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RESUMEN 
 

Desde el siglo XVI se ha llevado a cabo la extracción de metales como la plata y el oro en la 

región de Taxco de Alarcón, Guerrero y sus alrededores. Esta actividad ha liberado a través del 

tiempo una gran cantidad de desechos mineros que se han depositado a cielo abierto y que 

contienen metales pesados potencialmente tóxicos, los cuales afectan el entorno ecológico en el que 

se dispusieron. Por lo cual, este estudio tiene como proposito 1) Realizar un inventario florístico en 

una zona minera para determinar cuales especies vegetales se desarrollan en estos sitios, 2) 

Seleccionar las principales especies vegetales para su análisis, 3) Evaluar la eficiencia de la 

acumulación de metales pesados en especies seleccionadas, crecidas en suelos contaminados en el 

distrito minero de Taxco, Guerrero, México, 4) Identificar los cambios estructurales en las ramillas de 

Cupressus lindleyi causadas por metales pesados, 5) Determinar la microlocalización de metales 

pesados en los tejidos de las ramillas de Cupressus lindleyi. Para dicho estudio se consideraron dos 

localidades de influencia minera: el jal “La Concha” y el jal “El Fraile”, adicionalmente una zona 

control. Para esto se recolectaron ejemplares botánicos durante el 2008 en los tres sitios. El material 

recolectado se incorporó al Herbario Metropolitano UAMIZ. En total se colectaron plantas 

correspondientes a 32 especies en los tres sitios. Las plantas colectadas en el jal “La Concha” 

pertenecen a 25 especies de 17 familias. Las mejor representadas fueron: Asteraceae, 

Cupressaceae, Amaranthaceae, Commelinaceae y Fabaceae. Las colectadas en el jal “El Fraile”, 

corresponden a 13 especies de 8 familias. En la zona control fueron 8 especies de 7 familias. Por lo 

que, las familias mejor representadas de son: Fabaceae y Cupressaceae. Asi mismo se colectaron 

muestras de suelo y jales en los tres sitios para su análisis químico y determinación de metales 

potencialmente tóxicos. Se trataron junto con las muestras los siguientes materiales de referencia 

NIST 2586 para suelos, obteniendo 1.8% de precisión (N=6) y un estándar certificado de hojas de 

durazno para las plantas. Las localidades presentaron diversas concentraciones de metales con 

diferencias significativas en sus proporciones en fracciones geoquímicas. Los resultados muestran 

que las especies Cupressus lindleyi y Juniperus deppeana acumulan Zn y Mn (totales) en 

concentraciones anómalas en La Concha, donde el Zn se presenta en la fracción soluble (F1) del 

suelo. El Mn no se detectó en la fracción soluble del suelo y jal, sin embargo, se encontró 

acumulación de Mn en los tejidos de las plantas. Por otro lado, las mismas especies colectadas en 
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El Fraile y en la zona control, no muestran una acumulación de Zn y Mn. Otras especies analizadas 

creciendo bajo las mismas condiciones de contaminación en La Concha (Jacaranda mimosifolia y 

Psidium guajava) no mostraron concentraciones anómalas lo que confirma la tolerancia de estas 

especies a los metales pesados potencialmente tóxicos. A su vez, estos hechos confirman la 

capacidad de acumulación Zn y Mn de C. lindleyi y Ju. deppeana, que dependen en su habilidad de 

acumulación y en la concentración de estos elementos en la fracción soluble. Entre otros resultados 

el estudio de microlocalización de los metales pesados en las ramillas de C. lindleyi se efectuó 

mediante la microsonda electrónica de barrido acoplado a un microanalizador WDS/EDS, para 

entender los cambios estructurales provocados por los desechos mineros en esta especie. Los 

contaminantes más abundantes en los suelos, jales y órganos de la planta (raíz, tallo y ramillas) 

fueron Zn, Mn y Pb. Sin embargo, el As fue el más acumulado en la raíz, tallo y ramillas en La 

Concha. El factor de translocación y de bioconcentración fue menos de 1. Los cambios estructurales 

observados fueron: gran acumulación de granos de almidón y compuestos fenólicos en el 

parénquima en empalizada. La distribución de metales pesados en los tejidos de las ramillas fue 

homogénea en la mayoría de los elementos. Estos resultados muestran que C. lindleyi es una 

especie que se puede emplear en fitoestabilización de zonas contaminadas con desechos mineros 

debido a que es una planta nativa que no requiere muchas condiciones para su desarrollo. La 

metodología utilizada puede ser aplicada para la determinación de especies potencialmente aptas 

para su uso en fitoestabilización en zonas impactadas por residuos mineros, contribuyendo asi a una 

alternativa de mitigación o contención de la dispersión de los contaminantes. 
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1. INTRODUCCIÓN 

  

La minería es una de las actividades económicas de mayor tradición en México, la cual ha 

contribuido desde la época prehispánica hasta nuestros tiempos al desarrollo del país (Contreras-

Díaz et al., 2000; González et al., 2005; Hernández-Acosta et al., 2009). Pero esta industria minera 

ha generado por décadas una gran cantidad de desechos mineros o jales, los cuales pueden ser 

definidos como lodos residuales originados durante el proceso de beneficio del mineral 

económicamente aprovechable (González et al., 2005). Estos desechos son depositados en las 

cercanías provocando contaminación por metales pesados y metaloides, que afectan el agua, aire, 

suelo y plantas (Dudka y Adriano, 1997). Taxco de Alarcón, es una de las principales zonas mineras 

de plata desde tiempos prehispánicos, localizado en la parte norte del estado de Guerrero. Sin 

embargo, a partir de las dos primeras décadas del siglo XX con la introducción del proceso de 

flotación, se convierte en un importante productor de Zn y Pb (Romero-Martin, Com. Pers.). De esta 

zona minera se localizan varios jales siendo los mas estudiados los jales “La Concha” y “El Fraile” 

los cuales se localizan aproximadamente a 12 Km del Suroeste de la ciudad de Taxco y contienen 

desechos mineros originados entre 1940 y 1970 (Talavera, 2006). Para los jales “El Fraile”, Romero 

et al., (2007) reportaron concentraciones totales de elementos potencialmente tóxicos en 

concentraciones de 585 mg/kg As, 1479 mg/kg Pb, 460 mg/kg Zn, 72 mg/kg Cu y 9.4% de Fe. 

 

La interacción de los desechos mineros con la vegetación causa diferentes respuestas en las 

plantas donde crecen (Baker, 1981; Barcelo, 2003; Juárez-Santillán et al., 2010). Así los metales 

pesados en los suelos contaminados pueden ser acumulados en las plantas (Siedlecka, 1995), y se 

translocan desde el suelo hacia las distintas partes de las plantas (Marschner, 1995) y se almacenan 

en diferentes células y tejidos (Verkleij y Schat, 1990; Ernst, 2006). Estas plantas pueden absorber 

metales pesados del suelo en diferentes niveles, dependiendo de las especies y el contenido de los 

metales en el mismo. Algunas de ellas toleran los metales usando una variedad de mecanismos. Por 

ejemplo, la producción de exudados en las raíces para prevenir la entrada de los metales pesados, o 

el desplazamiento de los metales de las raíces hacia las partes aéreas y la formación de 

compuestos estables en las células. Estas plantas son capaces de hacer inofensivos a los metales 

pesados en varias formas como: fusionarse a la pared celular, la compartimentalización celular o 

formando complejos metálicos con ácidos orgánicos o proteínas (Raskin, 1997). La exclusión es una 
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característica de las especies sensibles y tolerantes, mientras la acumulación es común entre 

especies que aparecen en suelos contaminados o metalíferos.  

 

Basados en la capacidad de las plantas para tolerar o acumular altas cantidades de metales 

pesados, los procesos de fitoremediación son posibles en suelos contaminados. La fitoremediación 

se refiere a usar plantas para remover, contener o hacer que los contaminantes ambientales sean 

inofensivos (Robinson et al., 2009). Sin embargo, un procedimiento de fitoextracción en suelos muy 

contaminados podría tomar un largo periodo de tiempo. Teniendo en cuenta esta limitación, algunos 

autores recomiendan la aplicación de procedimientos de fitoestabilización, que reducen la 

biodisponibilidad de contaminantes en el suelo, previniendo su lixiviación y absorción por las plantas 

(Dickinson et al., 2009). Con el fin de determinar el potencial de las plantas en los procesos de 

fitoremediación, se han establecido ciertos criterios: 1) la capacidad de plantas para tolerar o 

acumular metales. Tales plantas son caracterizadas por un factor de transferencia >1. Por otro lado, 

las plantas que excluyen la transportación de metales pesados hacia las partes aéreas con un factor 

de transferencia <1 (Baker, 1981; Baker y Whiting, 2002), 2) las plantas con una alta producción de 

biomasa; 3) un amplio factor de translocación y 4) un amplio factor de bioconcentracion (Dowdy y 

McKone, 1997). 

 

Frecuentemente, las especies de plantas silvestres que están en áreas contaminadas han sido 

identificadas como acumuladoras. Esta capacidad se desarrolla generalmente porque estas plantas 

están mejor adaptadas a las condiciones locales. La acumulación y distribución de metales en los 

tejidos de las plantas son aspectos importantes para evaluar su papel en la remediación en sitios 

contaminados. Subsisten importantes incertidumbres a menudo en relación con los mecanismos de 

captación de metales en las plantas (Dickinson et al., 2009). La viabilidad de acumulación depende 

más de la función de los nutrientes del elemento que de la concentración del metal pesado en el 

suelo. El contenido de metales en el suelo no es una buena medida para evaluar su biodisponibilidad 

o su potencial de riesgo en la contaminación de suelos y sedimentos. Los procedimientos de 

extracción secuencial se han utilizado en estos casos para evaluar la fracción de la fase sólida que 

es la fuente potencial de metales disponibles para el medio ambiente (Moral et al., 2004; Menzies et 

al., 2007). 
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La captación de metales a través de las plantas depende, en gran parte, del papel nutricional de 

los metales. Esta captación de metales se realiza en la rizosfera a través de los tejidos de las raíces 

hacia los tallos y de estos hacia las hojas. La transportación de metales hacia las partes aéreas de 

las plantas requiere su entrada por el xilema de la raíz. La mayoría de ellos penetran a las células. 

Otros metales pueden solamente atravesar la membrana a través de transportadores de proteínas 

embebidas. Por otro lado, los canales iónicos permiten que iones con un tamaño especifico y una 

carga se muevan a través de la membrana celular bajo un gradiente de concentración (Robinson et 

al., 2009). Los transportadores son conocidos para Mn, Zn, Cu, Fe, Ni, Co y Cd (Reid y Hayes 2003). 

