results of Tian et al.
(2016) who found that leaf thickness is closely related to
palisade and spongy thickness. This close relationship
appears to be a strategy together with phenology to be
efficient during the rainy season that is short.

SLA, Sl and 5

Specific leaf area is positive correlated with moisture and
nutrient availability (Ackerly et al. 2002) and is mainly
determined by leaf density and thickness {Ackerly et al
2002; Meziane and Shipley 2001). SLA was expected to
be low (less than 10 mm?®/mg, Ackerly 2004} because it
enhances the photosynthetic rates and the resistance to
cell wall collapse under water-stress { Turner 1994; Ack-
erly 2004). Most of the studied species (78%) have high
values of SLA compared with other species of semi-
arid environments and are more similar to values found

by other authors in temperate and cold forests (15.4-
36.3 mm*/mg, Chen et al. 2011; Tian et al. 2016). SLA
have been nepatively correlated with leaf lifespan (Ship-
ley et al. 2006; Tian et al. 2016) and this relationship have
been explained as the result of increased photosynthetic
capacity per unit of leaf dry mass in plants with shorter
leaf lifespan. Since the most of the studied species by us
are herbs, the high SLA found can be explained by this
correlation. Also, compared to the tree species studied by
Tian et al. (2016) SLA of the studied species was signifi-
cantly higher. This can be interpreted as evidence of the
correlation between growth form and SLA.

The 51 was expected to be higher than 0.6 which is
indicative of sclerophvllous leaves. Sclerophylls are tvpi-
cally associated to low nutrient concentration (Turner
1994). However in all the studied species the 51 values
was lower than expected (Additional file 2). Together
these two variables indicate that the studied leaves can
be considered mallacophylls (Turner 1994) and meso-
morphic. The SPI found for the plants in this study was
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higher than that found for Tian et al. (2016) for some tree
species within different ecosystems across China. They
discuss that a higher SPI may be an adaptive strategy of
leaf stomatal traits that results from higher stomatal con-
ductance and therefore increased photosynthetic capac-
ity which maximize carbon gain during the short growing
season [ Tian et al. 2016).

Cuticle and epidermis

We expected to see thick cuticles and a multiseriate epi-
dermis on the leaf surface because those adaptations
minimize transpiration rates. However, cuticle thickness
was thin compared to other xerophytic plants, which are
2-22 pm thick (Rotondi et al. 2003; Bacelar et al. 2004
Gratani and Varone 2004). Moreover, the thin cuticles
found in the REPSA are similar to those reported for
species of Ambrosia, Arfemisia and Encelia growing
in a desert of North America (Gibson 1996). We also
expected to see the leaf surface covered with abundant
trichomes, but most of the observed species (97%) were
glabrous or had trichomes that were scarcely distributed,
except for Pseudognaphaliven, Artemisia and Comyza
which are herbs growing in open spaces. Most authors
have based their taxonomic discussions on trichome
morphology (Freire et al. 2005, 2007; Adedeji and Jew-
oola 2008; Gil et al. 2012; Redonda-Martinez et al. 2016).
However in the studied species they were not abundant.

Stomata

Fahn and Cutler (1992) have hypothesized that amphisto-
matic leaves may have evolved in response to increasing
aridity during the Tertiary period because they increase
leaf conductance to €O, Therefore, amphistomatic
leaves favored high maximum leaf conductances and are
present in species growing in arid environments (Cama-
rgo and Marenco 2011), especially in herbs and shrubs
from different environments such as successional forest,
deserts or swamps (Mott et al. 1982; Mott and Michael-
son 1991). In this study, 60% of the observed species had
amphistomatic leaves and agrees with Mott and Michael-
son (1991) findings in Ambrosia cordifolia because most
of these species live in full sun during the short rainy
season. The stomata in the studied species were at the
same level as other epidermal cells. This pattern is differ-
ent from the one observed in xeromorphic plants, where
stomata are usually sunken or protected in crypts. The
mean stomatal density found in this study (362 stomata/
mm?} was within the range found for other plants grow-
ing in arid environments (133-537 stomata/mm?. Fahn
and Cutler 1992; Bacelar et al. 2004; Yiotis et al. 2006; Gil
et al. 2012). However, the stomatal densities observed in
this environment (Table 1) are lower but not significantly
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different than those found in mesic environments (462-
846 stomata/mm°, Popma et al. 1992; Camargo and
Marenco 2011). Wood (1934) suggested that although
stomatal density increases with aridity, variations in
stomatal density in sclerophyllous forests of South Aus-
tralia were more related to intra-family characteristics
rather than environmental conditions. It is possible that
the observed variation in stomatal density has a phyloge-
netic signal, thus further analysis with a larger Asteraceae
sampling growing in different communities is needed to
support this assertion. The observed stomatal lengths
are similar to the values reported by other authors for
Asteraceae growing in arid and temperate environments
(16-24 pm, Bacelar et al. 2004; Yiotis et al. 2006; Gil
et al. 2012). Both stomatal density and length showed a
sipnificant negative scaling as found for other species of
different families (Hetherington and Woodward 2003
Pearce et al 2006; Camargo and Marenco 2011} and
were important traits that explained part of the variance
according to PCA suggesting that they adjust with pali-
sade thickness and spongy parenchyma to maintain effi-
cient photosynt hesis.

Dark staining deposits and oils

It has been supgested that the presence of specialized
cell types, such as oil containing cells or tannin cells,
may be advantageous in dry environments because they
protect the mesophyll cells against excess radiation or
against herbivores and help to reduce the evaporation
rate by interfering with water movement through the
leaves (Fahn and Cutler 1992; Jordaan and Theunissen
1992; Turner 1994). Although we did not perform histo-
chemical tests for tannins, the dark staining deposits that
we described may be these contents. Thirty percent of
the studied species had oil glands associated to vascular
bundles, including B. saficifolia and Barkleyanthus salici-
folius. Dark staining deposits were found only in two spe-
cies (Cosmos parviflorus and D papposa).

Allemetric relations hips within the leaf

The correlation between abaxial epidermis thickness
and palisade thickness can be viewed from a functional
perspective since it can be interpreted as a relationship
between the pas exchange mechanism and the photo-
synthetic tissue resulting in greater efficiency of the leaf
(Shields 1951; Rotondi et al. 2003). Our results of the
PCA confirms the close allometric relationships between
lamina thickness, palisade and spongy parenchyma and
abaxial epidermis found by John et al. (2013) in a sample
including various angiosperm families. This relationship
has been interpreted as evidence of coordinated changes
of the tissues composing the leaf (Brodribb et al. 2013).
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Particularly the correlation between guard cell length and
leaf thickness may be showing that the changes in cell
size are key to the coordinated variation of leaf size.

Leaves dassification

Some of the studied species showed indicator traits
of each of three types of response strategies to water
stress and absence of soil. In species of the Eupatorieae
(2 spp: Ageratinag adenophora and Stevia tomentosa),
Tageteae (3 spp: D. papposa, T. micrantha, Pectis pros-
frata), and Heliantheae (L. rigida) tribes, some foliar
features corresponding to the avoidance strategy—
water loss minimization—were observed. Those char-
acteristics were hypostomatic or bifacial leaves with
well developed, many-layers-thick palisade paren-
chyma, generally striated cuticles, thick epidermises,
and vascular bundles surrounded by a well differenti-
ated parenchyma sheath. In accordance with the foliar
anatomy some other plant features indicate that these
species prefer the avoidance strategy: Eupatorieae spe-
cies that are generally shrubs or perennial herbs, there
are rhizomes allowing them to store water and all leaves
from the examined species of Tageteae were lobulate.
The tolerance strategy was observed in all the species
from the Senecioneae tribe. They showed traits such as
leaf abscission during the higher stress season (Novem-
ber-May), mucilage accumulation (in the shoot), and
perennation structures that allow regrowth. Some spe-
cies from the Astereae tribe (4 spp, including Conyza
canadensis and L. sophiifolia), and some members of
Coreopsidae (e.g. C. parviflorus) and Heliantheae (e.g.
Tithomia tubiformis) tribes, showed an escape strategy
because they usually developed their life cycle during
the rainy season (June-October) and produced seeds
before water stress conditions arrived.

Most of the species showed a combination of charac-
ters that made their classification difficult. For example,
species from the Bahieae and Carduae tribes are annual
herbs that grow mainly from June to October; thos,
they could be considered escapists. However, these spe-
cies showed some avoidance features, such as lobulate
leaves with striated cuticles and a well-developed pali-
sade parenchyma. This agrees with the asseveration from
some authors (Jones 1992; Chaves et al. 2003) about the
three strategies not being mutually exclusive but instead
we can find a combination of indicator traits of all three
strategies within the same plant. The different charac-
ter combinations for each species could be explained
as a result of a fast evolutionary process as proposed
by Stebbins (1952) for some members of Cichorieae
(Asteraceae).
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Conclusions

The foliar anatomy of Asteraceae was variable, even
among members of the same tribe growing in the same
locality. If the observed variations were the result of
adaptation to a xeric and poor-soil environment, then the
observed features would correspond to non-succulent
xeromorphic leaves but it was not the case. The majority
of the studied species possess mesomorphic leaf features
as simple lamina, single-layered epidermis, and soft (mal-
lacophyllous) large-size leaves with high SLA. Although
some characters of drought resistance can be observed
as for well-developed palisade and parenchyma bun-
dle sheaths. The aforementioned character combination
made difficult to classify the species studied within one
of the three main response strategies to water stress, We
suggest that the occurrence of specific character combi-
nations in each species is due to a very fast evolutionary
process involving the growth form, the adaptation to the
environment and the phylogeny of the family. A character
evolution analysis in an Asteraceae phylogeny including
genera endemic to Mexico is needed in order to support
this hyvpothesis (Terrazas, on going research).

The combined study of morphological and anatomi-
cal traits and its correlations is important to understand
the constraints imposed over the diversity generated by
phvlogeny and adaptation. For example, although leaf
anatomy is not xeromorphic in the studied species, it is
advantageous for the species living in the REPSA to have
the combination of traits mentioned. Those traits allow
them to survive in full sun during the short rainy season
having efficient photosynthetic capacity. Assuming that
species from the forests around the Xitle colonized the
REPSA, it is not surprising that they retained some of
their mesic characters and also adapted to the low water
environment. There were also species with Neotropi-
cal and MNearctic affinities that probably had to modify
their leaves to colonize new environments. These species
probably retained the capacity to adapt to drv environ-
ments, and that is one of the reasons for their success. It
is known that in ecological succession, pioneer species
need to have low nutritional requirements and efficient
metabolisms to survive. The invasiveness of Asteraceae
species is probably related to their capacity to grow in
this poor-soil environment.

Additional files

Additional file 1. Voucher information for spedies used in this study All
specimen: depasited in Herbano Macional de Meéwico (MEXL), Instituto de
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Additional file 2. Leaf characters by spedes in Asteraceae
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Abstract

Asteraceae is the largest plant family in México with about 417 genera and 3,113
species, more than 60% of them endemic. Phylogenetic relationships at subfamily
and tribal levels have been previously resolved employing both nuclear and plastid
molecular markers. However, Asteraceae species native to Mexico have been
underrepresented in such phylogenies. To tackle this issue, the taxon sampling of
this study included 94 Asteraceae species native to México, 101 previously
sequenced species and six outgroups. With this sampling, all the Asteraceae
subfamilies and 85% of the tribes recognized to date are represented. The analyzed
data set consisted of eleven chloroplast markers (atpB, matK, ndhC, ndhD, ndhF,
ndhl, ndhJ, ndhK, rbcL, trnL-trnF, 23S-trnA). We present two phylogenetic
reconstructions obtained by maximum likelihood and Bayesian inference methods.

The results are mostly congruent with previous studies carried out with different
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sequencing methods, including next-generation sequencing. The Mexican species
are distributed mainly in the subfamily Asteroideae (85 species), followed by
Cichorioideae (6 species), Carduoideae (2 species) and Mutisioideae (2 species).
The trees generated in this work are to date the phylogenetic hypotheses of the
family with the best representation of native species of Mexico.

Resumen

Asteraceae es la familia mas grande de plantas con flores en México, con alrededor
de 417 géneros y 3113 especies, de las cuales mas del 60% son endémicas. Las
relaciones filogenéticas a nivel de subfamilias y tribus han sido resueltas mediante el
uso de marcadores moleculares nucleares y de cloroplasto. Sin embargo, las
especies de Asteraceae nativas de México han sido poco representadas en las
filogenias recientes. Para abordar este problema, el muestreo taxonémico de este
estudio incluy6 94 especies de Asteraceae nativas de México, 101 especias
previamente secuenciadas y seis grupos externos. Con este muestreo, todas las
subfamilias de Asteraceae y el 85% de las tribus reconocidas actualmente estan
representadas. La base de datos analizados consiste de once marcadores del
cloroplasto (atpB, matK, ndhC, ndhD, ndhF, ndhl, ndhdJ, ndhK, rbcL, trnL—trnF,
23S-trnA). Presentamos dos reconstrucciones filogenéticas obtenidas mediante los
métodos de maxima verosimilitud e inferencia bayesiana. Los resultados son
congruentes, en su mayoria, con estudios previos realizados con distintos métodos
de secuenciacion, incluyendo secuenciacion de nueva generacion. Las especies
mexicanas se distribuyen principalmente en la subfamilia Asteroideae (85 especies),
seguida por Cichorioideae (6 especies), Carduoideae (2 especies) y Mutisioideae (2

especies). Los analisis filogenéticos generados en este trabajo son hasta la fecha
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las hipétesis filogenéticas de la familia con la mejor representacion de especies
nativas de México.
Introduction

Asteraceae is one of the most diverse angiosperm families, it includes ca. 23,
600 species (Stevens, 2001; Panero and Crozier, 2016). The Asteraceae family is
cosmopolitan and represented in a variety of ecosystems (Mandel et al., 2017). Its
species display a great diversity of growth forms, vegetative morphology and
anatomy, chromosome numbers, floral structure, and pollen form and structure
(Anderberg et al., 2007; Funk et al., 2009). The family is recognized as a
monophyletic group because of various synapomorphies, including the flowers
arranged in an inflorescence called "capitulum", the modification of the calyx on a
pappus, the syngenesious stamen in which the pollen is exposed by the bifid style,
the ovaries with a single basal egg and the production of sesquiterpene lactones
(Bremer, 1994; Anderberg et al., 2007; Funk et al., 2009; Mandel et al., 2017).

Phylogenetic relationships within the family are still under study. The number
of subfamilies and tribes within the Asteraceae continues to change mainly due to
the use of data from massive dna-sequencing in phylogenetic reconstruction.
Processes like whole genome duplication and hybridization are common in
Asteraceae (Ellstrand et al., 1996; Barker et al., 2008; Symonds et al., 2010;
Soto-Trejo et al., 2013; Huang et al., 2016) and can obscure evolutionary patterns
and hinder the recognition and delimitation of clades. Currently, 12 to 13 families and
between 35 and 45 tribes are recognized (Anderberg et al., 2007; Funk et al., 2009;
Panero et al., 2014; Fu et al., 2016; Panero and Crozier, 2016). The efforts to

resolve relationships within the family have resulted in robust phylogenetic

61



hypothesis (Funk et al., 2009; Panero et al., 2014; Huang et al., 2016; Panero and
Crozier, 2016; Mandel et al., 2017, 2019). The incorporation of nuclear and
chloroplast data, obtained from next-generation sequencing (NSG) methods, has
allowed resolving problematic branches and increase the support of clades (Mandel
et al., 2014, 2015, 2017, 2019; Huang et al., 2016). However, the Mexican genera of
Asteraceae are still poorly represented in recent phylogenetic hypotheses.

It has been suggested that the family originated in southern South America,
approximately 50 to 70 million years ago, at the end of the Cretaceous (Funk et al.,
2009; Stuessy, 2010; Torices, 2010; Panero and Crozier, 2016; Mandel et al., 2019).
Its diversification most likely coincides with the Early Eocene Climatic Optimum
(Torices, 2010; Huang et al.,, 2016). Later the family emigrated to Africa, where it
expanded and colonized the rest of the continents and experienced several
diversification events. This complex biogeographic history manifests in the uneven
species richness of Asteraceae species between continents; South America is the
area with the highest richness followed by Asia and North America (Panero and
Crozier, 2016). There is also a species richness disparity within the family, i.e., that
the oldest lineages are less diverse than those that originated later in the history of
the family (Panero and Crozier, 2016). This is a pattern that has been observed in
several eukaryotic clades and the processes that can cause this imbalance are
currently under study (Purvis et al., 2011; McGuire et al., 2014; Tank et al., 2015).

North America, particularly Mexico, is an area of interest for the study of
Asteraceae, because it represents an important site for the diversification of some of
the most diverse lineages, such as the "Heliantheae alliance" clade within the

subfamily Asteroideae (Noyes and Rieseberg, 1999; Suarez-Mota and Villasefor,
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2011; Villasenor, 2018). Evidence suggests that this clade is the result of a single
colonization event from Africa or Asia to North America 22 to 35 million years ago
(Panero, 2007; Funk et al., 2009; Panero et al., 2014; Panero and Crozier, 2016).
The Heliantheae alliance is composed of 13 tribes, including: Athroismeae, Bahieae,
Chaenactideae, Coreopsideae, Eupatorieae Helenieae, Heliantheae, Madieae,
Millerieae, Neurolaeneae, Perityleae, Polymnieae and Tageteae (Anderberg et al.,
2007), and contains approximately 26% of the total number of species in the family.
Although its current distribution is worldwide, North America is the site with the
largest number of species, around 3200 species representing 12% of the total family
diversity (Anderberg et al., 2007; Funk et al., 2009; Panero et al., 2014; Fu et al.,
2016; Panero and Crozier, 2016).

According to Villasefior (2016, 2018) Asteraceae is the largest family of the
Mexican flora. Recent estimates indicate that there are more than 3000 species
distributed in 417 genera (Villasefior, 2018) that represent 26 of the 45 tribes
recognized by Funk et al., (2009). This richness is greater than that reported for
other Neotropical countries with territories similar to or greater in size than México,
and places Mexico as an important diversification center for the family (Villasefor et
al., 1998; Villasefior, 2018). Recent phylogenetic hypotheses for the family have a
narrow sampling of the tribes that make up the subfamily Asteroideae and the
Heliantheae alliance (Panero and Crozier, 2016), which influences the evolutionary
inferences that can be made about the subfamily. It is therefore important to increase
the sampling of the species distributed in Mexico in the phylogenetic hypotheses of

Asteraceae. Thus, the aim this work was to generate a phylogeny of Asteraceae
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representing the lineages that diversified in Mexico, including seven endemic genera

(Villasenor, 1990, Villasefor et al., 1998).

Materials and methods

Tissue sampling. Leaves of herbarium specimens or from plants collected in
the field of 94 native species of Mexico that include seven endemic genera were
collected (Appendix 1, Villasefor, 1990; Villasefior et al., 1998). The voucher
specimens are deposited in the National Herbarium of Mexico (MEXU, Appendix 1).

Extraction, amplification, and sequencing. Total DNA was extracted using the
CTAB method (Doyle and Doyle, 1987) modified by Salazar et al., (2003). Eleven
chloroplast markers were selected including the genes atpB (1381 sites), matK
(2006 sites), ndhD (714 sites), ndhF (2243 sites), ndhl (504) sites), rbcL (1440 sites),
exons ndhdJ, ndhK and ndhC including the intergenic spacers between these three
genes (1735 sites), as well as the intergenic spacers trnL-trnF (1091 sites) and
23S-trnA (648 sites). DNA fragments were amplified using the Polymerase Chain
Reaction (PCR) in 25 pl reactions following the method described by Panero and
Crozier (2003), with temperatures modified according to the Polymerase used
(Invitrogen™ Platinum™ Taq DNA Polymerase). The primers described in Panero
and Crozier (2003), Panero and Funk (2008) and Panero et al., (2014) were used.
The PCR products were purified using the PureLink™ PCR Micro Kit (Invitrogen,
USA) and sequenced at the “Laboratorio Nacional de Biodiversidad” (LaNaBio) of
the Biology Institute of the National Autonomous University of Mexico. The
sequencing reactions were run with the POP-7 polymer in a 96-capillary DNA

Analyzer 3730xL (Thermo Scientific).
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Editing and alignment of sequences. Data used in this study include data from 107
species retrieved from GenBank from previous studies (Panero and Funk, 2008;
Panero et al., 2014, Panero and Crozier, 2016): 101 species of Asteraceae and 6
species as outgroups (4 species of the family Calyceraceae, one species of
Goodeniaceae and one species of Menyanthaceae). Sequences for 94 species
native to México were generated in this study. With this sampling, the 13 subfamilies
recognized by Panero and Crozier (2016) are represented. The sequences
generated in this study were assembled using Sequencher® version 4.7 (Gene
Codes Corporation, Ann Arbor, USA). Individual matrices for each marker were
exported as fasta format files and aligned using MAFFT Version 7 online (Kuraku et
al., 2013; Katoh et al., 2017). The aligned matrices were revised with PhyDE-1
(version 0.9971, Mller et al., 2010) and minimal manual adjustments were made.
For some species, there was no data available in GenBank or it was not possible to
amplify some markers, and were coded as missing data and represent 10.7% of the
positions in the concatenated matrix.