Los elementos no esenciales con un tamaño similar a los nutrientes pueden ser captados en el 

simplasto y ser translocados hacia los brotes (Robinson et al., 2009). 

 

Asi mismo, Gupta y Sinha (2007), en un estudio relacionado con el potencial de fitoremediación 

de plantas creciendo en un sitio contaminado en la India, encontraron que la acumulación de los 

micronutrientes esenciales se incrementó en las partes superiores de las plantas ensayadas. 

Comúnmente, la habilidad para acumular metales de plantas con frecuencia ha sido evaluada en 

hojas (Unterbrunner et al., 2007; Gupta y Sinha, 2007). En México, la presencia de especies 

tolerantes a los metales que crecen directamente en jales mineros en la región semiárida de 

Chihuahua fue reportada por Carrillo-González y González-Chávez (2005, 2006). Ellos identificaron 

a las especies Polygonum aviculare y Jatropha dioica como acumuladoras de Zn. Prosopis laevigata 

y Acacia farnesiana también se han identificado por tolerar altas concentraciones de As en Zimapán 

(Armienta et al., 2008).  

 

En este sentido, algunos árboles tienen la habilidad para reaccionar contra niveles tóxicos de 

metales en suelos por exudación de ácidos orgánicos de las raíces que previenen la captación de 

metales (abeto, pino y álamo) (Heim et al., 1999; Ahonen-Jonnarth et al., 2000; Qin et al., 2007). Es 

una forma más común para detoxificar el metal, sin embargo, su inmovilización en los tejidos finos 

de la raíz conduce a la acumulación hacia una carga máxima. El aluminio se unen principalmente a 

las pectinas en la pared celular y a las superficies citoplasmáticas de las membranas cargados 

negativamente, debido a su fuerte potencial electroquímico (Rengel y Zhang, 2003; Kochian et al., 

2005), en la unión del Al con las pectinas se desplazan cationes tales como Ca2+ y Mg2+ de la pared 

celular y membranas. Dentro de las células vegetales, los metales pesados también se unen a 
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proteínas específicas, tales como metalotioneínas (Kohler et al., 2004). Los complejos formados son 

transportados hacia las vacuolas dentro o entre las células. Muchas otras biomoléculas, tales como 

fitoquelatinas, ácidos orgánicos, nicotianamina o glutatión (Pilon-Smits, 2005), podrían también ser 

relevantes para la acumulación de metales en especies arboreas. 

 

En general, en México existen pocos estudios que evalúen la concentración de metales pesados 

en los sustratos y en las plantas creciendo en los desechos mineros (Flores-tavison et al., 2003; 

Carrillo-González, 2005; Prieto-García et al., 2005; Carrillo-González y González-Chávez, 2006; 

Díaz-Villaseñor, 2006; Puga et al., 2006; Armienta et al., 2008; Franco-Hernández et al., 2010; 

Juárez-Santillan et al., 2010; Ruiz y Armienta, 2012; Santos-Jallath et al., 2012), así como la 

identificación de metales pesados dentro de los tejidos vegetales. Estos estudios permiten observar 

la presencia de metales, llegando a ser evidente la acumulación y translocación hacia diferentes 

órganos de las plantas, usando herramientas como microscopia óptica, Electrónica y 

espectrofotometría de energía dispersa de rayos X (Tung y Temple, 1996; Vollenweider y Günthardt-

Goerg, 2006; Günthardt-Goerg y Vollenweider, 2007; Meyers et al., 2008; Vieira et al., 2008; Arias et 

al., 2010; Vollenweider et al., 2011). 

 

El presente estudio tiene como propósito 1) realizar un inventario florístico en una zona minera 

para determinar que especie vegetales se desarrollan en estos sitios, 2) seleccionar las principales 

especies vegetales para su análisis, 3) evaluar la eficiencia de la acumulación de metales pesados 

en especies seleccionadas, crecidas en suelos contaminados en el distrito minero de Taxco, 

Guerrero, México, 4) identificar los cambios estructurales en las ramillas de Cupressus lindleyi 

causadas por metales pesados, 5) determinar la microlocalización de metales pesados en los tejidos 

de las ramillas de Cupressus lindleyi. Con base a los objetivos planteados y el estudio realizado, se 

generaron los artículos que sustentan este estudio. 

 

En el primer artículo se realizó un inventario florístico para determinar la cantidad de especies 

vegetales presentes en los dos jales mineros y la zona control, los cuales se identificaaron 

taxonómicamente e incorporaron al Herbario Metropolitano UAMIZ. Como resultado se colectaron 31 

especies vegetales en las tres localidades siendo las familias taxonómicas Fabaceae y 

Cupressaceae las más abundantes. Se observó que las especies que se encontraron en las tres 
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localidades fueron. Cupressus lindleyi, Juniperus deppeana, Jacaranda mimoseafolia y Psidium 

guajava. 

 

En el segundo artículo se realizaron análisis químicos a Cupressus lindleyi, Juniperus deppeana, 

Jacaranda mimoseafolia y Psidium guajava para determinar su eficiencia en la acumulación de 

metales pesados. Para esto se cuantificaronlos metales pesados (Cu, Fe, Mn, Pb y Zn) en las hojas 

de las especies vegetales, así como en los suelos y jales por medio de espectrometría de 

fluorescencia de rayos X. También se realizaron extracciones secuenciales a los suelos y jales 

(Mossop y Davison, 2003). Los resultados mostraron que las especies Cupressus lindleyi y 

Juniperus deppeana acumulan Zn y Mn en concentraciones anómalas en “La Concha”, donde el Zn 

se presenta en la fracción intercambiable. El manganeso a pesar de no estar presente en su mayoría 

en la fracción soluble en el suelo y jales, parece haber aumentado en la fracción soluble después del 

crecimiento de las plantas. En contraste, las muestras de las mismas especies colectadas en “El 

Fraile” y en la zona control, donde el Zn y el Mn están principalmente contenidas en la fracción 

residual, no muestran un enriquecimiento anormal. Otras especies analizadas creciendo bajo las 

mismas condiciones de contaminación en “La Concha” (Jacaranda mimosifolia y Psidium guajava) 

no mostraron concentraciones anómalas. Estos hechos confirman la capacidad de acumulación de 

Zn y Mn de C. lindleyi y Ju. deppeana, que dependen de su habilidad de acumulación y de la 

concentración de estos elementos en la fracción soluble. 

 

 En el tercer artículo se seleccionó a C. lindleyi en base a su capacidad de acumular Zn y Mn 

para identificar los cambios estructurales en las ramillas causadas por metales pesados y realizar su 

microlocalización en estos órganospara observar su acumulación en los tejidos. Se realizaron 

análisis a los órganos de las plantas (raíz, tallo y hojas), suelos y jales por medio de espectrometría 

de fluorescencia de rayos X por el método EPA 6200 para determinar el factor de translocación y de 

bioconcentración de Pb, As, Zn, Cu, Ni, Fe, Mn, Cd y Ag (Tu et al., 2003; Rizzi et al., 2004; Audet y 

Charest, 2007). A su vez se realizaron análisis por microscopía óptica (Johansen, 1940) y mapeo 

elemental (microlocalizacion) en las ramillas para identificar en que tejidos se acumula y puede 

provocar alteraciones celulares. Los resultados mostraron que los metales pesados mas acumulados 

en los órganos fueron Zn, Mn y Pb. Sin embargo, el As se acumuló de manera representativa en los 

órganos de las plantas. El factor de translocación y de bioconcentración fue menor a 1. Los cambios 
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estructurales observados fueron: gran acumulación de granos de almidón y compuestos fenólicos en 

el parénquima en empalizada  cambios en la pared celular hipodérmica, desorganización celular en 

la epidermis, hipodermis y en el parénquima en empalizada.La distribución de metales pesados en 

los tejidos de las ramillas fue homogénea en la mayoría de los elementos. Estos resultados 

muestran que C. lindleyi es una planta que puede desarrollarse en zonas mineras dado que no 

necesitan condiciones edafológicas especiales, ya que esta especie se encontró en mayor 

abundancia en los sitios de muestreo, e indican la factibilidad derevegetar estos lugares con C. 

lindleyi con el fin de evitar la dispersión de los contaminantes. 
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2. RESULTADOS 
 

Los resultados de esta investigación están reportados en los siguientes artículos: 

 

 Gómez Bernal Juan Miguel, Santana Carillo Jorge, Romero Martin Francisco, Armienta 

Hernández María Aurora, Morton Bermea Ofelia, Ruiz Huerta Esther Aurora. 2010. 

“Inventario florístico de especies encontradas en dos sitios contaminados con 

desechos mineros en Taxco, Guerrero, México”. Boletín de la Sociedad Botánica de 

México. 87: 131-133. 

 Ofelia Morton-Bermea, Juan Miguel Gómez-Bernal, María Aurora Armienta, Rufino Lozano, 

Elizabeth Hernández-Álvarez, Francisco Romero, Javier Castro-Larragoitia. 2014. Metal 

accumulation by plants species growing on a mine contaminated site in Mexico. 

Environmental Earth Sciences. 71: 5207-5213. 

 Gómez-Bernal Juan Miguel, Morton Bermea Ofelia, Ruiz Huerta Esther Aurora, Armienta 

Hernández María Aurora, González Dávila Osiel. 2014. Microscopic evidences of heavy 

metals distribution and anatomic alterations in breaching-leaves of Cupresses lindleyi 

growing around mining wastes. Microscopy Research and Technique. Aceptado en 

prensa. DOI 10.1002/jemt.22392 
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2.1 ARTÍCULO I 

 

 Gómez Bernal Juan Miguel, Santana Carillo Jorge, Romero Martin Francisco, Armienta 

Hernández María Aurora, Morton Bermea Ofelia, Ruiz Huerta Esther Aurora. 2010. “Inventario 

florístico de especies encontradas en dos sitios contaminados con desechos mineros en 

Taxco, Guerrero, México”. Boletín de la Sociedad Botánica de México. 87: 131-133. 
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RoI50(.Bol.Mé.x. 1.I7 : 131~133 (2010) 

La mineria es una de las fteti vidades 
económicas de mayor tradición en 

México, la cual ha contribuido desde 
la época prehi spánica hast.. ... nuestros 
ticmpos al dcsarrollo del país (Contrc­
ras-Díftz el al. , 2000; Gonzálcz, el al., 
2005; Hemández-Acosta el a!., 2(09) . 
E<;ta producción minera en ~'féxico , 

sc coocentra eo trece entidades: Cill­
huahua, Jalisco, Y1iehoftcán, Z ... c. ... -
tceas, Dunmgo, Sonora, Coahuila, 
Guanajuato, San I ,uis Potosí, llidalgo, 
Sinaloa, Colima y Guerrero (Carrillo­
Gonz..,Hez. 2(05). L"l "Cuidad y!inera 
de "l~IXCO ( CM"!') se hft caracterizado 
hi stóricamente por su pnx1ucción de 
plata. Sin embargo, a partir de las dos 
primeras déc."ldas del siglo X.X con la 
introducción dd proceso de flotación, 
se convierte en un import<'lIllc pnxlue­
tor de Zn y Pb (Romero-Martin, Como 
Pers. ). Pero esta industria minera ha 
generado por décadfts una gran c. ... nti­
d':Kl de desechos mineros o jales , los 
cuales pueden ser definidos como Io­
dos residuales originados durante el 
proceso dc benefi cio del mineral eco­
nómic. ... mentc aprovechftble (Gonz..11cz 
el al., 2(05). Los jales "La Concha" y 
"EI Fraile" son locali zados aproxima­
damente a 12 Km del Suroeste de la 
ciudad de Taxco y conticnen desechos 
mincros originados entre 1940 y 1970 
(Talavera, 2(06). 

Uno de los costos ambientales de la 
activid.1d mioero metalürglca es la COtl­

taminftción del medio abiótico (agua, 
sudo, subsuelo, aire, sedimentos). Son 
escasos los estudios sobre la<; especies 
vegetales que pueden crecer en suelos 
contaminados ¡x>r residuos de minas 
(Olguiu el al., 2003; Hon:s-Tavison el 
al., 2003; Canillo-Gonzálet., 2005; .\r­
mienta el al.. 2008; ITem<Índcz-Acosta 
er al., 2009). También es mínima la 
información sobre las concentrnciones 
de elementos que pueden acumular 
las especies (Carrillo-Gollzález, 200S; 
Prieto-Garda el al .. 2005; Annienta 
et al., 2008; Hem1ndcz-Aeosta el al .. 
2009) así como sus mecanismos dI: 
adaptación (Gollzález, 200:;), y si los 

NOTA BOTÁNICA 

PLANTAS DE SITIOS CONTAMINADOS 

CON DESECHOS MINEROS EN 

T AXCO, GUERRERO, MÉXICO 

JUAN MIGUEL G ÓMEZ- BERNAL" O, JORGE SANTANA-CARILW2, 

FRACISCO ROMERo-MARTIN', M ARíA A URORA ARMIENTA- HERNÁNDEZ4
, 

O FELlA MORTON-BERMEA4 y ESTHER AURORA RUIZ-H uERTA' 

1 Posgrado en Ciencias de la Tierra, lJ niversidad Naciona l Autónoma de México 
2 Herbario Metropol itano, Dep.utamento de Biolog ía, 

Univers idad Au tónoma de México 
.l Instituto de Geo logía, Universidad Nac ional Autónoma de México 
-1 Inst itu to de Geofísica, Universidad Nacional Autónoma de México 

.> Au tor para la correspondencia: gupi02@yahoo.com.mx 

al:umulan en sus estructuras o evitan 
que los contaminantes penetren la 
raíz. Flores-Tllvison el al. (2003) rc­
pof1<1fon algunas es¡x:eies que crecen 
en suelos contaminados por arséni­
co. Railleres (2OfH) reportó Pluchea 
symphyqfolia (j\1iII.) Gillis creciendo 
exitosamente en un mfttorrnl sobre 
residuos de Illlnas. Díaz-Uarduño el 
al. (200S) recolectó 44 especies de 
veget.. ... les en cuatro jales de Zacalecas 
y 29 cspecies yegetales en trcs sitios 
de Temascaltepcc, Lstado de México. 
Carrillo y Gonzále:t.-Chávet. (2005) 

reportaron a Polygoflwn aviclllare l .. 
y .Tatropha dioica Sessé como acumu­
ladoras de zinc. Annicnta el al. (2008) 

registro l'rosopis laevigara L. y Aca­
cia Jarnesiana (L. ) \Villd . en suelos 
ricos con arsénico en Zimapán , Tlidal­
go. Hernálldez-Acos ta el al., (2009) 
identific.1ron 25 especies de plantas, 
donde Haplupappus venel¡ü (Kunth) 
S.F. Rlake fue la más dominante en Ull 

jal de mina en Paelmca. TTidalgo. Así 
mi smo, se han detectado yarias zonas 
nllueras contaminadas en el país que 
pueden causar problemas de salud hu-

Figura 1. Localización del municipio de Taxco de Alarcón, Guerrero. 
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Cuadro 1. Especies recolectada5 en los ja les hLa Concha" (LC) y "El Frai le" (EF) en el municipio de Taxco de Alarcón, G uerrero. P (Pla nicie del 
p i), B (Bas!' df'1 jal), Hm (H uolf'da l). I-ormn df' v ida : H (Hi f'ma) , 1\ (Árbo l), I\r (AmUSlO), I (1 pílita), 1- íl-a nNór"ila), H i (H idrófila) 

Araria r()(nliarantna Hllmh. 8< Iloopl_ f'X Wil lo. (LeguminosM'1 A le 
AnnOlJa squamosa L. (Annonaccar) A EF B 

l lJ. L},i/oma acapulcensi5 IKunlhl Bcnth . :lcguminosac) A Ef 
19. Mimosa aculeaticarpa Ortega (Lcgum inosac) A Le B 

Boutcloua repf'll5 (Kunlhl x ri bn. & Merr. ~Poaccae) H Le P, Hm 
Buddle¡J cordata Kunlh (Loganiaceae) Ar EF B 

20. Opunlia sp. ((aclacead F le P 
21. Paspa/um sp. (Poaceae) H lC P, Hm 

Cupre,;,;us lindleyi Klolzsch ex Endl. ((upressaC€ae) A le P,B EF P, B 

DodonaeJ viSCO,;J Jacq. (Sapindaccae) H le B 

22 !'irÓt'cello!:Jillffi dlll¡-e iRoxhl Renlh. iLt')I,llmil1!¡o;.;¡el A EF B 
23 I'iryrogramma caJomdanw; ¡L ) Link (Ptl-"ridxeae) H le B 

7. Gibasi5 pulchellJ íKunlh) RaT. ((ommelinaceae) H le B 24 ProYJpislcaviljara (Hum/;. 8< Bonpl. Ex Willd·l ,\te johnst. ;Ll;;uminos~t',i 

8. Gnaphalium cant'scem oc. :'A,teralt'ac) H Le P A EF B 
9. Gompf1ena decumbi..'ns IdCq. (Amaranlhaceae) H lC P 25. P5idium guajava L ~Myrtaceac) A Le B EF 

10. Hypcricum pf1iloootis Sch ltd l. & Cham. ~Hypericaceac) H lC 26. Salvia po/ystacf1ya Cavo ~Lam i acear) H le B 
11. lpomoca nil (L) Roth (Convolvulacear) H Le B EF P 
1 ¿ Iresinc ce/osia L (Amaranlhaccae) H Le B 

27. T.1geles Juno/ala Qrtegn (Asleraceae:' H le 8 
28. Tn)-'(!.l domingIJensi.' Pers.ITyphaceaei Hi LC Hm 

13 lacaranda mimosifolia D. Don ~B ignon i accac) A le P,B EF P 29. Tilland,i.1 acnymsr.1ch)-'s F. MorrPn ex IlJker (BromPliM:eap) le P 
14_ ¡lIl1i{lPrIJ, d<>{l(lf'ana SlpllO. (ClIprI'SSa r p,lf'1 Ar le P,B Ef P,B ]0 Tripngandr.1 .1mpipx/r,1 u!i, (Klot7-"Ch PX LIl. ClMkpl \,\'()(j(j<,on 

15_ /lmi{lPfI1' ¡J,lrOda yhlldL (C u prf'SSa r p,lf'1 Ar le P EF P ICommf' li n~rPJPl H le B 
16_ 11-'llr'l'l1a al{ diwr,ifo/ia (Yld.! Ilpnlh_ ¡1p¡¡ lImioos;IPI A le B ] 1 Vl'rbt>,ina.1l1(¡phyllaS . F.Il I Jk!' (A,If'faCp~f') H le B 

32. XJnll:050ma sagitUfolium ~U Scholt (Araceae) H EF B 17_ 'pi/oma ar:a{HlIr'l'nw iKllnlh:, 1l!'Il1h_ ( Lf')I,um i no5~f' 1 Ar EF B 

lllana y ccotoxicológicos a lllcdinno y 
largo plazo, como los observados en 
Gómez Palacio, Durango, en la presa 
"La Zac..1.tecalla'" en Zac..1.tecas, o en 
San Luis Potosí. 

Algunos casos de rcsblll.ración de 
sitios contaminados incluyen d recu­
brimiento de los residuos para reducir 
la di spersión de contaminantes. Por 
cjcmplo cn Zimapán, HüL'llgo sc cu­
b.icron con sudo dos presas de jales 
drenados y secos, y se sembraron al­
gunas especies de árboles (eucaliptos 
y casnannas) y pastos, para reducir 
la dispcrsión dc los residuos conta­
minantes por erosión. A su vez, tam­
bién se reali7aron trabajos similares 
en Taxco, Guerrero. donde se sembró 
Prosopis leavigata L cn los jalcs '"El 
I:raile" pan! ¡ml0l1iguar la dispersión 
de los conlaminantes (Obs. Pers.). El 
o~jetivo de este trabajo es identificar 
las especies "egctales qnc colollÍz¿Ul 
las ¡íreas perturbadas por la minería 
en dos jales de Taxco, Guerrero. Lüs 
resultados de este inventario se podrán 
utilizar para medidas de fitoremedia­
ción. 

Taxco de ... -\larcón se localiza al nor­
te de la capital en el estado de Gue­
ITero a 1,752 m s.n.m. (Figura 1) . El 
clima de la zonn es de tipo ACw2" 
(w)ig, semic¡'ílido, subhúmedo con 
lluvias en vemno, con canícula y poca 
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oscilación ténnica (García, 2004). L1. 
vegetlleión que prevalecc es el bosque 
tropical caducifolio (:r-.1anínez, el al., 
2004; TTinojosa-E<;pinosa y Cruz-DlI­
rán, 2010). 

Se recolectaron cjemplares botáni­
cos dumnte el 2()(lli, utilizando d mé­
todo de cuadrados. Se estudiaron dos 
áreas de intluencia minera: el jal "L.a 
Concha" y el jal "El Fraile". El mate­
rial recolectado se incorporó al Herba­
rio rvlctroJX)litano lJA rvll Z. 