Individual gene analyses. We conducted Bayesian inference and Maximum
likelihood analyses, employing MrBayes version 3.2.6 (Ronquist et al., 2012) and
RAXML-HPC version 8.2.9 (Stamatakis, 2014), respectively. Analyses were
performed for all individual markers using a modified version of the TICR pipeline
(Stenz et al., 2015) in the “Laboratorio Nacional de Analisis y Sintesis Ecoldgica”
(LANASE) hybrid cluster. Results were visually inspected, the resulting trees were
topologically congruent at subfamily and tribe level. Because of this congruence and

also because chloroplast DNA is largely maternally inherited (McCauley et al., 2007)
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we decided to concatenate matrices for each gene in Mesquite (Maddison and
Maddison, 2018).

Phylogenetic analysis of the concatenated matrix. Maximum likelihood and
Bayesian inference analyses were performed on the concatenated matrix. The
maximum likelihood analysis was performed with the IQ-TREE algorithm (Nguyen et
al., 2015) in the W-IQ-TREE portal (Trifinopoulos et al., 2016). The "Model Finder"
option was implemented to select the evolutionary model of each partition
(Chernomor et al., 2016; Kalyaanamoorthy et al., 2017). The models with the best fit
for each partition according to the Bayesian information criterion are presented in
Table 1. Branch support was calculated using the ultrafast bootstrap option (Hoang
et al., 2018) with 1000 replicas. The resulting tree was visualized using iTOL version
4.4.2 (Letunic and Bork, 2019) and was rooted with Menyanthes trifoliata, a member
of the Menyanthaceae family which is the sister group of the clade formed by
Goodeniaceae, Calyceraceae and Asteraceae (Kadereit, 2007; Chase et al., 2016).
PartitionFinder 2 (Lanfear et al., 2016) with PhyML (Guindon et al., 2010) to define
the partitions and evolutionary models for the Bayesian analysis of the same
concatenated matrix. First, a greedy algorithm (Lanfear et al., 2012) was
implemented in The best partition scheme found includes all the markers in one
partition and the TVM+I+G model was selected as the best fit according to the
Bayesian information criterion. The Bayesian Inference analysis was conducted on
MrBayes version 3.2.6 (Ronquist et al., 2012) through the CIPRES Science Gateway
portal (Miller et al., 2010). Four simultaneous Markov chains were run for 35 million
generations and two independent runs were made. Chains were sampled every

1000 generations. Twenty five percent of the total trees sampled were discarded as
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burning after examination of the runs with Tracer version v1.7 (Rambaut et al.,
2018). The resulting tree was visualized using iTOL version 4.4.2 (Letunic and Bork,
2019) and was rooted with Menyanthes trifoliata. Topological congruence between
the resulting phylogenetic trees was visually evaluated.
Results

The concatenated matrix had a total length of 11215 bp and included 201
species. The characteristics of each individual alignment comprised in the
concatenated matrix are presented in Table 1. The resulting tree from the maximum
likelihood analysis is presented in figures 1 and 2. The final likelihood was -InL =
102824.5. The majority rule consensus tree resulting from the Bayesian analysis is
presented in figure 3 and 4. Overall, the trees resulting from both Bayesian inference
and Maximum Likelihood analysis are topologically congruent and well-resolved. All
the 13 subfamilies and 34 of the 40 tribes recognized by Panero and Crozier (2016)
are recovered by our analysis as monophyletic groups and most of them are strongly
supported (Posterior probabilities= 1, Bootstrap support >85%; Figures 1, 2 and 3).
More than 89 % of the species native of Mexico sampled for this work are placed
within the Asteroideae subfamily. The rest of the Mexican species were placed in the
subfamilies Cichorioideae (6 species), Carduoideae (2 species) and Mutisioideae (2
species). The tribes conforming the “Heliantheae alliance” are the most represented
ones and correspond to the 28.3 % of the total of species included in this study. At
the subfamilies level, the tree obtained by maximum likelihood is consistent with the
topology obtained from the Bayesian inference analysis with the exception of the
relationships between the subfamilies Hecastocleidoideae, Stifftioideae,

Gochnatioideae, and Wunderlichioideae that are not resolved in the Bayesian
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inference tree (Figure 3) and the subfamily Wunderlichioideae is not recognized as a
monophyletic group, although the tribes that compose that subfamily:
Wunderlichieae and Hyalideae are recovered as monophyletic groups.
Discussion

Subfamilies relationships. The topologies generated in this work differs with
the proposals of Fu et al. (2016) and Panero and Crozier (2016) in three points: 1)
The position of the subfamily Gymnarrhenoideae as a sister group of the clade
formed by Asteroideae and Corymbioideae. 2) In the position of the subfamily
Wunderlichioideae as a sister group of Stiftioideae and 3) These two subfamilies as
a sister group of the rest of the Asteraceae, except Gochnatioideae, Mutisioideae,
Famantinoideae and Barnadesioideae (Figure 1). The lack of resolution of the
relationships between Hecastocleidoideae, Stifftioideae, Gochnatioideae, and
Wunderlichioideae in the Bayesian inference analysis, is consistent with the results
of previous studies (Panero and Funk, 2008; Funk et al., 2014; Panero et al., 2014;
Mandel et al., 2017). The relationships between the four subfamilies mentioned have
proved difficult to reconstruct even with extensive genus-level sampling and with the
use of large-scale molecular data obtained from next-generation sequencing
methods. In the trees resulting of both methods (Figures 2, 4), we can observe
relatively short branches at the base of the conflicting subfamilies and tribes. It has
been argued that short branches may lead to errors in the phylogenetic
reconstructions because it has not been enough time to accumulate informative
substitutions and because short branches are prone to gene and species trees
discordance (Wiens et al., 2008). Some authors have proposed that the difficulty in

resolving relationships between these four subfamilies is due to the short period of
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time where cladogenesis and subsequent diversification of these lineages occurred
(Panero and Funk, 2008).

Tribes relationships. Our extended sampling of species of the subfamily
Asteroideae allowed us to obtain a phylogeny with high values of bootstrap support
(> 85%) for most tribes. In both analyses, all tribes are recovered as monophyletic
groups, except Gochnatieae which is divided into Cyclolepis and the rest of
Gochatieae in the Bayesian tree (Figure 3). In the maximum likelihood tree
Gochnatieae appears as a monophyletic group, however the support for the
inclusion of Cyclolepis in the tribe is low (<85 % of bootstrap support). This
segregation of Cyclolepis from the Gochnatieae tribe has been previously reported
and its position within the tribe is uncertain (Funk et al., 2014). The main differences
between our results are observed in the relationships found among the tribes of the
subfamily Asteroideae. The sister group of Anthemideae is Gnaphalieae in the
maximum likelihood phylogeny and Astereae in the Bayesian tree. The maximum
likelihood phylogeny includes Senecioneae as the sister group of the clade formed
by Astereae, Gnaphalieae, and Anthemideae, while in the Bayesian analysis the
position of Senecioneae is not resolved. The most recent family phylogenies (Fu et
al., 2016; Huang et al., 2016; Panero and Crozier, 2016; Mandel et al., 2017) usually
present different relationships between the tribes of the subfamily Asteroideae. In
particular, the relationships between Heliantheae+Eupatorieae+Millerieae and
Astereae+Anthemideae+Gnaphalieae are variable in the different hypotheses (Fu et
al., 2016; Huang et al., 2016; Panero and Crozier, 2016; Mandel et al., 2017). The
differences between the phylogenies generated in this work and the previous works

may be due to the number and type of markers used (Fehrer et al., 2007; Alvarez et
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al., 2008; Yu et al., 2013). The incongruence between phylogenies based on
chloroplast markers and nuclear markers has been previously reported for several
plant groups (Soltis and Kuzoff, 1995; Yu et al., 2013) and for several members of
the Asteraceae family (Fehrer et al., 2007; Barker et al., 2009; Pelser et al., 2010).
The numerous nested duplications of the genome in this family, particularly in the
members of the clade Heliantheae alliance and in the tribes Gnaphalieae and
Senecioneae, may contribute to the inconsistency between the different hypotheses
(Barker et al., 2008; Smissen et al., 2011; Huang et al., 2016). Incomplete lineage
sorting or ancestral hybridization events at the beginning of the diversification of
several Asteraceae lineages may be the cause of the incongruence between
phylogenies generated by different markers (Pelser et al., 2010; Wang et al., 2014).
Several studies have reported a large number of hybrids in Asteraceae compared to
other families of vascular plants (Ellstrand et al., 1996; Guo et al., 2005; Fehrer et
al., 2007; Schilling, 2011; Smissen et al., 2011; Chester et al., 2012; Mraz et al.,
2012; Hovick and Whitney, 2014) and it has been proposed that this propensity to
hybridization is associated with the great diversity and invasiveness of the family
(Ellstrand and Schierenbeck, 2000; Hovick and Whitney, 2014). Therefore, for future
reconstructions, it is important to employ phylogenetic methods that are capable of
incorporating hybridization events. We propose the use of phylogenetic network
methods that allow the incorporation of hybridization events and calculate support for
hybrid branches, for example, the SNaQ method of phylogenetic network
reconstruction proposed by Solis-Lemus and Ané (2016).

The phylogeny generated in this work is, to date, the phylogenetic hypothesis

of the Asteraceae family that best represents the clades of the subfamily
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Asteroideae. Our sampling included mostly species that are distributed in Mexico of
the subfamilies Asteroideae, Carduoideae, and Mutisioideae. The majority (97%) of
the species sequenced in this work are grouped within the tribes to which they have
previously been assigned. The exception is two species: Tridax rosea and Dyssodia
papposa that are grouped with individuals from other tribes within the subfamily

Asteroideae in both phylogenies. For these species, there are no sequences of 5 of

the 11 markers, so this anomalous group is probably due to a lack of data.

Conclusions

Despite the limitations of the sequencing method, compared to the new
generation strategies, we obtained a resolved phylogeny that is consistent with those
generated by Huang et al., (2016) and Mandel et al., (2017) through strategies of
new generation sequencing. The 13 previously recognized subfamilies are recovered
in this work as monophyletic groups with high support values. This phylogeny is the
first phylogenetic hypothesis of the family in which the taxa of the subfamily
Asteroideae are proportionally represented and which includes Mexican
representatives. The Mexican species sequenced are grouped within their
corresponding tribes, which indicates that despite the differences between the
phylogenies of different authors, our hypothesis is robust. Therefore, this phylogeny
of the family can be used for other analysis regarding variation patterns on
vegetative and reproductive structures. It is necessary to include complete plastome
data and nuclear gene data to improve the support of the nodes and contrast uni-

and biparental inherited data.
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Table 1. Characteristics of the chloroplast markers used for the phylogenetic

reconstruction of Asteraceae.