En total se colectaron plantas co­
lTespondientes a 3 1 especies. L1.s frn.ni­
lias mcjor reprcscntadas dc plantas son 
¡:abaccae y Cupressaceae. Las plantas 
colectadas en el jal " 1.01 Concha" per­
tenecen a 23 especies de 16 famjlias 
(Ctmdro 1). L1S mejor representadHs 
fueron: Astcraccae, Cupressaccae, 
Amaranthaceae, Commelinaceae y 
Fabaeeae. J.as colectadas en el jal "El 
Fraile", corres¡xmden a 15 especies 
(Ctmdro 1). La vegetación circlffi(L1ntc 
consta de seis tipos de oomunidades 
vegetales, de los cuales el bosque tro­
pic..1..I c..1.ducifolio es el más abundante, 
seguido del bosque de coníferas, cl 
bosquc mesólilo de montaña, el bos­
que de galería y finalmente los pasti,.a­
les con humedales semipennanenles. 

Los desechos mineros t~woreccn 

la prescncia de cicrtas plantas de aso­
ciaciones vegetales secundarias (e.g, 

Bourcloua repclls KUllth, Gomphcna 
decumbens Jacq) y t¡llllbién especies 
del lxJS4ue primario, como {X)r ejem­
plo las especies pioneras JUJJiperas 
deppeana Steud, Juniperus jfaccida 
Sehltdl y Cupresslts lilldleyi Klotzsch 
ex. Endl. De [mx!o que para logmr una 
restauración adecuada es conveniente 
conocer los procesos de sucesión ve­
getal. Sugcrimos quc en la restaura­
ción de estos sitios mineros en la zona 
de Tax.co, se consideren las especies 
que encontramos en este estudio. 
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Abstraet The present work aims ro assess tJle efficieney 
of heavy mela! accumulation 01' native spccics growing in 
conlaminaled soil s in the mining districl or Taxco, Mexico. 
Soil and tai ling sampling was conducted in three study 
sitcs: La Concha, El Fraile, and a comrol si[C. The Stl1dy 
localiLie.. .. presenl di verse melal concenLr..tlions wÍLh sig­
nificant differences in thei.r proportion in the geochernical 
rractions. Results show lhal species Cupre.\·slls lindleyi and 
Juniperas deppeana accumulate Zn and Mn in anomalous 
concentrations al La Concha., whcre Zn is prescnt in sol­
uble rr..tcLions. Manganese, despi le not being presenL 
mostly in the soluble fraetion in soils and tailings, seems to 
have ocen increased in mc soluble fraction after me plant 
growlh. In conlrasL, samples 01' !he same species laken aL El 
Fraile and in the control site, where Zn and Mn are mainl y 
containcd in the residual fraction, do not show an anoma­
lous enriehrnent. OtJler analyzed species growing under rhe 
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same eontamination eondi rions in La Concha (Jacaranda 

l1I i l1los(f"ofia and Psidiwn guajava) do not show anomalo ll s 
eoncentrations. These racls conll ml Lhe Zn and Mn acc u­
mul arion capae ity of C. lilldleyi and Ju. deppewlQ, whieh 
depcnds on their accumulation abilüy ane! on !hc concell­
lralion 01' lhese elemenLs in lhe soluble rraction. 

Keywords Vlelal accumulalion . Nalive plan ls . 
Mine pollution . Mexico 

Introduction 

Vlining acLi vilies have a considerable impacL on lhe envi­
ronment since they generate large amounts of waste rocks 
and tailings, which may bccomc sourecs of hcavy lllctals ro 
lhe environmenL (Anniellla el al. 2003; Romero eL al. 
2007). Highly contaminatcd sitcs can support me growth 01' 
spec if'ic pl anL species called melallophyLes, which Call 
potentiall y be used to control the ftuxes of trace elemen ts in 
rhe environment (Robinson et al. 2009). Phytoremcdiation 
refers lo !he use of planls lo remove, conLain or render 
harml ess environmental pollutants (Robinson et al. 2009). 
However, a succcssful phytocxtraction procedure in hcav­
ily eontaminated soil s would take a long pe riad of time. 
Taking iuto account tJüs limitation, some authors rccom~ 
mended applying phyLostabilization procedures, which 
reduce the bioavail abi lity of contaminants in the soil, 
prcventing tJlcir leaching and absorption by plants (Dick­
insoll el al. 20(9). In spile of!he spec ulation reIatcd lo thc 
effectiveness 01' ph ytoextraction of rnetals and rnetall oids 
of contaminated soils, tJle use of aeculllu laror plants has 
heen reported in many recent works as a cost-effective tool 
for phyroremcdiation (Conesa ct al. 2006, 2009; Kidd and 
VlonLerroso 2(04). 
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Frequently, wild plant spec ies occuning in contami­
nated arcas ha ve becn identifled as aceumulators. This 
ability is generally devcloped by these speeies beeause 
mese pbmls are oflen beller adapled LO local conditions. 
The accumulation and di strihution of metal s in the planl 
tissues are important aspects to evaluate their role on the 
remediation at contaminated siLes. Considerable uncer­
lainties orten remain regarding melal uplake mechani sms 
in the pl ant (Dickinson et al. 2009). The accumulation 
feasibility depends more on the nutricnt function 01' the 
e lement than on the heavy metal concentration in the soil. 
HO\ .... ever, total conLCI1l 01' metal s in soil is nOl a good 
measure ror assessing lhe ir hioavail ahilily or lheir pOlenlial 
risks 1'rom soil and sediment contami nation . Sequential 
extraction procedures ha ve been used in these cases to 
evaluate lhe rracLion o r Lhe solid phase which is the 
potemial source of metal available to the environrnent 
(Moral et al. 2004; Menzics et al. 2007). 

Melal uplake through the plan l depend s, in greal parl, on 
me nutritional role 01' rne melals. Roots take melals from lbe 
rhi zosphere lo the planl rool lissues and lhen via lhe slems 
to tJle leaves. The transportation 01' metal s to tJle aeri aJ parts 
01' the plal1l requires ils entry imo rne roOl xylcm. Most 01' 
lhel11 l11usl penelrdle a cell. Other l11etals can only traverse 
the memhrane via ernbedded protein transporten;. On the 
other side, "ion ehanncls" pcrmit ions with a spceifie size 
and charge lo move m:ross the cel1 l11embrane down the 
coneentration gradient (Robinson et al. 2(X)9). Transponers 
are known ror Mn, Zn, C u, Fe, Ni, Co and Cd (Reid and 
Hayes 2003). ~onessential e le rne nts WitJl a similar size to 
nutricnts may be laken up imo the symplast and be trans­
located lo lhe shools (Robinson eL al. 20(9). 

Gupta and Sinha (2007), in a study related to lhe ph y­
toremediation potential 01' plants growing in a contaml­
naled site in India, found thal the accumuIation 01' essenLial 
micronlltricnts was higher in uppcr parts 01' the tested 
planLo;, whereas Lox ic melal accumulalion was resLricted in 
lower parts of the plants. Commonly, metal accumulation 
ability of plants is freqllemly been assessed in leaves 
(U nlerbrunner el al. 2007: GupLa and Silma 2(07). In 
\rfexico, the presence 01' metal tolerant species that grow 
direetly on mine trtilings in the semialid region of OÜ­
huahua was reponed by Carrillo-González ami Gonzü1ez­
Chavez (2006). They idemified the spccies Polygollum 
avie/llare and Jatmpha dioiea as Zn accumulalors. 

Pmsopi.\· laevigata and Acacia Jamesia l/a have also 
been identified to tolerate high As eoncentrations at Zim­
apán, Central .:\-léxico (Armienla el al. 2oog). Taxeo, in tlle 
center 01" Mexico, is (me of lhe mai n sil ver mining zones 
since prehispanic times. This mining di striet is located in 
me non hern part of Guerrero Slale in soutllern Mexico. 
Large volumes of mining wasles have been produced and 
accumulated mainly in lwo imporlanltailing dumpsites: El 
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Fraile and La Conch a tailing ponds. For the El Fraile 
lailings, Romero el al. (2004) reponed Pb eoncenlIations of 
3,340-7,760 mglkg. The objeetive ofthe prcscnt srudy was 
lO identify the efikiency 01' Lbe native wild spccies (e. 
lil/dle)'i, Ja. mimosifolia, JI/. deppeal/a, P.\'. guajava) lo 
aecumulatc heavy metals to evaluate tJleir possible use to 
reduce Lbe environmental impacl of mining wasles in 
Taxco, Mexico. 

Experimental procedure 

Sampling was eonducted in three study sites in lhe Taxeo 
\rfining Distn ct: La Concha (LC), E l Fraile (EF), and a 
control sile (CS), located aboUl 10 km away from lailing 
dumpsiles (Fig. 1). Al sites La Concha and El Fraile, nine 
soil and tailing samples were coll ected, as well as three soil 
samplcs at the control sile. In addition, lcave samplcs 
were coll ected rrom tllree heal lhy species or e. Ijlldle)'i, 
Ja. mjl1losifolia, Ju. deppeana, ami P.\'. guajava growing in 
lhe selecled sites. Ao; was menlioned above, metal lrans­
tocation frorn roots tJuoughout the plant commonl y lead to 
achicve the highesl eoneentration in the lcaves . This fact 
and lhe possibi li ty of comparing Lhe dala obtained in thi s 
research with resulrs of similar work were decisive to 
condllet this study on plam lcaves. Collected spccies were 
identilied by the Departamenlo 01' Biología, Uni versidad 
Autónoma Metropolitana. Soil and tailing samples were air 
dried, sieved lo 2 mm, homogeni zed and stored in plastic 
bags prior to laboratory analysis. Plants were washed wirh 
tap and distilled water, dried at 45 oC for 48 h. AH the 
d eaned and dried planl samples \Vere ground and homog­
enized using a pl astic milI. 