Marker Length Number | New sequences/ Best-fit model
(pb) of Genbank sequences | according to BIC
species
23S-trnA 648 173 86/87 K2P+G4
trnL-trnF 1091 189 83/106 TVM+F+1+G4
atpB 1381 162 95/67 HKY+F+I+G4
matK 2006 197 93/104 TVM+F+I+G4
ndhJKC 1735 156 95/61 TVM+F+1+G4
ndhD 714 183 81/102 TVM+F+1+G4
ndhF 2243 170 69/101 TVM+F+|+G4
ndhl 504 200 95/105 TIM+F+|+G4
rbcL 1440 191 92/99 K3P+I+G4
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Figure 1. Overview of the phylogenetic relationships of 201 species of Asteraceae

based on the concatenated matrix of eleven chloroplast markers (atpB, matK, ndhD,

ndhF, ndhl, rbcL, ndhJ, ndhK, ndhC, trnL-trnF, 23S-trnA). Branches were colored by
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tribe. The names of the tribes are presented next to each clade, subfamily names
are shown on the far right column. Bootstrap values 285% are shown below the

branches.
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Figure 1 (Continuation). Overview of the phylogenetic relationships of 201 species of
Asteraceae based on the concatenated matrix of eleven chloroplast markers (atpB,
matK, ndhD, ndhF, ndhl, rbcL, ndhd, ndhK, ndhC, trnL-trnF, 23S-trnA). Branches
were colored by tribe. The names of the tribes are presented next to each clade,
subfamily names are shown on the far right column. Bootstrap values 285% are

shown below the branches.
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Figure 2. Detail of the maximum likelihood phylogeny of Asteraceae estimated from

eleven chloroplast markers. Branch lengths were drawn.
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Figure 2 (Continuation). Maximum likelihood phylogeny of Asteraceae estimated

from eleven chloroplast markers. Branch lengths are shown.
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Figure 2 (Continuation). Maximum likelihood phylogeny of Asteraceae estimated

from eleven chloroplast markers. Branch lengths are shown.
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Figure 3. Majority consensus rule tree resulting from the Bayesian inference analysis

of eleven chloroplast markers. Posterior probabilities higher than 0.85 are shown
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below the branches. Branches were colored by tribe. The names of the tribes are

presented next to each clade, subfamily names are shown on the far right column.
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Figure 3 (Continuation). Majority consensus rule tree resulting from the Bayesian
inference analysis of eleven chloroplast markers. Posterior probabilities higher than
0.85 are shown below the branches. Branches were colored by tribe. The names of
the tribes are presented next to each clade, subfamily names are shown on the far

right column.
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ree scale: 0.001

Figure 4. Detail of the majority consensus rule tree resulting from the Bayesian
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their length.
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Figure 4 (Continuation). Detail of the majority consensus rule tree resulting from the

Bayesian inference analysis of eleven chloroplast markers. Branches were drawn

according to their length.
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Appendix 1: Collectors and collection numbers of the voucher specimens for the
studied species. All specimens are deposited in the Herbario Nacional de México
(MEXU) Biology Institute, Universidad Nacional Autonoma de México.
Acmella repens; O. Hinojosa 519

Acourtia cordata; O. Hinojosa 442

Ageratina adenophora; O. Hinojosa 563

Ageratina cylindrica; O. Hinojosa 500

Ageratina deltoidea; O. Hinojosa 499

Aldama excelsa; L. Céspedes 370

Alloispermum scabrum; J.L. Villasehor 2170

Ambrosia psylostachia; O. Hinojosa 507

Artemisia ludoviciana; O. Hinojosa 443

Aphanostephus ramosissimus; R. Torres 14721

Arida blepharophylla; Nesom 6541

Baccharis salicifolia; O. Hinojosa 438

Barkleyanthus salicifolius; F. Soto 85

Bidens odorata; O. Hinojosa 518

Bidens pilosa; O. Hinojosa 503

Brickellia secundiflora; O. Hinojosa 555

Brickellia veronicifolia; O. Hinojosa 497

Centaurea americana; R. Torres 15924

Chionolaena salicifolia; D. Alvarez 14834

Chrysactinia mexicana; R. Torres 17160

Cirsium acantholepis; J.L. Villasefor 2161



Cirsium vulgare; O. Hinojosa 506

Conyza bonatriensis; L. Céspedes 477

Conyza canadensis; O. Hinojosa 464

Conyza coronophifolia; O. Hinojosa 467
Cosmos diversifolius; J.L. Villasefior 2164
Cosmos parviflorus; O. Hinojosa 439

Cotula australis; L. Céspedes 476

Critoniopsis tomentosa; R. Redonda et al., 722
Cyrtocymura sp.; |. Fragoso 459

Dahlia coccinea; O. Hinojosa 585

Dendroviguiera quinqueradiata; O. Hinojosa 623

Dugesia mexicana; J.L. Villasefior 2168
Dyssodia papposa; L. Céspedes 206
Ekmaniopappus sp.; |. Fragoso 513
Electranthera mutica; D. Alvarez 15147
Elekmania sp.; |. Fragoso 577

Emilia sp.; |. Fragoso 536

Erigeron janivultus; J.L. Villasefior 2166
Fleischmannia pycnocephala; O. Hinojosa 554
Florestina pedata; L. Céspedes 470
Galinsoga parviflora; L. Céspedes 475
Gochnatia smithii; R. Redonda et al., 826
Gymnosperma glutinosum; R. Torres 15090

Helenium scorzonerifolium; D. Alvarez 15480
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Helminthotheca echioides; L. Céspedes 478
Heterosperma pinnatum; O. Hinojosa 515
Heterotheca chrysopsidis; R. Torres 14598
Hidalgoa pentamera; J.L. Villasefor 2243
Hymenostephium cordatum; D. Alvarez 15232
Jaegeria hirta; L. Céspedes 372

Jefea lantanifolia; J.L. Villasefior 2203
Kyrsteniopsis spinaciifolia; R. Torres 15603
Laennecia sophiifolia; O. Hinojosa 583
Lagascea rigida; L. Céspedes 483
Loxothysanus sinuatus; Pruski 4201

Montanoa grandiflora; L. Céspedes 607
Oxylobus adscenens; D. Alvarez 15508

Pectis prostrata; O. Hinojosa 524

Perymenium buphthalmoides; J.L. Villasefior 2225
Perymenium cornutum; R. Torres 15437
Peteravenia schultzii; J.L. Villasenor 2247
Pinaropappus roseus; D. Alvarez 15162
Piqueria trinervia; O. Hinojosa 522

Pittocaulon praecox; O. Hinojosa 505
Psacalium silphiifolium; J.L. Villasefor 2173
Pseudognaphalium semilanatum; L. Céspedes 516
Pseudognaphalium viscosum; O. Hinojosa 504

Psilactis brevilingulata; J.L. Villasefor 2174

100



Ratibida columnifera; R. Torres 15763
Roldana lobata; L. Céspedes 448
Schistocarpha bicolor; J.L. Villasefior 2248
Sclerocarpus uniserialis; J.L. Villasenor 2197
Simsia amplexicaulis; L. Céspedes 473
Schkuhria pinnata; L. Céspedes 124
Sonchus oleraceus; L. Céspedes 456

Stevia origanoides; O. Hinojosa 523

Stevia salicifolia; O. Hinojosa 498

Tagetes micrantha; L. Céspedes 434
Tagetes tenuifolia; L. Céspedes 474
Tamaulipa azurea; R. Torres 14997
Taraxacum officinale; O. Hinojosa 525
Tetrachyron websteri; R. Torres 15505
Tetraneuris scaposa; R. Torres 15793
Thelesperma longipes; R. Torres 14912
Thymophylla pentachaeta; R. Torres 14629
Tithonia tubiformis; L. Céspedes 444

Trixis angustifolia; R. Torres 15174

Tridax rosea; J.L. Villasefior 2179
Trigonospermum melampodioides; D. Alvarez 15047
Verbesina virgata; L. Céspedes 437
Zaluzania parthenioides; J.L. Villasefior 2190

Zinnia peruviana; O. Hinojosa 508

101



Capitulo 4.

Variacion foliar asociada a la poliploidia y la forma de crecimiento en

Asteraceae desde la perspectiva de la biologia comparada.
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Resumen

La variacion foliar en las plantas de la familia Asteraceae se ha relacionado con
factores como la variacion ambiental, la forma de crecimiento y la variacion en los
nameros cromosomicos y la poliploidia. En este trabajo se analiza la relacion entre
los caracteres foliares, los numeros cromosomicos, la poliploidia y la forma de
crecimiento de las plantas utilizando métodos comparados filogenéticos que tomen
en cuenta las relaciones filogenéticas. Encontramos que caracteres como el numero
cromosoémico, la densidad estomatica y la longitud de las células guarda presentan
senal filogenética. La distribucion de caracteres como las vainas de los haces
vasculares y el tipo de margen de las hojas es diferente en distintas partes del arbol
filogenético de las Asteraceas. En las subfamilias Barnadesioideae y Mutisieae, que
se divirgieron tempranamente en la historia de la familia, se observa una tendencia
a presentar hojas relativamente pequefias con margenes enteros en las especies de
las subfamilias. En la subfamilia Asteroideae, que se diversificO mas recientemente
se observan hojas de mayor tamafio con margenes aserrados o dentados u hojas
muy divididas con margenes enteros. La tendencia a ser malezas, que se observado
en algunas especies de la familia, suele ser mas frecuente en miembros de
Asteroideae. Sugerimos que la invasividad de las especies y su resistencia a
ambientes perturbados puede estar relacionada con las caracteristicas de las hojas,

la forma de crecimiento y la poliploidia.
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Abstract

Leaf variation in members of the Asteraceae family has been related to
environmental variation, growth form, chromosome number variation, and polyploidy.
In this study we analyze the relationship between leaf characters, chromosome
numbers,polyploidy and growth form using phylogenetic comparative methods that
take into account the phylogenetic relationships between species. We found that
characters as chromosome number, stomatal density, and guard cell length show
phylogenetic signal. The distribution of characters such as vascular bundle sheaths
and leaf margin type differ within the Asteraceae phylogenetic tree. In species of the
Barnadesioideae and Mutisieae subfamilies, that diverge early in the history of the
family, we observe a tendency to present relatively small leaves with entire margins.
Whereas in the Asteroideae subfamily that diversified more recently in the family
history we observe bigger leaves with serrate or dentate margins or highly dissected
leaves with entire margins. The weediness traits, observed in some species of the
family, is more common in members of the Asteroideae subfamily. We suggest that
species invasiveness and their resistance to disturbed environments can be related

to some leaf characters, and to the growth form, and the polyploidy.