Total metal eoneentrations (Cu, Fe, Mn, Pb and Zn) in 
plants \Vere analyzed using X-ray Ouorescence spcclrom­
etry. About 5 g of each samplc was mixed with wax-C 
using an agale mortar, and pressed lo rOnll a pelleL lo be 
introduced to Siemens SRS-3000 X-ray ftuo rescence 
spcctrometer equippcd with a Rh anode robe as X-ray 
source al !he Instituto de Geología, UNAM. The acc uracy 
of the procedure was determined hy anal yzing the certified 
referenee material NIST 2586 (National lnstitutc of Stan­
dm-ds and Tcchnology, USA). ResullS weee in cxccllcnL 
agreement WitJl eertified coneentrations (better tJtan 2.6 % 
RSD). Precision \Vas beUer th1m l.g % RSD (N = 6). To 
detennine the amoun t of metals in different che rnical 
fractions in soils and tailing samples, a metal frac tionation 
scheme was carried ouL follO\ving the sequential extraction 
procedure reported by Mossop and Davison (2003). 
Sequenti al extraetion procedures were applied 1'or the 
fractionation of metal COI1lent in soils, sediments, lailing 
and olher solid maleri als. Melals \Vere exlracted using 
reagenls possessing di verse t:hemical propenies (acidiLy, 
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Fig. 1 Map frOlll lhe study arca 
showing lhe local ion of the 
sampling sites: La Concha, El 
Frai le and cOl1 lml sile 

E 
.rO 
5 
z 

La Concha [Le) lai lings 
impoundmenl 

redox potential, or eomplexillg properties). With sucll 
proccdures, melals and melalloids are dividcd iOlO water 
soluble and acid (Fraclion 1), reducibl e (Fraclion 2), oxi­
dizable (Fraetion 3) and residual (Fraetion 4) fractions. Tn 
mis case, the extraetion proccdure was applied as deseribcd 
brieny he1ow: FracLion 1: 1 gol' air-dri ed soil sampled and 
4001.1 aeehe acid (0.11 mol 1- 1

) were shaken overnighl. 
\1ixlure was centrifuged lo separate Lhe exlracl from lhe 
residue. Fraetion 2: tJle residue from 1 was leached witll 
0.5 01.011- 1 hydroxyI ammonium and adj usted to pH 1.5 
wilh HN03. The exlracL separalion procedure was per­
fonned as for Fraction 1. Fraetion 3: to tJle res idue from 
step 2, 8.8 moI- 1 1 H20 2 was added twiee and 1he mixrurc 
laken near lo dryness. Then 50 ml 01' ammonium acelale 
was added, adjustcd to pH 2 with HNO, . The scparation 
pr(x:ed ure was perronned as aboye. Residual fraclion: 
materi al remaining from the extraetion of Fraetion 3 was 
diges[ed in 20 ml aqua regia wim microwave assistanee. 
Concenlralions in each fraclion were measuroo using name 
AAS (Perkin-Elmer AAnalyst 100) at the Instituto de 
Geofísica UNA.\1. 

Result"i and disclL"ision 

Total eoneentrations of Cu, Fe, .Mn, Pb and Zn of [he ana­
Iyzed soil and Lailing samples as well as relaLive amounlsof 
each metal obtained hy sequenti al extraction are reported in 
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Table 1 and Fig. 2. An overall comparison octwee n the 
mean eoneentrations 01' a1l metals, as we1l melals as min­
max 25-75 %, is shown in Fig. 3. II can he seen lhat lotal 
metal eoncentrations in both study localities varied widely 
and that eoneentration 01' a1l analyzed clements is higher at 
La Concha lhan at El Fraile. Zinc presenLo; a signiflcanL 
proportion inrraetion 1 (water and aeid soluble) in soil ¡md 
tailing samples from La Concha (up lo 39 % ). Manganese 
presents low proportion of water and soluble ti'action (umiJ 
11 °A). Panicularly noticeable is the 1'aet mat, despite the 
high Fe concenlmlion repOrl.ed in soil and in tailings, lhe 
majority of its eoncentration is found in the residual fraction 
(up to 99 ole ). Copper coneentrations are lower (Table 1; 
Figs. 2, 3), and in bolh hx:alilies residual rraclions reach up 
t090A %. Lcad coneentration is higher in La Concha than in 
El Fraile. [n hoLh 10caLions, a high proportion of Pb is con­
tained in the residual fraction . Table 2 shows the mean metal 
conecntration inleaves ofthe analyzed plallts. C.lindleyi and 
Ju. deppealla leal' samples taken al La Concha showed much 
highereoncentrations ofZn (454 and469 pptn. respecti ve ly) 
with rcspcet to lhe omer analyzed species (Ja. mimosifolia 
and Ps. guajava). This facl could make us considcr C. lind­
leyi and JIl. deppewIQ as Zn phytoaceumulator; however, 
lea ves oflhis species laken at El Fraile and in lhe control site, 
where Zn is not always in the soluble fraction. do not show an 
cnriehment 01' this c1ement. Table 2 shows high eoncentra­
lions of Zn in lhe lea ves 01' C. ¡illdleyi alld in Ju. deppeana 
taken al La Concha, where soils and tailing samples present a 
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~ Table 1 Total metal conccntratioll and chcmical fracüonation % 01' rhe analyzcd Illct.11s in soils in tailings of the srudy arca 

Samplcs 

Cu (lolal ) (mg kg- l) 

el 

f.'2 

r3 

r4 
!" e (lOtal) (rng kg- I) 

F I 

P2 

P3 

r4 
.\!In (lolal) (mg kg- ') 

e l 

P2 

r 3 
F4 

Ph (lolal ) (mg kg-l) 

fi l 

r2 
P3 

e4 

Zn (lOtal) (m¡;- ktC I
) 

r 1 
P2 

r 3 

F4 

La Concha 

50ils 

LC1 

591 .4 

3.2 

1.6 

47.3 

47.9 

71 J)6(} 

0.1 

2.9 

9. 1 

'''''0 
6.715 

11.:1 

37.2 

3.0 

48.4 

)5.fi50 

14.71 

22.4 

36.8 

26.2 

40.250 

39.8 

22.4 

25,7 

12.4 

LCO 

581 

'l.ó 

2.3 

37.8 

54.2 

R9,ROR 

hdl 

2.0 

3.3 

94.7 

5,960 
7.0 

38.6 

2.3 

52.0 

19.4.50 

](i.5 

24.2 

27.0 

32.4 

23,625 

32.2 

27.0 

22.8 

18.0 

Considerable fraetion (>30 %) are in bold 

hdl bo:low dClt:elion limil 

Le3 

4 19.2 

7.9 

'.1 

60.9 

2 3.1 

R4.6RR 

bdl 

2.0 

3.5 

94.5 

7.300 
9.6 

31U 

2.7 

47.3 

20.600 

2:U 

23.3 

19.4 

34.0 

39,050 

33.8 

30.7 

16.0 

20.5 

Tai ling 

Le4 

722.5 

14 

18.0 

14.1 

66.4 

óK 126 

MI 

0.2 

0.7 

99.0 

16.765 
5.1 

64.1 

0.6 

30.2 

12Jl60 

4.6 

38.1 

18.} 

39.0 

24.650 

15.8 

20.3 

41.6 

22.3 

Le5 

SS 1.9 

1.0 

IR.9 

15.1 

65.0 

R4.5R7 

bdl 

L9 
0.6 

97.5 

17.265 

5.3 

46.3 

0.6 

47.8 

1 R.245 

3.3 

43.8 

15.8 

37.0 

23,650 

13.1 

32.5 

26.4 

27.5 

El frai le 

Soih 

EP I 

104 

hdl 

hdl 

34.6 

65.4 

54,29R 

0.1 

5.5 

6.9 

87.5 

4 11.6 

19.4 

'.1 

lA 

68.0 

3,ORR 

hdl 

2.8 

bdl 

97.1 

1.015 

31,5 

25.6 

13.3 

29.6 

H Z 

121 

LO 
13 .7 

47.2 

38,1 

3R,920 

bd l 

4. 3 

4.2 

91.5 

5,032 

10.7 

12.8 

L9 
54.6 

1,724 

M I 

7 .1 

bdl 

92.9 

7,293 

30.0 

39.3 

11.7 

19.0 

Tailing 

ErJ 

117.2 

4.4 

hdl 

42.7 

53.0 

40,R6R 

bd l 

4. 3 

3.9 

91.8 

6.495 

'l.2 

44.6 

1.6 

48.5 

4R2 

hdl 

14.9 

6.3 

7SoR 

30,975 

22.6 

74.3 

1.9 

1.2 

EF4 

142.4 

1.~ . 2 

9.0 

14.0 

61.8 

49.520 

bdl 

5.9 

3.2 

90.9 

46 1.8 

12Ji 

18.4 

L9 
67.1 

2.391 

hdl 

14.0 

2.3 

R3.6 

1.036 

23.2 

9.26 

9.7 

57.9 

EF5 

397.6 

20.1 

20.7 

28.9 

30.0 

54.02R 

0 .1 

13.0 

3.7 

83.3 

7,030 

5. 1 

44.7 

Ll 

49.1 

2, 174 

2.0 

57.0 

14.7 

26.2 

4.445 

49.5 

20.7 

10.7 

19. 1 

Control sitc 

Soils 

eS] 

60 

hdl 

hdl 

16.7 

83.3 

3R, J6R 

0.1 

1.7 

6.5 

91.7 

641 
25.5 

17.4 

4.0 

52.0 

55 

bdl 

3M 

63.6 

hdl 

298.1 

7.8 

14. 1 

27 .7 

50.3 

eS2 

42.5 

hdl 

hdl 

29.4 

70.8 

21 .414 

hdl 

0.6 

17.3 

82.1 

517 

23 .2 

19.3 

7.2 

50.3 

10 1 

hdl 

15.8 

84.2 

M I 

384 

10.4 

18.2 

39.1 

2 1.4 

e53 

55 

hdl 

M I 

19.2 

81.8 

3R.l0R 

M I 

2.4 

5.8 

91.8 

773.5 

16.0 

23.8 

3.3 

56.9 

50 

hdl 

40.0 

M.O 

M I 

312.1 

5.6 

10.3 

23.2 

60.9 

~ 'o 
o 

r 
~ 
~ 
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8 
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~ 
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slxm 
E 
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" 1'i(I XI 
~ 
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L. Co""h, L, C" ""h. El F .. d. EIF,ili l. 
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" 21XHI 
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Control 
S it~ 
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-

-
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Si", 
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Silo 

Cu 
o Fl 

OF2 

_F3 

o F4 

Pb 
o FI 

oF2 

_1-'3 

o F4 

Zn 
o FI 

oF2 

OC3 

OC4 

Fig. 2 Comparison 01' fn\(;Üomllion of Cu. Fc, Mn, Pb and Zn. F 1 
water soluble and acid. F2 reducible, F3 oxidisablc. F4 residual 

high proponion ofit in lhe residua l fraction (see Table 1). On 

me other h lmd, lcaves from oiher analyzcd spccies which 

g row unde r con laminalion conditions a l La Conc ha do nol 

show Zn e nrichme nt propenies. M a nganese behaves diffe r­

cotly; io spüe rhatthe aoaIyzcd soils and tailing samples al L a 

Concha show a low propOrlio n in Lhe solub le frac Li on 

(between 5. 1 a nd 11 .3 %), tJle leaves o f C. hndleyi and )11. 