Introduccién

Las hojas son uno de los principales érganos de las plantas. Son una parte
esencial de diversas cadenas alimenticias y guian los ciclos biogeoquimicos del
nitrdgeno y el carbono, por lo cual son sumamente importantes para el
funcionamiento y mantenimiento de los ecosistemas terrestres (Wright et al., 2004;

Mason et al., 2015). Su estructura es muy variable y esta variacién se ha encontrado
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asociada a aspectos del funcionamiento de la planta, como las distintas estrategias
metabdlicas, la tasa de crecimiento y la defensa contra herbivoros (Lambers y
Poorter 1992; Chapin et al., 1993; Westoby 1998; Westoby et al., 2002, Diaz et al.,
2004; Mason et al., 2015). Aunque la variacion en algunas caracteristicas de las
hojas suele asociarse con la variacién del ambiente (Parkhurst y Loucks 1972;
Pefiuelas y Matamala 1990; Woodward y Kelly 1995; Poorter et al., 2009;
Abdala-Roberts et al., 2018), algunos trabajos han demostrado que en realidad, la
variacion ambiental tiene un efecto moderado sobre los caracteres foliares (Diaz et
al., 2004; Wright et al., 2004, 2005; Poorter et al., 2009) y que, factores como la
forma de crecimiento (Holbrook y Putz 1996; Wright et al., 2004; Rossatto et al.,
2015), las relaciones alométricas entre los tejidos foliares (Poorter et al., 2009;
Brodribb et al., 2013; John et al., 2013) y la poliploidia (Balao et al., 2011; Baker et
al., 2017), pueden explicar un alto porcentaje de la variacion interespecifica en las
hojas.

La poliploidia puede definirse como “el incremento heredable del numero de
copias completas del genoma” (Wood et al., 2009). Sus efectos en las hojas varian
dependiendo del numero de copias del genoma y del conjunto particular de
caracteres que se estén considerando (Anssour et al., 2009; Hodgson et al., 2010;
Balao et al., 2011; Baker et al., 2017). En plantas, la poliploidia se ha reconocido y
estudiado extensivamente desde el siglo XIX. Aunque su papel evolutivo ha sido
debatido (Stebbins 1940, 1950; Arnold y Martin 2010; Soltis et al., 2014), los
métodos moleculares modernos han demostrado que varios linajes de eucariontes,
incluyendo las angiospermas, descienden de ancestros poliploides y que algunos

clados han experimentado varias rondas de duplicaciones del genoma completo
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(Otto y Whitton 2000; Dehal y Boore 2005; Soltis 2005; Aury et al., 2006; Otto 2007).
La duplicacidon del genoma completo de las plantas tiene efectos directos sobre su
fenotipo. Se ha demostrado que propicia cambios en el volumen nuclear y celular,
completamente independientes de factores genéticos (Sax y Sax 1937;
Cavalier-Smith 1978; Masterson 1994; Sugiyama 2005). Este aumento en el tamafio
celular frecuentemente tiene como consecuencia, un incremento general del tamafo
de la planta y sus 6rganos (Stebbins 1950, 1971; Bretagnole y Lumaret 1995; Otto y
Whitton 2000; Balao et al., 2011; Beyaz et al., 2013; Zhang et al., 2019). Las
alteraciones anatdmicas y morfoldgicas provocadas por las duplicaciones del
genoma alteran también los procesos metabdlicos, especialmente aquellos
procesos celulares que involucran membranas, debido a que se modifica la
proporcion celular de superficie/volumen (Weiss et al., 1975; Otto y Whitton 2000).
Los cambios en el metabolismo celular desencadenan cambios en las tasas de
crecimiento (Cavalier-Smith 1978; Otto y Whitton 2000), en el intercambio gaseoso
de la hoja (Li et al., 1996), la transpiracion, las concentraciones de metabolitos
secundarios (Hull-Sanders et al., 2009), los niveles hormonales, la tasa fotosintética
y el balance hidrico (Warner et al., 1987; Levin 2002; Coate et al., 2012; Wang et al.,
2012). En conjunto estas modificaciones tienen efectos directos en la adecuacion de
la planta. Por ejemplo, se ha demostrado que la poliploidia puede resultar en un
incremento en el diametro de los vasos del xilema secundario (Maherali et al.,
2009), lo cual puede influenciar la conductividad hidraulica y la tolerancia al estrés
hidrico y a la cavitacion (Zimmermann 1983; Maherali et al., 2009). Se ha sugerido
qgue después de la modificacion de los 6rganos de la planta por efecto de la

duplicacién del genoma, algunos conjuntos de caracteres experimentan regimenes
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de seleccion natural direccional con distintos 6ptimos (Balao et al., 2011) y que las
relaciones filogenéticas entre los taxones influyen en la evolucidn de los caracteres
foliares, incluso en aquellos que suelen relacionarse con variaciones ambientales
(Balao et al., 2011; Glade-Vargas et al., 2018). Por ello para los estudios de
poliploidia/fenotipo, se debe tomar en cuenta las relaciones de parentesco entre los
individuos estudiados (Balao et al., 2011).

La familia Asteraceae es un grupo ideal para estudiar las causas de la
variacion en las hojas debido a su gran diversidad morfo-anatomica y de formas de
crecimiento, a la abundancia de poliploides que se refleja en una diversidad de
numeros cromosodmicos y al reconocimiento de distintos eventos anidados de
duplicaciones del genoma completo (Barker et al., 2008; Huang et al., 2016). Varias
especies de Asteraceae son malezas, es decir que toleran vivir en sitios
perturbados, por lo cual pueden invadir con facilidad nuevos ambientes. La
diversidad de las hojas de Asteraceae de México ha sido descrita previamente
(Rivera et al., 2019) y se ha estudiado con relacion un ambiente xérico (Rivera et al.,
2017); sin embargo estos trabajos previos han demostrado que las variables
ambientales por si solas no explican la variacion foliar observada en esta familia
cosmopolita. En este trabajo se aborda la relacidon entre la variacion de las hojas y la
poliploidia y la forma de crecimiento en la familia Asteraceae mediante el uso de
métodos comparados filogenéticos. Para ello se plantean las siguientes preguntas
de investigacion: ;Como es la variacion de las hojas en Asteraceae con distintos
niveles de ploidia y con distintas formas de crecimiento? ; Hay relaciones
significativas entre caracteres foliares y los numeros cromosomicos, el nivel de

ploidia y la forma de crecimiento? ¢ La variacidon en los caracteres foliares esta
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asociada a la historia filogenética de las especies? Con base en estas preguntas
planteamos los siguientes objetivos de investigacion:

e Generar una base de datos comparativos de la variacion foliar, la
variaciéon en numeros cromosomicos y en niveles de ploidia y, las
distintas formas de crecimiento de representantes de los diversos
linajes (subfamilias y tribus) que componen a la familia Asteraceae.

e Corroborar si las correlaciones entre los caracteres foliares y los
numeros cromosomicos, el nivel de ploidia y la forma de crecimiento,
encontradas en otros grupos de plantas, son constantes en los
diversos linajes de la familia.

e Analizar la variaciéon en los caracteres foliares, incluyendo los
asociados a variables ambientales, para descubrir si esta relacionada
a la historia filogenética de las especies estudiadas.

Nuestras hipotesis son las siguientes: 1) Hay una gran variacion en los
caracteres foliares, los numeros cromosdémicos y el nivel de ploidia dentro de la
familia. 2) La poliploidia propiciara un aumento del tamafo general de la hoja y sus
tejidos. La forma de crecimiento se relaciona con el niumero cromosomico, de tal
forma que las plantas herbaceas tendran numeros cromosoémicos mas grandes que
las lefiosas. 3) Los caracteres foliares estudiados, incluyendo aquellos asociados a
variables ambientales, presentan sefial filogenética. Para probar nuestras hipotesis
consideramos veinticinco caracteres foliares. Se incluyeron caracteres que han
probado ser sensibles a los cambios en el nivel de ploidia y que también se han
encontrado relacionados con la forma de crecimiento, por ejemplo la longitud de las

células guarda, la densidad estomatica, el area foliar, el area foliar especifica, el tipo
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de margen en las hojas y la presencia de vainas en los haces vasculares (Ackerly et
al., 2002; Vile et al 2005; Santiago y Wright 2007; Anssour et al., 2009; Schmerler et

al., 2012; Baker et al., 2017; Lukacs et al., 2017)

Material y Método

Base de datos comparativos. Se obtuvieron y procesaron muestras de hojas

de 150 especies de Asteraceae. Las muestras incluyen especies colectadas en
México y hojas tomadas de ejemplares de herbario de subfamilias de Africa, Europa
y Sudamérica. Los herbarios consultados fueron el Herbario Nacional de México
(MEXU) y el Herbario de la Universidad de Texas en Austin (TEX). Las muestras
fueron procesadas como se indica en Rivera et al. (2017). Se construy6 una base de
veinticinco caracteres comparativos para 150 géneros de Asteraceae, incluyendo
veinte caracteres foliares, tres caracteres citogenéticos (numero cromosémico
haploide (n), numero cromosomico diploide (2n) y el nivel de ploidia de la especie),
la forma de crecimiento y la condicion de maleza de las especies. Los caracteres
foliares medidos se enlistan en el cuadro 1. La codificacién de los caracteres foliares
se realiz6 siguiendo a Ellis et al. (2009). La medicion de caracteres y el calculo de
los indices se describen en Rivera et al. (2017). Los numeros cromosémicos se
obtuvieron de la base de datos de conteos cromosdmicos de Rice et al. (2015) y de
los trabajos de Soto-Trejo et al. (2011, 2013) sobre especies mexicanas de
Asteraceae. La categorizacion en malezas y no malezas se realiz6 con base en su
prevalencia en ambientes perturbados e invadidos (MacKinnon et al., 2014). Los
caracteres cuantitativos presentaron una distribucion log-normal, por lo cual se

transformaron utilizando el Log,, antes de analizarlos. De la misma forma, los
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conteos fueron transformados mediante raiz cuadrada para conseguir que su

distribucion fuera aproximadamente normal.

Cuadro 1. Caracteres foliares medidos para 150 géneros de Asteraceae. Los

caracteres cualitativos de codificaron siguiendo a Ellis et al., (2009)

Caracteres

Unidades

Longitud estomatica

Micrometros(um)

Densidad estomatica

Células/ mm?

Area foliar

Milimetros cuadrados (mm?)