deppeanQ presenl hi gh com:entration 01' lhi s mela L Unlike 

Zn, w hose accumul ation can be re lated to its hi gh proportion 

in me solub le frac tion, Mn accumu lation might be rclatce! [O 

c hanges in lhe m elal di slribulion am ong diffe re nl soi l frac­

tions after pl a nt g rowth , w he n acid extractable a nd reducib le 

fractions of metals o ftc n increase. Robinson ct al. (2009) 

reporled lhal pl an l rools in nuem:e soil in Lhe immedia le 

v ici nity (rhi zosphere). The soluhility a nd spec iation of loxie 

clements in this zone may be distinet frolll the bulk soil. Plant 

roots excrete H + io ns that exch a nge WitJl nutrients base 

Cu 

Fe 

= O G 
¡.C's '''' EFS ITr es 

Pb 

c:J G 
= '" ¡.C's L(T F.FS m es 

z, 

O 
O 0 

LeS Le'! hJ:-S H "I es 

Fig. 3 Box 1'101.1 of heavy metal concentration~ in analyzed soil~ and 
tai ling ~amples ~h()wing middlel·quarex medians. h(lx 25Lh- 7'ith, /wr.l· 
min-max . n"rdex ou(li er~ 

callons. Gcneratcd soil acidification inereases me solubility 

01' nonessenLi al e1emenLs enham:ing lheir acc ul11ulalioll in 

plants . However, no Mn aceUl11ulation is observed in leaves 

of these two specics (c. lindle)'i and la. deppeana) at E l 

Fraile . Thi s facl can be associateil lo Lhe low Yln concen­

trations in soil s a nd tailing sal11ples in this location, com­

pared w iLh the hig her concen lraLinll s fo und in La COllcha . 

Thi s data verified tJle Z n and Mn accumul ation capacity of 

C. lindleyi and Ju. deppewm in eontaminated arcas, 

which depends on lhe availability nI' lhese me lals in lhe 

substTate. 

The notional criterium for Mn and Zn hypcraccumula­

tio n is 10,000 m g/kg, (Susarla eL al 20(2); lherefore, the 

a na lyzed species cannot he considered as hyperaccul11 ula­

lors. However. Mn and Zn concen lralion s found in Lhi s 

study are comparable w it h data of accumul ator speeies 

rcponed previously . Massa et al. (2010) reportcd coneen­

lralions up lo 754.6 mg kg - 1 (Mn) and 333. 2 rng kg - 1 
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Table 2 Mcan metal conccmmtions (N = 3) found in Lcavcs of ¡hc analyzcd spcdcs takcn in diffcrclll localitics 

La Concha El Fraile Control sÍlc 

Soils Tailing Soils Tai ling Soils 

CU JA n; PS CE JA JU eu Je CU JA PS ce JA 

Cu (mg kg - I) , 14 12 7 II 20 4 37 

Fe (mg kg- ' ) 260 155 93 146 12 1 93 12 1 171 166 25R 223 391 9' 135 

Mn (mg kg- l) 18 J3 45 34 310 45 309 12 12 36 19 31 14 18 

Pb (mg kg- I) 29 9 6 10 9 10 4 13 

Zn (rng kg- I) J93 51 129 87 454 118 469 33 J2 89 46 70 17 38 

Dctcctioll IimÍls: Cu = 0.05 Illg kg 
, 
.Fc=0.3Illgkg 

, 
. Mn = 0.05 Illg kg 

, 
Pb = 0.03 Illg kg 

, 
. Zn = 0.05 Illg kg 

, 

lA la. mimosifolia. lU lll. deppeu/la, PS Ps. gllajava, CU C. lindle)'i 

(Zn ) in nalive planls growing in a polluted site in Ilaly. On 
rhe other hand, Sainger et al. (20 11) investigated heavy 
metal tolerance in nati ve plan ts f'rom a comaminated site in 
an urban arca in India. They fOllnd Zn conccntration 
belween 236 and 95S mg kg- t

. Wang el al. (200S) found 
high Mn concenlrations (up lo 6.330 mg kg- t ) in roots of 

plants growing in sOlltllern China, while Zn conccntrations 
in lhe same spccies nmgc bclwecn 140 and 647 mg kg- J. 

ConcllLo;¡ion 

This work was pcrformed wi!h !he aim 10 idenLify the 
effic iency 01' heavy melal accumul ation of nalive wi ld 
spec ies (c. lilldleyi, la. mill/osifolia, 11/. deppeana, Ps. 
guajava) 10 evaluate thcir possib1e use lO reduce lhe 
environmenlal impacl of mining wastes in Taxco, Mexico. 
Data obtained in thi s study showed the vari ability of metal 
aecumulation capadty bctwecn four natural spcd es grow­
ing in the tailing zones of Taxco, Mexico. Total metal 
eonecntrahon in soil and tailings varicd among location 
wilh signiflcanl differences in lheir avail able proportion. 
>l"one of the analyzed species was recogni zed as metal 
acc umulators; howcver, rcsuIts show that spccies C. lind­
leyi and JI1. deppeana acc umulate Zn and Mn in anomalous 
concentrations at La Conc ha, where Zn is present in sol­
uble fractions in the subsuates. Even though Mn conccn­
tralion is low in lhe soluble proporlion in the substrate, lhi s 
sccms to be incrcascd afler plant growth. In contras!:, 
samples 01' lhe same species laken al El Frai le and in lhe 
control site, where Zn and Mn are rnainly contained in rhe 
rcsidual frachon and the conccnuation 01' both clemcnts is 
lower, do noL show an anomalous enri chmenl. From lhese 
data, it wi ll be possible to deduce that metal enrichrne nt in 
plants depcnds on metal availability in rhc substratc. 
~everlheless, olher analyzed species growing under lhe 
same contamination condi tions in La Conc ha (la. mimo,\'­
ijália and Ps. guajava) do nol show anomalous concen­
trations. The assessment of the behavior of metal s analyzed 

~ Springer 

in lhi s researc h allows reac hing interest ing conc1usions 
abom the uptake mechanism concerning thcir nument 
features . Copper and Fe are present in high concentrations 
in botll contaminatcd sitcs in soils as wcH as in tailings. 
These e1emenLs are contained mainl y in the residual 1'rlli:­
lion and are nol available to he lake n up by pl ants, despile 
bcing essential to plams. Lead is present mainly in the 
soluble fracLion in the substratc (soils ¡md tailings) al bolh 
conlaminaled si tes; however, Pb do not play an essenli al 
function in p1ants. Plants tolerate nonessemial e lements at 
low concentrations, but higher concentrations are phyto­
toxic. The fact tlmt Zn and .Mn are csscntial leads ro 
lransporlaLion mechanisms bcing acLivaled in plaUls with 
aec umul ation ability, fac ililati ng lhe pl ants phytoremedia­
tion futlction. 

ResulLS 01' !his scrccning study indicatc thaL, in spitc 01' 
the relalively low acc umulated concenlralions of Zn and 
Mn, C. lindleyi and Ju. deppeana can be considered as 
accumu1ators. Evcn so, to be considcrcd as a source 01' 
feasible phyroexu'action teclmology, it is important to 
delcnninc i1' thc memls are conccntralcd additionally in 
roots, W(Xx! or bark in such a manner lhat lhe conlami­

nati ng concentraríon can be reduced ro leve ls oJat cornply 
with cnvironmcllml regulations. lt is planncd lO conduct 
thi s experimenl over a peri{xJ of several years lo provide 
evidences of their annuaJ beha\ti or, as well as to verify the 
metal disuibmion among diffcrcnt chemical fonns in thc 
subslrale a1'ter pl anL growLh. Presence of hi gh concenlmlion 
01' Zn and Mn in adult hcalthy C. lindleyi and lu. deppeana 
planL<; shows lhem as promising phytoslabilizalion species 
in rhe Taxco rnining zone. 
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"Microscopic Evidences of Heavy Metals Distribution and 
Anatomic Alterations in Breaching-Leaves of Cupressus 
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ABSTRAC1' In this article a study of the distribution of heavy metals in Cupressus lindleyi 
breaching-Ieaves was done in Taxco, Guerrero. At the same, heavy metal s micro-Iocalization was 
conducted in the breaching-leaves to understand the structural changes provoked by mining 
waste on plants. The most abundant contaminants in soils, tailings and different plant organs 
(roots, stems, and leaves) were Zn, Mn, and Pb. Nevertheless, As \Vas more accumulated in the 
stem an d breaching-Ieaves. The translocation facto r and the bio-concentration factor \Vere less 
than L The structural changes observed \Vere the great accumulation of starch grains a nd phe­
nolic compounds in the palisade parenchyma, changes in the hypodermis cell wall and necrotlc 
zones in the palisade parenchyma. The dist ribution ofheavy metals in breaching-Ieaves tissues 
was homogeneous in most of the elements. These results showed that C. lindleyi is a species that 
can be employed in phytostabilization of contaminated zones \Vith mining \Vaste because it is a 
native plant that does not require a lot of conditions for its development. Microsc. Res. Tech. 
00:000-000,2014. 0 2011 WileyPerioo;cals, lnc. 

INTRODUCTION 

Mining activitie!> and the smelting of metal ores are 
among the main sources of heavy metals contamina­
tion. Mining activities create large amounts oftailings 
and waste rock that are disposed of on land surfaces 
provoking heavy metal contamination and affecting 
water, air, soil, and plants (Dudka and Adriano, 1997). 

lnter action of mining waste with vegetation causes 
different responses in plants where they grow (Baker, 
1981; Barcelo, 2003; Juárez-Santillán et aL, 2010). 
Plants can absorb heavy metals from the soil at differ­
ent levels , depending on the species, and the heavy 
metal contents in soi!. Sorne of them tolerare metals 
using a variety of mechanisms. For example, the pro­
duetion of exudates on the roots to prevent the entry of 
heavy metals, or the di splacemen t (lf the heavy metals 
from roots towards the aerial t is!>ues and the formation 
of s table eompounds in the cells. Plants that accumu­
late heavy metals capture high amounts ofmetals that 
are transferred to the aerial parts where they are accu­
mulated. These plan!.o; are capable of making heavy 
metals harmless in several ways like merging them to 
the cell wall, vacuolar compartmentalization or form­
ing metal eomplexes with organic acids or proteins 
(Haskin, 1997). Exclusion is a feature of sensitive and 
tolerant to heavy metals species, while accumulation 
is common among species that appear in contaminated 
or metalliferous soils. 