Masa seca foliar

Miligramos (mg)

Area foliar especifica (AFE) mm?/ mg
indice de esclerofilia (IE) mg/ mm?
Grosor de la cuticula um
Grosor de la hoja Mm

Tipo de unién a la hoja

Peciolada/sésil

Tamano de la lamina

Nanofila, microfila, notofila, leptofila,
macrofila, megafila

Tipo de lobulacion de la hoja

Pinnatisecta, palmatisecta, sin I6bulos

Forma de las hojas

Eliptica, ovada, oblonga, ovobada,
linear

Tipo de margen

Entero, aserrado, dentado

Tipo de areolacién

Ausente, incompleta, imperfecta

Terminaciones de las vénulas

Ninguna, simple linear, simple curvada,
ramificada una vez

Estrias en cuticula

Presencia/ ausencia

Posicion de los estomas en la hoja

Anfiestomaticas/ hipoestomaticas

Vainas en los haces vasculares

Presencia/ ausencia

Extensiones de las vainas

Presencia/ ausencia

Tipo de extensiones de las vainas

Parenquimatosas / Esclerénquimatosas
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Pruebas estadisticas no filogenéticas. Para evaluar como se correlacionan

entre si los caracteres foliares se obtuvieron matrices de correlacion de Pearson y
de Spearman usando la funcion corrplot del paquete “corrplot” (Wei y Simko 2017)
en R (version 3.4.4, R Core Team 2015). Se realizaron regresiones lineales para las
variables cuantitativas y regresiones logisticas para evaluar la relacion entre las
mediciones y los caracteres discretos. También se hizo un Analisis de Componentes
Principales (PCA) para explorar los patrones multivariados de variacion en los
caracteres foliares. Para evaluar la asociacion entre los ejes principales de variacion
de los caracteres y el numero cromosomico, la forma de crecimiento y la condicion
de malezas, se llevaron a cabo regresiones logisticas con la forma de crecimiento y
la condicidon de maleza como variables predictoras de los valores z estandarizados
de los primeros tres ejes del PCA. Todas las pruebas se efectuaron en R.

Sefial filogenética. Se realizaron pruebas de senal filogenética para

comprobar el supuesto de independencia filogenética, es decir si existe una
dependencia estadistica entre los valores de los caracteres de distintas especies
debido a sus relaciones de parentesco. Se calcularon los indices C de Abouheif
(Abouheif 1999), A de Pagel (Pagel 1999) y K de Blomberg (Blomberg y Garland
2002; Blomberg et al., 2003) con la funcion phyloSignal del paquete “phylosignal”
(Keck et al., 2016) en R. El indice C de Abouheif es un método basado en
autocorrelacién y no considera un modelo evolutivo particular. Se calcula a partir de
la topologia del arbol e ignora la longitud de las ramas. Para determinar la presencia

de senal filogenética se compara el coeficiente C obtenido de los caracteres
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observados con un valor critico tabulado de C (Abouheif 1999; Munkenmdiller et al.,
2012). El indice A de Pagel es una aproximacion basada en un modelo evolutivo de
movimiento browniano y ha probado ser muy util para discriminar entre patrones de
distribucion de caracteres aleatorios y de movimiento browniano. Es ligeramente
sensible a la incertidumbre en la longitud de ramas y es constante ante politomias y
longitudes de ramas faltantes. Valores de A cercanos a cero indican que las
especies se parecen entre si menos a lo predicho por el modelo evolutivo (no hay
sefal filogenética) y valores cercanos a uno indican que la estructura de la filogenia
explica los cambios en los caracteres (hay senal filogenética). Por ultimo, el indice K
de Blomberg también es un método basado en un modelo evolutivo explicito. K es
constante ante politomias y es muy sensible a la falta de informacién de longitudes
de ramas. Si K es igual a uno, la evolucién de los caracteres sigue un modelo
evolutivo de movimiento browniano (hay sefal filogenética), valores mayores a uno
indican que los taxones son mas similares de lo esperado (hay un mayor efecto de
la filogenia) y valores menores a uno indican que las especies cercanas se parecen
menos de lo predicho bajo el modelo evolutivo (no hay sefial filogenética).

Reconstruccion de estados ancestrales. Antes de realizar la reconstruccion

de estados ancestrales de los caracteres se comparo el ajuste de distintos modelos
evolutivos para los caracteres estudiados usando el criterio de informacion de
Akaike, corregido por el tamafo de la muestra (AlCc, Sugihara 1978). Para los
caracteres continuos se evaluaron los modelos de Movimiento browniano (MB),
Ornstein-Uhlenbeck (OU, Hansen 1997; Butler y King 2004), “Explosion temprana”
(Early Burst, EB) y un modelo no filogenético (“White noise”,WN). El modelo MB es

util para describir el cambio en los caracteres que resulta de la combinacién de un
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gran numero de fuerzas débiles independientes. Bajo MB, después de un evento de
especiacion, las especies descendientes se desvian una de otra siguiendo una
“caminata aleatoria”, en la cual el valor del caracter cambia aleatoriamente tanto en
direccion como en distancia. Este modelo predice que las especies cercanamente
relacionadas deberian ser mas similares entre si y que los cambios después del
evento de especiacién no son direccionales (Harvey y Pagel 1991; Freckleton y
Harvey 2006; Baum y Smith 2013). EI modelo OU describe un proceso en el cual la
deriva browniana es suplementada por atraccién hacia uno o mas “6ptimos
evolutivos”. Esta atraccion puede verse como una “liga” ya que la fuerza de
atraccion se hace mas fuerte mientras mas se aleja del atractor. OU es util para
modelar escenarios en los que el caracter esta sujeto a seleccidn estabilizadora
alrededor de cierto valor (Butler y King 2004; Beaulieu et al., 2012; Harmon 2019).
El modelo EB describe procesos en los cuales la tasa neta de evolucion disminuye
exponencialmente a través del tiempo (Blomberg et al., 2003; Ingram et al., 2012).
Bajo el modelo de ruido blanco (WN) los caracteres de cada especie son modelados
como una muestra independiente de una distribucion normal (Cressler et al., 2015).
Para los caracteres discretos se evaluaron los modelos de tasas iguales (ER) y de
todas las tasas diferentes (ARD). En el primer caso se asume que todas las
transiciones entre estados de caracter tienen la misma tasa g, sin importar su
estado inicial ni final. En el modelo ARD para caracteres discretos se permiten
diferentes transiciones con diferentes tasas dependiendo de los estados iniciales y
finales. Los modelos se compararon utilizando el criterio de informacion de Akaike
corregido (AICc). Las reconstrucciones de estados ancestrales se hicieron tomando

en cuenta el mejor modelo evolutivo para cada caracter. Las reconstrucciones se
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realizaron mediante métodos de verosimilitud y mapeo estocastico de caracteres. La
reconstruccion de verosimilitud y el mapeo estocastico de caracteres se realizaron
con las funciones fastAnc y make.simmap del paquete “phytools” (Revell 2012) en
R. Las graficas se generaron con la funcion “densityMap”.

Relaciones entre caracteres tomando en cuenta la filogenia. Se calcularon

“‘Minimos cuadrados generalizados filogenéticos” (PGLS) para remover el efecto de
las relaciones filogenéticas al estudiar las relaciones entre los caracteres. Ademas,
se realizaron ANOVAs filogenéticas para comparar los valores entre grupos

tomando en cuenta las relaciones entre las especies con la funcidén gls del paquete

“ape” (Paradis y Schliep 2018) en R.

Resultados

Correlaciones entre caracteres. Las correlaciones entre los caracteres

estudiados se presentan en la figura 1. El area y la masa seca foliar presentan una
correlacion positiva y significativa. EIl numero cromosoémico se encontré
correlacionado positivamente con la longitud de los estomas, el area foliar y la masa
seca de la hoja y negativamente con la densidad estomatica. Los resultados del
PCA indican que los primeros cuatro ejes explican el 93% de la variacién en los
caracteres foliares medidos (Cuadro 2). El componente principal uno (CP1) se
encuentra relacionado positivamente al numero cromosomico y la longitud de los
estomas y negativamente a la densidad estomatica. El componente dos (CP2) esta
asociado positivamente al area foliar especifica y al nivel de ploidia y negativamente
con el indice de esclerofilia. EI componente tres (CP3) se encontré relacionado

negativamente con el area y la masa seca foliar y el componente cuatro (CP4) esta
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relacionado positivamente con el nivel de ploidia y la densidad estomatica (Cuadro

2; Figura 2).
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Figura 1. Correlaciones entre caracteres foliares. Correlaciones positivas se

muestran en azul, correlaciones negativas en rojo. La intensidad de los colores es

proporcional a los coeficientes de correlacion. Celdas en color blanco indican

correlaciones no significativas. Los coeficientes de correlacion se muestran al

interior de cada cuadro. AFE=Area foliar especifica. IE= indice de esclerofilia.
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Cuadro 2. Eigenvectores de los cuatro primeros componentes principales de
variacion en los caracteres foliares calculados de las variables medidas para 147

especies de Asteraceae.

Caracteres CP1 CP2 CP3 CP4
Variacion explicada (%) | 35.43 25.50 19.32 13.11
Eigenvalue 1.7857 1.5147 1.3185 1.0864
Numero cromosomico 0.4543 0.3038 0.1116 0.2298
Nivel de ploidia -0.0188 0.4085 0.0760 0.5927
Densidad estomatica -0.3413 0.0729 -0.3613 0.4692
Longitud estomatica 0.4580 0.0132 0.2613 -0.2693
Area 0.1920 0.2370 -0.6265 -0.2324
Masa seca foliar 0.3162 -0.0629 -0.6156 -0.0492
AFE -0.2510 0.5413 0.0373 -0.3225
IE 0.2510 -0.5413 -0.0373 0.3225

Las regresiones logisticas indicaron que el CP1 esta asociado
significativamente de forma positiva con la forma de crecimiento (Z=3.61, p=0.003,
Figura 2A) y negativa con la condiciéon de maleza (Z=-3.984, p<0.0001, Figura 2B).
El componente CP2 esta significativamente relacionado con la condicion de maleza

(Z=3.232, p= 0.00123).

116



arbol e : I no maleza
I : . ¥ . - ¢
> - * arbusto = i 34 * maleza
hierba =

ndardized PC2 (25 5

st

Figura 2. Representacion bidimensional de los dos primeros componentes
principales de la variacion foliar en 147 especies de Asteraceae. A. Datos

agrupados por forma de crecimiento. B. Datos agrupados por condicion de malezas.

Senal filogenética. Los coeficientes de sefal filogenética calculados para los

datos obtenidos se presentan en el cuadro 3. Todos los coeficientes coinciden en
que hay una senal filogenética estadisticamente significativa en los numeros
cromosomicos, la longitud y densidad estomaticas y la masa seca foliar. Solo
lambda detecta sefial en el area foliar. En el cuadro 4 se presentan los resultados de
la evaluacioén de los diferentes modelos evolutivos para los caracteres estudiados.
Para longitud estomatica, area y masa seca de la hoja el modelo con mejor ajuste
de acuerdo con AICc fue el OU. Para los caracteres discretos el modelo con el
mejor ajuste fue el ARD, excepto para la presencia de estrias en la cuticula (Cuadro
4). La reconstruccion de estados ancestrales de los caracteres cuantitativos

muestran que la longitud de las células guarda tiende a disminuir en los taxones
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recientemente divergentes (Figura 3). La masa seca (Figura 4A) y el area foliar
(Figura 4B), a pesar de presentar sefal filogenética, no se observa una tendencia

particular en la reconstruccion de estados ancestrales. En general, las especies

tienden hacia un valor medio tanto de area como de masa seca y los valores

extremos se distribuyen a lo largo del arbol. Se observa que algunas tribus de la

subfamilia Asteroideae como Anthemideae, Bahieae y Tageteae, tienen hojas mas

pequefas y ligeras.

Cuadro 3. indices de sefial filogenética calculados para caracteres foliares continuos

de 147 especies de Asteraceae.

Caracteres C de Abouheif K de Blomberg A de Pagel

C P K P A P
numero 0.35 0.001 0.39 0.007 1.28 0.001
cromosomico
(n)
numero 0.32 0.001 0.37 0.006 1.16 0.001
cromosomico
(2n)
Ploidia -0.028 0.648 0.09 0.876 0 1
Densidad 0.33 0.001 0.48 0.007 0.60 0.001
estomatica
Longitud 0.42 0.001 0.44 0.001 0.76 0.001
estomatica
Area foliar 0.23 0.010 0.39 0.015 1.03 0.001
Masa seca 0.27 0.001 0.65 0.001 0.85 0.001
foliar
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AFE

0.22

0.002

0.35

0.023 0.42

0.012

0.22

0.083

0.35

0.022 0.42

0.012

Cuadro 4. Valores de verosimilitud y AICc de los distintos modelos evolutivos

evaluados para los caracteres estudiados. Para los caracteres continuos los

modelos evaluados fueron: Movimiento Browniano (MB), Ornstein-Uhlenbeck (OU),

Explosion temprana (EB) y White noise (WN). Para los caracteres discretos se

evaluaron los modelos de tasas iguales (ER) y de tasas diferentes (ARD).

Caracteres Modelos
Continuos MB ou EB WN
Longitud InL=96.51 InL=147.90 InL=96.50 InL=139.73
estomatica AlCc=-188.93 | AlCc=-289.63 | AlCc=-187.01 | AlCc=-275.38
Area foliar InL=-189.78 InL=-139.84 InL=-189.78 InL=-149.32
AlCc=383.64 |AlCc=285.84 |AICc=385.73 |AlCc=302.72
Masa seca InL=-196.99 InL=-147.13 InL=-196.99 InL=-156.71
foliar AlCc=398.065 | AlICc=300.44 [AICc=400.15 |AlCc=317.51
Discretos/ ARD ER
Categoéricos
Numero InL=-505.35 InL=-447 .55
cromosomico | AlCc=1014.79 | AlCc=897.14
Forma de InL=-211.22 InL=-292.18
crecimiento AlCc=605.37 AlCc=586.393
Margen InL=-166.71 InL=185.56
AlCc=359.76 | AlCc=373.16
Estrias InL=-63.08 InL=-63.82
AlCc=130.262 | AlCc=129.68
Maleza InL=-95.201 InL=-96.89
AlCc=194.48 | AlCc=195.82
Extensiones InL=-132.73 InL=-145.26
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de la vaina AlICc=278.06 AlCc=292.55

Mientras que lo opuesto sucede en Senecioneae, Heliantheae y
Wunderlichieae. Para los caracteres discretos el nuUmero cromosémico va de
numeros altos entre 22 a 28 cromosomas a numeros bajos de entre 5 a 11
cromosomas en los taxones recientemente diversificados (Figura 5). La densidad
estomatica presenta la tendencia opuesta: disminuye hacia los taxones mas
recientemente diversificados. (Figura 6). La forma de crecimiento (Figura 7) lefiosa
es frecuente en los taxones tempranamente divergentes y mientras que en
miembros de la subfamilia Asteroideae es mas comun el habito herbaceo. El tipo de
margen (Figura 8) es entero en los taxones tempranamente divergentes, y aserrado
o dentado en algunos taxones tardiamente divergentes. En la subfamilia
Asteroideae, se observan todos los tipos de margen, pero los margenes enteros se
encuentran con mayor frecuencia en hojas muy divididas y/o de tamano pequefio.
La condicion de malezas (Figura 9) es poco frecuente en las especies
tempranamente diversificadas y muy frecuente en miembros de la subfamilia
Asteroideae. La presencia de extensiones en las vainas (Figura 10) es rara en los
taxones tempranamente diversificados y cuando se presentan, suelen ser vainas de
esclerénquima. La frecuencia de las vainas aumenta en los taxones de reciente
diversificacion y las vainas suelen estar conformadas por parénquima.

Analisis comparativos filogenéticos. La correlaciéon encontrada entre masa

seca y area foliar no es significativamente diferente de la encontrada con métodos
estadisticos tradicionales. Las anovas filogenéticas arrojaron correlaciones

significativas entre el nimero cromosomico y la longitud (r>=0.54, p=2.34x107"°) y
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densidad estomaticas (r’=0.41, p=7.49x10%) y la forma de crecimiento (r*=0.08,

p=0.0001).
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Figura 3. Reconstruccion de estados ancestrales mediante mapeo estocastico de
caracteres de la longitud de células guarda para 147 especies de Asteraceae. Los
nombres de las tribus se muestran junto a las terminales del arbol. Los nombres de

las subfamilias se muestran en el extremo derecho.
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Figura 4. Reconstruccion de estados ancestrales mediante mapeo estocastico de
caracteres para 147 especies de Asteraceae. A. Reconstruccion de la masa seca
foliar. B. Reconstruccidon de estados ancestrales del area foliar. Los nombres de las
tribus se muestran junto a las terminales del arbol. Los nombres de las subfamilias

se muestran en el extremo derecho.
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Figura 5. Reconstruccion de estados ancestrales mediante mapeo estocastico de

caracteres del numero cromosémico para 147 especies de Asteraceae. Los
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nombres de las tribus se muestran junto a las terminales del arbol. Los nombres de

las subfamilias se muestran en el extremo derecho.
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Figura 6. Reconstruccion de estados ancestrales mediante mapeo estocastico de

caracteres de la densidad estomatica. Los nombres de las tribus se muestran junto
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a las terminales del arbol. Los nombres de las subfamilias se muestran en el

extremo derecho.
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Figura 7. Reconstruccion de estados ancestrales mediante mapeo estocastico de

caracteres de la forma de crecimiento.
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Figura 8. Reconstruccion de estados ancestrales mediante mapeo estocastico de

caracteres del tipo de margen de la hoja.
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Figura 9. Reconstruccion de estados ancestrales mediante mapeo estocastico de

caracteres de la condicion de maleza para 147 especies de Asteraceae.
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Discusion

Correlaciones entre caracteres foliares. Las correlaciones encontradas entre la

longitud y la densidad estomatica, y area foliar y masa seca coinciden con las
reportadas previamente para una muestra de cincuenta y dos especies de
Asteraceae de un matorral xerdfilo en México (Rivera et al., 2017). Lo cual indica
que a pesar de encontrarse en ambientes diversos, las proporciones de las hojas y
las relaciones entre los tejidos se mantienen constantes tal y como reportan John et
al., (2013) para catorce especies de angiospermas de diferentes ambientes y con
distintas formas de crecimiento. Los analisis indican que la relacién entre area 'y
masa seca foliar es constante entre las distintas formas de crecimiento y entre los
distintos linajes de la familia. Estos resultados apoyan observaciones previas que
sugieren que las proporciones de la hoja son determinadas tempranamente en el
desarrollo y probablemente estan relacionadas a la eficiencia hidraulica de la hoja
(Cookson et al., 2005). Las regresiones logisticas realizadas con los componentes
principales indican que estas proporciones foliares podrian estar influidas por la
forma de crecimiento y la condicion de malezas. Aunque las categorias de ambos se
encuentran sobrelapadas, las regresiones fueron estadisticamente significativas.
Proponemos que la relacién entre las formas geométricas de las hojas y sus
propiedades mecanicas restringen la variacion en las proporciones foliares
(MacKinnon et al., 2014, Louf et al., 2018)

La correlacion entre el aparato estomatico y el sistema de conduccién hidraulico de
la hoja ha sido reportada en estudios previos y es importante para mantener el

balance hidrico de la hoja (Buckley et al., 2011; Brodribb et al., 2013; Cardoso et al.,
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2018). Por ello esperabamos encontrar correlaciones significativas entre el aparato
estomatico y el tipo de terminaciones de las vénulas y la presencia de extensiones
de las vainas de los haces vasculares. Sin embargo, nuestros resultados no
apoyaron esta hipoétesis. Es posible que la caracterizacion cuantitativa del sistema
hidraulico de la hoja (por ejemplo el céalculo de la densidad de vénulas) sea una
mejor aproximacion al estudio detallado de esta relacion funcional que la tipificacion
que se realiz6 en este estudio. Por lo cual en el futuro, es necesario realizar

mediciones detalladas de caracteres asociados a las venas para cada especie.

Correlaciones entre caracteres foliares y numeros cromosémicos. Los resultados de

las correlaciones indican que hay relaciones estadisticamente significativas entre los
nameros cromosomicos y el tamafo y numero de estomas. Estos resultados
coinciden con los reportados por otros autores para diversos grupos de plantas
(Masterson 1994; Beaulieu et al., 2008; Marciniuk et al., 2010). Varios trabajos
también han descrito diferencias significativas entre plantas con diferentes niveles
de ploidia (Masterson 1994; Mishra 1997; Marciniuk et al., 2010); sin embargo en
este trabajo no se encontraron correlaciones significativas entre el nivel de ploidia 'y
el aparato estomatico. Probablemente esta falta de correlacién sea un efecto del
nivel de estudio, ya que los trabajos anteriores se han enfocado en las diferencias
entre especies del mismo género o dentro de series poliploides de la misma
especie. Las correlaciones encontradas también indican relaciones significativas
entre los numeros cromosomicos con el area y la masa seca foliar. Los resultados
aqui presentados indican que las plantas con numeros cromosémicos mas altos

tienden a tener hojas de mayor tamano. Esta correlacién ha sido ampliamente
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estudiada y reportada en la literatura para otras especies de plantas (Anssour et al.,
2009; Balao et al., 2011; Beyaz et al., 2013; Zhang et al., 2019). Las correlaciones
mencionadas son corroboradas en el analisis de componentes principales. El
componente principal uno describe las proporciones entre el numero cromosémico y
el tamano y numero de células guarda. Mientras que el componente principal dos
relaciona el numero de copias del genoma con las proporciones de la hoja
expresadas como cocientes entre el area y la masa seca foliar. EI componente tres
se relaciona con las proporciones generales de la hoja y el componente cuatro
indica que hay una relacién entre el numero de copias del genoma y con el numero
de estomas de la hoja. En conjunto estos analisis indican que los numeros
cromosomicos y el nivel de ploidia tienen efectos visibles en caracteres a nivel
celular (en el tamafo y numero de células guarda) y a nivel de érganos ( en las
proporciones de la hoja). Brodribb et al. (2013) postulan que la capacidad de
adaptacion a distintas condiciones ambientales de las hojas esta dada por cambios
coordinados en tamafos celulares de tejidos independientes y que los cambios en el
tamano del genoma pueden estar relacionados con el mantenimiento de estas
relaciones funcionales al interior de la hoja.