02014 WILf<;Y Pf<:RIODICAI>R, INC 

On the basis of plants capacity to tolerate or aceu­
mulate high quantitíes ofheavy metals, phytoremedia­
tion processes are possible in contaminated soils. In 
order to determine the plan ts potential in phytoreme­
diation processes, certain criteria have been estab­
lished: (1) plants capacity to tolerate or accumulate 
metals. Sueh plants are characterized by a transfer­
ence factor > 1. On the other hand, plants that exclude 
heavy metal transportation to their aerial parts with a 
transference factor < 1 (Baker, 1981; Baker and Whit­
ing, 2002), (2) plant!> with a high biomass produetion; 
(3) a wide translocation factor; and (4) a wide bio­
concentration factor (Dowdy and McKone, 1997). 

Sorne trees have the ability to react against toxic lev­
el!> of metals in soil¡.; by root exudation of organic aeíd!> 
which prevents metal uptake (spruce, pine, and pop­
lar) (Ahonen-Jonnarth et aL, 2000; Heim et aL, 1999; 
Qin et aL, 2007). A more common form ofmetal detoxi ­
fication, hO\'lever, is imrnobilization in the fine root tis­
Rile leading to aeeumulation up to a maximum load. 
Heavy metals and Al primarily bind to pechns in the 
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cell wall s an d to the negatively charged cytoplnsm. 
mcmbrane surfaces due to the ir strong clectrochcmieal 
potential (Kochian et al., 2005; Rengel and Zhan¡;, 
2003 ). On binding, they displace cations such as Ca ¡ 

and Mg2+ from the cell walls a nd membranes. Within 
the plant cell s, heavy metals also bind tu specific pro· 
teins , such as metallothioneins (Kohler et a l. , 2004). 
Thc formed complexes are then transported to 
vacuoles inside or bet,veen eells. Many other bio· 
molecules such as phytochelatins organic acids ruco· 
tianam in d, or glutathione (Pi lon:Smits, 2005),' eould 
also oc relevant to metal aeeumulation in trees. 

Several heavy metals in conta minated soits are 
accumulated in plants (Siedlecka, 1995), translocated 
from soil t.o the plant pa rts (Marschner, 1995) and 
srorcd in diffc rcn t cells and tifolSUCfol (Ernst, 2006; Ver· 
k leij and Schat, 1990). The information that can be 
obt.ained about the metal, its compartmentalization 
and speciation insidc phytoextractor trees is important 
for the phytoextraction process. However, the re is a 
need of studies on micro·localization. Such studies are 
needed to lUlderstand mctals intake, to determine 
mechanisms of metal accum ul ation in trees and for the 
design of innovat ive remediation solutions (Vollen· 
weider et aL, 2011a). 

In general , in Mexico there are few studies that 
assess the concentration ofheavy metal s in substratcs 
and plants growing in mining waste (Armicnta et al. , 
2008; Carrillo·Gonzalez, 2005; Carrillo·González and 
González·Chávez, 2006; Díaz·Villaseñor, 2006; Flores· 
Tavison et al. , 2003; Franco-Hernández et al. , 2010; 
Juárez·Santillan et al., 2010; Prieto·Garda et al. , 
2005; Puga et al. , 2006; Ruiz and Armi enta, 2012; 
Santos-Jall ath et al., 2012), as well as the identifica­
tion of heavy metals inside plants t issues. These stud· 
ies allow to observe the presence of met.als, becoming 
evident the accumulation and translocation ro differ· 
ent organs of the plan t, using tools as optic and sean · 
ning mieroscopy or energy dispersive X.ray 
spectrometry (Arias et al., 2010; Günthardt-Goerg and 
Vollenweider, 2007; Meyers et al., 2008; Tung and Tem· 
pIe, 1996; Vieira et aL, 2008; Vollenweider and 
GÜnthardt·Goerg, 2006; Vollenweider et al. , 2011b). 

C. lindleyi was selected based on previous studies of 
plants species that. 6'1"OW around and in mining tailings 
(GÓmez·Bernal et a l. , 2010). It was observed that 
C. lindel)'i is a tree that grows in 'l'axco region, Guer· 
rero in environments with and without mining wast.e 
impacts. The importance 01' the study of this species is 
the localization and distribut.ion ofheavy met.als in tis· 
sues for its posfolible use in phytostabilization at other 
regions with similar environ mentfol. Such regions are 
located in the Mexican states of Chihuahua, Guerrero, 
Hidalgo, Estado de Mexico, San Luis Potosi and Zaca· 
tecas. All of them have a vel')' important minin g aetiv· 
ity. U should be ment ioned that C. lindelyi is 
frequently used in reforestation activities due ro its 
resistance to unusual geographical and weather con di· 
tions . C. lindelyi is also uscd in the elaboration of 
paper and furniture and is also found in streets and 
public gardens (Zamud io et al., 1992:5). 

'l'hc objectivcs of th is article were (1) to determine 
heavy metal accumulation in dominant plant spccies 
naturally grown around the tailings (2) to identify 
structural changes in C. lindleyi breaching·leaves 

caused by heavy metals (3) to perform the micro· 
locali zation of heavy metalfol in C. lindleyi breaching. 
leaves in the tissue. 

MATERIALS AND METHODS 
Sampling Site 

Sampling site is located in Taxco de Alarcan in the 
state of Guerrero, Mexico (north latitude 18.3, wets 
longit.ude 99.3). This zone has an altitude ranging 
from 1,700 to 2,000 m aboye sea level with a mean 
annual temperature of 26-30°C and historieal precipi· 
tation regístry indicating an annual average of 
1,000 mm (INEGI, 1999). Plants were collected at two 
locations with heavy metal contamination and one con· 
trol zone. Tailing pond "La Concha" is located to the 
north of the San Anton io·"La Concha" mine. Us UTM 
coordinates a re 14Q 432894 E and 2049996 N. It is a 
deposit of irregular shape with the following average 
dimensions: 140 m long, 50 m wide, and 10 m average 
thickness. The factor used as specific weight for the 
calculation of th is pond is 2.2 g/cm:l giving as result 
154,000 tons w1th the following average metal con· 
tents: 0.15 g/t Au, 150 glt Ag, 2.06% Pb, 5.0% Zn , and 
15.3% Fe (CRM, 2003). ~EI Fraile" dam is located in 
the village 01' the same name. Hs UTM coordinates are 
14Q 433056 E and 2048294 N. This is the second big· 
gest dam in thc district. lt is a deposit of irregular 
shape with the following average dimensions: 340 m 
long, 227 m wide, and 32 m average thickness. The fac· 
tor used as specific weight for the calculation of th ifol 
pond is 2.2 g/cm :] giving 5,433,472 tons with the follow· 
ing average metal contents: 0.2 g/t Au, 35 g/t Ag, 
0.33% Pb, 1.4% Zn, and 11.5% Fe (CRM

2
2003). At each 

of these two locations, one plot (20 m ) was defined. 
Soil s were coll ected at each plot from Oto 25 cm depth 
in Octoocr 2008. '!\vo sites were sampled at each of the 
two poHuted locations and thc control zone; they are: 
"La Concha" 'l'ailing (C'l'), "Lo. Concha" Soi l contami· 
nated with mining waste (CS), ~EI Fraile" Tailing (Ff), 
"El Frai le" Soil contaminated w ith mining waste (FS), 
and control zone (CZ). Three soil samples were col· 
1ectcd at cach sitc. 

Plant Sampling 

Three and if possible tour individual plants were col· 
lected at each sampled site. AlI plants were mature 
and appeared healthy and did not show t.he presence of 
parasites. Species identification was conducted at the 
metropolitan herbarium at the UAM·I (U niversidad 
Autónoma Metropolitana-lztapalapa). Shoots (breach· 
ing·leaves and stem) and roots wer e washed with 
water and rinsed with deionized wat.er (18 Mn cm 1, 
MilIi·Q MilIipore). The roots, stem, and brcaehing­
Icaves were analyzcd for total mct.als (Pb, Zn, Cu, Ni, 
Fe , Mn , Cd, and Ag) and metall oi ds (A,l). These plant 
samples were collected from the top layer (0- 30 cm). 
They contained a mix of minin g waste and soil. Thus, 
samples were washed thoroughly in the laboratory 
with runn ing tap water, followed by th ree rinses with 
deionized water (18 Mn cm- t, Milli·Q Millipore) an d a 
rin se oftri-distilled water. AH plant samples we re eare· 
fully divided into stem, breaching·leaves and roots . 
They were dried at 60°C for 75 h . The oven·dried plant 
samples were then crushed, sieved «325 11m), homog· 
en ized, and wcighed. 
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Analysis of Plant and Soil 

Total heavy metals in soíl and plant samples were 
directly measured by energy-dispersive X-ray fluores­
cence spectrometry, using a NI'1'ON XL3t of Thermo 
Fisher Scientific, according to thc EPA 6200 method 
(Sackett and Martin, 2006). X-ray spectra were ana­
Iyzed with Niton Data Transfer sofh .. are suite. The 
spectrometer was calibrated for heavy metals using 
certified standards from National Institute of Stand­
ards and Technology (NIST) Montana soil 2586 in 
soils. lntermediate and high heavy metal concentra­
tion standards, traceable to NIST, were prepared in 
our facility to have a wide range calibration curve. 
Heavy metals concentrations in thc samples werc 
measured three t imes. Arsenic (a metalloid) in soils 
and plants samples was al so detcrmined using energy­
dispersive X-ray fluorescence. This technique has been 
acccpted by the U.S. Environmental Protcct ion Agency 
to measure arsenic in dry solid samples (Melamed, 
2004). Later, arsenic and heavy metal concentrations 
were determined by enerf,'Y dispersive X-ray fluores­
cence. The spectrometer was calibrated for heavy met­
als using certified standards from National Institute of 
Standards and Technolof,'Y (NlST) , CRM101 and 
SRM1547 for soils and certified standard leaf peach for 
plants . 

1'ranslocation Factor and Bioconcentration 
Factor 

Heavy metal s concentration measurements were 
used to estimate the bioconcentration factor (EFC) and 
the t ranslocation factor ('1'1"). BCF was defined as the 
ratio of heavy metal concentration in plant tissues 
UHMJ plant) to heavy metal concen tration in soil 
([HM] soil) (Rotkittikhun et al. , 2007 ). TF was defined 
as the ratio of heavy metal in shoots (lHMJ shoots) to 
heavy metal concentration in roots ([HM] roots) (Audet 
and Charest, 2007; Rizzi et al., 2004; Tu et aL , 2003). 