Los numeros cromosdmicos y los caracteres correlacionados a estos presentaron
senal filogenética significativa. Esto quiere decir que las especies cercanamente
emparentadas se parecen entre si mas que a cualquier otra especie muestreada al
azar de la filogenia. La sefial filogenética en el numero cromosémico ha sido
reportada previamente para la familia (Panero et al., 2014, Mota et al., 2016) y se ha
interpretado en términos evolutivos. Los cambios en los numeros cromosoémicos

debidos a duplicaciones completas del genoma suelen asociarse con el éxito de la
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familia para colonizar nuevos ambientes y con la aparicion de “novedades
evolutivas” como la inflorescencia de las compuestas y los frutos con fitomelaninas
(Panero y Crozier 2016). Nuestros resultados indican que los caracteres foliares
también son afectados por los cambios en el nimero de cromosomas, por lo cual
sugerimos que otros caracteres vegetativos de la planta pueden estar siendo
afectados por las duplicaciones del genoma. Las relaciones encontradas mediante
métodos comparados filogenéticos indican que el numero cromosémico esta
correlacionado con el numero y longitud de las células guarda y que esta relacién no
es independiente de la filogenia de las especies.

La poliploidia como un atributo de especies “invasivas” o “malezoides” se ha
discutido previamente en diversos trabajos (Pandit et al., 2011; te Beest et al.,
2012). Nuestros resultados muestran que existe una tendencia de las malezas a
presentar mayores niveles de ploidia, mayor area foliar especifica y numero de
estomas por unidad de area foliar que las plantas que no prefieren sitios
perturbados (Figura 2B). Las proporciones foliares modificadas por los cambios en
el nivel de ploidia, podrian conferir una mayor resistencia a los ambientes
perturbados a las malezas.

El ajuste de modelos arrojoé que la longitud estomatica, el area y masa seca
de la hoja siguen un modelo evolutivo con tendencia hacia un valor 6ptimo del
caracter. En términos de funcionalidad de la hoja, este modelo es el mas probable,
ya que se ha comprobado que existe una tendencia a minimizar la pérdida de agua
a través de los estomas (Sack et al., 2003) y un balance entre la superficie foliar
disponible para realizar la fotosintesis y el costo de mantenimiento de los tejidos de

la hoja (Wright et al., 2004). Las reconstrucciones de estados ancestrales del
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numero cromosémico y la forma de crecimiento coinciden con las de trabajos
previos para la familia (Panero et al., 2014; Mota et al., 2016). El ancestro de las
Asteraceas era probablemente una planta lefiosa con numero cromosomico basico
(n) entre 8 y 9. Hay una tendencia a cambiar de lefiosas a herbaceas en los taxones
mas recientemente diversificados y hacia nimeros cromosdémicos mas altos
(Figuras 5, 7). Soltis et al. (2013) encontraron tendencias similares en plantas del
orden Saxifragales, en el cual han ocurrido al menos dos grandes cambios de
lefiosas a herbaceas, seguidos de multiples reversiones en diversos linajes. Las
reconstrucciones de los caracteres foliares son una aportacion de este trabajo y
destacan algunas tendencias en la evolucién de las hojas en la familia. En las
reconstrucciones del area foliar y la masa seca, que presentaron senal filogenética
(Cuadro 3), no se observan tendencias marcadas en las subfamilias en particular
hacia un valor del caracter. Esto puede deberse a que los valores de estos
caracteres estan sujetos a una seleccion estabilizadora como la que simula el
modelo OU, en la cual los valores tienden hacia un 6ptimo. Un caso similar puede
estar ocurriendo con el numero cromosdémico, que presenta una gran variacion en la
subfamilia Asteroideae. Los cambios en el nimero cromosémico y la estabilizacion
del tamafo del genoma después de eventos de duplicacion del genoma son
frecuentes (Otto y Whitton 2000; Barker et al., 2016) y pueden explicar la amplitud
de variacion observada en esta subfamilia. Los resultados obtenidos de este trabajo
ademas indican ciertas tendencias evolutivas en las plantas de la familia
Asteraceae: Las tribus tempranamente divergentes de la familia son plantas
lefosas. Raramente son malezas. Tienen numeros cromosomicos altos y hojas con

margenes enteros, longitudes estomaticas grandes que se encuentran
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significativamente correlacionadas con densidades estomaticas bajas. Presentan
extensiones de la vaina de esclerénquima o no presentan extensiones. Por su parte
las tribus que divergieron mas recientemente suelen ser hierbas. Frecuentemente se
encuentran en sitios perturbados. Tienen numeros cromosomicos bajos y hojas con
margenes aserrados u hojas con margenes enteros, pero las laminas se encuentran
muy divididas. Las longitudes estomaticas son pequenas y se encuentran
relacionadas con densidades estomaticas altas. Presentan extensiones de la vaina
de parénquima. Particularmente la subfamilia Asteroideae destaca por la proporcién
de especies que son malezas. La sefal filogenética encontrada en la condicién de
maleza y su aparente correlacién con varios atributos foliares, como la presencia y
tipo de extensiones de las vainas y el tipo de margen de las hojas puede estar
indicando que la habilidad para invadir y permanecer en ambientes perturbados esta
determinada por factores relacionados con la eficiencia fotosintética e hidrica y la

presencia de tejidos de resistencia en las hojas.

Conclusiones

Los resultados de los analisis realizados indican que hay un efecto de los nUmeros
cromosomicos sobre caracteres foliares que incluyen el tamafio y numero de
estomas y las proporciones foliares. Las reconstrucciones de estados ancestrales y
los resultados de minimos cuadrados generalizados filogenéticos indican que la
variacion en los caracteres foliares no es independiente de la historia evolutiva de
las plantas, y que caracteres como el tipo de margen de la hoja y la presencia de
extensiones de la vaina, que suelen relacionarse con variaciones ambientales,

presentan senal filogenética. Por ello el estudio de las hojas de esta familia debe
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tomar en cuenta las relaciones entre las especies. No se encontraron caracteristicas
exclusivas de las distintas formas de crecimiento, pero los analisis de componentes
principales indican que hay una mayor amplitud de variacion en las plantas
herbaceas que en las lefiosas. La propension a habitar sitios perturbados (condicién
de malezas) también presentd sefal filogenética y parece estar asociado a una

forma de crecimiento herbacea.
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Discusion general
El primer paso del estudio comparativo de los caracteres foliares implica la
caracterizacién y comparacién de los caracteres entre distintos grupos de plantas
(Anderson y Creech 1975). El valor de las descripciones y bases de datos se
extiende a varios niveles en estudios sistematicos (De Faria et al., 2012; Lin y Tan
2015; Rojas-Leal et al., 2017; Lusa et al., 2018), ecoldgicos (Bercu et al., 2012;
Rivera et al., 2017; Ferraro y Scremin-Dias 2018) y fisiolégicos (Bondarev et al.,
2003; Santiago y Kim 2009). En los estudios evolutivos este paso es critico, ya que
permite la identificacion de homologias que seran la base para el estudio de la
evolucién de los organismos. La diversidad foliar encontrada en este estudio para la
familia Asteraceae coincide con la reportada previamente para la familia (Milan et
al., 2006; Adedeji y Jewoola 2008) y es, hasta ahora, el trabajo de anatomia foliar
mas exhaustivo para la familia.
Paralelamente, la disponibilidad de una hipoétesis filogenética robusta es necesaria
para cualquier estudio evolutivo. En este trabajo, obtuvimos una filogenia de
Asteraceae en la que se incluyeron linajes que diversificaron en México. Las
aproximaciones modernas a la resolucion de las relaciones al interior de la familia
utilizan con mas frecuencia métodos de secuenciacion de nueva generacion
(Mandel et al., 2015, 2017; Huang et al., 2016) que proveen cientos de marcadores .
En este trabajo, a pesar de utilizar un numero limitado de marcadores del

cloroplasto, se obtuvieron filogenias resueltas y bien soportadas para la mayoria de
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los nodos, que son congruentes con las propuestas mas recientes para la familia. La
inclusién de los taxones mexicanos es importante para el entendimiento de la
historia evolutiva de esta familia tan diversa, y el uso de métodos de reconstruccion
de historias filogenéticas reticuladas permitira incorporar a las hipotesis procesos
importantes en la historia de la familia como la hibridacion.

La integracion de la parte descriptiva de este trabajo con la informacion filogenética
nos hizo posible postular hipétesis sobre la evolucion de los caracteres foliares este
grupo de plantas. Estos analisis hicieron posible el reconocimiento de patrones
evolutivos importantes en caracteres que suelen considerarse adaptativos. La
evaluacion de diferentes modelos evolutivos permite ajustar el cambio observado en
los caracteres a lo largo del arbol a distintas hipotesis bioldgicas. Esta vision
evolutiva de la hoja es cada vez mas frecuente en la literatura (Ackerly 2004; Mason
y Donovan 2015; Glade-Vargas et al., 2018). Las relaciones entre caracteres
citogenéticos y foliares en el contexto filogenético se describen por primera vez para
la familia en este trabajo. Los resultados de los analisis comparativos indican que la
variacion foliar esta asociada a la variaciéon en los nimeros cromosomicos y que

estas relaciones son dependientes de la historia de la familia.

Conclusién general

El presente trabajo muestra distintas fases del trabajo comparativo. La descripcion,
la reconstruccion filogenética y la integracion de ambos en analisis comparativos
filogenéticos. La base de datos comparativos generada en este trabajo permitira
realizar analisis evolutivos y ecolégicos mas exhaustivos de la familia Asteraceae y

particularmente de las especies distribuidas en México. Las filogenias generadas
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permitiran analizar con mas detalle la diversificacidén de los clados de Asteraceae
nativos de México. Los analisis comparativos indican que es importante tomar en
cuenta las relaciones filogenéticas entre las especies de Asteraceae al estudiar los
caracteres foliares. Probablemente la gran diversidad foliar de la familia refleje
distintos compromisos entre caracteres citogenéticos y foliares en respuesta a
variaciones ambientales, y dichos compromisos suelen ser similares en especies

cercanamente emparentadas.
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