Microscopical Analysis 

Microscopical analyses were restricted to breaching­
leaves to observe possible anatomic effects in the aerial 
organs; these analyses in other plant organs, would be 
also very important, but are out 01' the scope of the 
present study. Samples of young C. lindleyi breaching­
leaves for analyzing the t ranslocation of heavy mctals 
were collected and immediately fixed in paraformalde­
hydc/glut araldehyde solution for at least 4-6 h (,Johan­
sen, 1940). The sections ,vere then washed with 
phosphatcs buffer (sodium phosphate monobasic and 
dibasic 6%). Fixed tissues were dehydrated with a 
series of 30,50, 70, 85 , 96, and 100% ethanol solutions. 
Dehydrated t issues were cleared in two changes of 
xilol, infiltrated with two changes of paraffin, and 
embedded. Paraffin sections 10- 12 ¡.tm thick were cut 
on a rotary microtome. Safranin-fast green stain was 
used for general observation llllder the light micro­
scope (LM), Carl Zeiss, 10x to 40x objectives and dia­
scopic light iIlurnination. Micrographs were taken 
using the digital moticam 2500 camera interfaced by 
the Motic software. 

Elemental mapping was performed using breaching­
leave samples in dehydrated ti ssues as describcd in 
the previous paragraph. These samples were critical 

Mia()8C()J!Y He.~enrch nnd 7¡'rhniqlle 

point dried (BAL-TEC CPD030) and covered with car­
bon (Denton Vacuum LLC Desk 11). The material was 
examined and photographed with a Jeol JXA-8900 
SuperProbe combined electron probe microanalizer 
(EPMA) with dispersive X-ray spectrometer (WDS) 
and an energy dispersive X-ray spectrometcr (EDS) 
operating at an accelerating voltage of 20 Kv. 

Statistical analysis 

Heavy metals and As concentrations measured in 
soils and plants werc subjected to one-way ANQVA 
and a Tukey test with a significance level of P .'S 0.05 t.o 
compare the means and standard deviation. Statistical 
analyses were performed using the SSPS V18 
software. 

RESULTS 
Metal Contents in Soil and Tailing Samples 

'1'hc concentrations of heavy mctals and toxic metal­
loids analyzed in the substrates (soils and tailings) 
that reached the highest vaJues (in mg kg- 1

) , found in 
el' were: Fe (19.15%), Zn (37994.35 mg kg- 1

), Pb 
(19125.05 mg kg- 1

) , As (1827.60 mg kg- 1
), Cu 

(1039.51 mg kg-l). In F'1' the concentrations were: Mn 
(3728 1.42 mg kg- I

) , Cd (314.58 mg kg- 1
), and Ag 

(121.68 mg kg- 1
) (Table 1). In general high concentra­

tions of heavy metals and metalloids were found in CS 
and C'1'. 

Metal Contents in Plant Samples 

Concentrations ofheavy met als and toxic metalloids 
in the roots of C. lindleyi plants were higher in FT: Fe 
(2.73%), Zn (10786.47 mg kg- ' ), Pb (4426.57 mg kg- I

) , 

Mn (2074.44 m? kg- 1
) , As (812.12 mg kg- 1

) , and Cu 
(228.39 mg kg- ), in comparison to the concentrations 
found in CT (Table 2). Sample collectcd in CS, had also 
the highest concentrations in roots (Table 2). 

Concentrations ofheavy metals and toxic metalloids 
in C. IÍndleyÍ plant. stem were diUerent between the 
two tailings bcing higher in F'1': Fe (0.73%), Zn 
(962.99 mg kg 1), Mn (576.92 mg kg 1), As (243.14 m:f. 
kg- 1) , Cu (141.05 mg kg- 1) , and Pb (134.97 mg kg- ) 
(Table 2) with respcct to CT. On the other hand, the 
highest values measured in plants sampled in soils 
were: Zn (35.25 mg kg- 1) , Cu (29.72 mg kg- 1) , and As 
(7.07 mg kg- ' ) in .FS. In both places Pb "ms below 
detection limi t . 'l'he highest Fe valuc (0.05 %) was 
found in CS (Table 2). 

In relation to the concentrations of heavy met als and 
metalloids in C. lindleyi breaching-leaves the hi?hest 
were found in 1"'1': Fe (O.41%),:ln (912. 40 mg kg- ), As 
(127.25 mg kg 1), Cu (113.71 mg kg 1), and Pb 
(39.26 mg kg - 1). In CT Mn reached a h igher concentra­
tion (472.19 mg kg 1) with respcct to FT (Table 2). The 
highcst heavy metals conccntrations in CS were: Fe 
(0.02%) , Zn (225.97 mg kg 1) , and Pb (13.72 mg kg 1). 
'l'he highest Cu value (55.66 mg kg- 1

) was observed in 
the FT place (Tahle 2). Concentrations ofNi , Cd, and Ag 
were below detection Iimit of FHX analyses in roots, 
stcm, and breaching-Icaves at 0.11 sites. 

1'ranslocation Factor 

In order to assess C. lindleyi capahility for thc trans­
¡ocaUon of metal s and metalloids from roots to aerial 
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JABLE 1. A¡;cragc total crmccntrations (mg kr;- J) ofmetals andAs, in soils and tailinr;s col lec tcd in d iffcrcntpoints analy zcd IIsinr; FRX 

Site Zone Ph 400R As 22a 

'" C" Ni 1600~ Fe(%) fll n Cd 87& Ag 

La Concha 'I'a iling(Cl') 13679,49{272.70) 151 .3.67( 154.18) 82684.74(827.70) 7fi8.28(65. 15) <LO 16.57(1 .721 ) 9406.80(1 65. 15) 22 1.82(.92) 85.94(2.4) 
Sui l (CS) 1912!'i.O!'i(20:12.::IO) UI27.60(:176.80) ::I7994.:11'i(5:ifiO.74) 10::19.51 (268.:19) <LO 19.15(2.4:i5) 15847_65(1407.20) 2 24.8 1(1 .8 8) 74.98( 1_39) 

~I Frai l.> l'ailing (IT) 9600_21(fifi27 _fi 2) 1,';6 1.4:~( 11 9_76) 24970.41 (1 892:i_RO ) 679_2::1r:i09.49) <LD 19_02(fi.7,';4) :i721'>1.42(48995.0:1) :114.58(9.77) 121.61'>(2.78) 
Soil (FS) 2fin_fifill0fi_29) 707_:ifi(2,';_12) fi:i22 _B:i(fil'>_4H) 207.4H(12_90) <LO ,'; _9H(0_OI0 ) 1702JI6(7H.fi()) 200_79{14_1R) <LD 

Control Zone Soil (CZI 35.25(4.90) 29.92(4.26 ) 141.0()(7.33 ) 85.36(6.01,1 <LO 3 .67(0.025) 468.8()(48.081 < LD <LD 

St~nd~"i de,'iaLio ru; in Im ren t.he"i~. 

"The Menean Ullieiai Norro NUM-117-S¡';.\-IA1"-"A'IISSA I- 2oo1 (SK\'¡ARNAT 20(7) e . tabli.hed !.he ibllowing gu ideline vaJ ueB i'or aroenic and hea,'Y met al.> in IIgricultllrll t wii in 2007. 

TABLE 2. Average lo tal concentrations (mg!kg) dmet..'ll sand melallo ids in rools, stem and br€aclling-Iea ves orC.lind leyi f .. om 'I'axco, Guerrero 

Site lone Or¡;un Pb A, Zn en Ni Fe(%) fIln Cd Ag 

La Concha Thilin¡; (CT) breachin¡;-Ieuvcs 15.79{1.31f <LD 597.44(9.11)' 31..52(4.14)" < LD 0 .02(0.001)" 472. 19(30,55)b <LO <LD 
Stem 23.26( .59) , <LD 650.85(12.70)10 48.59( 1.79/' < LD 0.04(0.005)1' 103 .87(21.25)" <LO < LD 
Root a64.4il{4_fiO)' 79.4a(7.77) 17fi4J17( 12_1m' 41-1_7217 _0,'; )10 <LD O_2H((LOO2)' Hl fi _llil{fi4 _2:W <LD <LD 

~ 

S"il (CS) hrendling-Ieflv ns la_n(I _,';fi )" <LD :l2,';.97( 11 _fifi )h 4:l _1 ()(fi_:{I9)h <LD OJ1:l(O_()02)" d.D <LD <LD 
Stem <LO <LD :1:l .:1fi (6Jl9)" :lVI9rL:l:1 )K <LD (1.Ilfi(O.()02)1' d.D <LD <LD 
R" ol 2S7.fi2(4.:l,"i )b fi 1.74(fi.S:l) 17!m.:m: 19.S:1¡e 4fi.H6(14.99)b <LD O. 17<O.O() ( HH.H4 <LD <LD 

~. 

~ 
~ 
~ 

~ , 

1';1 F raile Thi ling (Fl') hrendling-I nflvcs :i!1,26 127.25 912,4U(61'i2)a n:1.71 <LD U,4l(O.:14l))a a,'i:l .7H(&'UI6) <LD <LD 
Stem 134.97 243.14 962.99(714)' 141.05 <LD 0.73(1.096)' 576.92 <LO <LO 

,''''" 4426.57(416.450) 812,12(20.54) 10786.47( 1102.03)° 228.39(16.02 ) dD 2.73(0,138)° 2074,44(51.06) <LD <LD 
Soil ü ' S) breachillg-Iea ves <LO <LO 149.07(9.90)b 55.66( 13.09) <LD 0.01(0 .001 )" <LD <LD dD 

Stern <LO 7_07 35.25(3 .39)& 29.72 <LD 0 .02W.002 )b <LD <LD <LO 
RooI <LD <LO 878.49(9.91 )< 58.44(8.50) <LD 0 .04(0.003)" ] 03.63 <LO <LO 

Control z<!ne Soil{Cl, ) breaching-Ieaves <LO <LO 10.3:{(2_97 )& 17.21(4.89) <LD 0.0I(O.002t fiO.4 7( 14.8 2) <LO <LD 
Stem <LO <LO :1LRR(R 1fi l 28_0H <LD 0_02(0 _00 1 )&b <LD <LO <LD 
Root <LD < LD 54.26(6.78 )" 35.68(5.66) <LD 0 .OlfO.003 )b 110.84(8.85 J <LO <LD 

it Sl~nd~"i d",'i~ L i on~ in ¡m retll.he",,,. 

~ 
" ' ''Mea n.s i'oilowed by tru. i" lllle tetter~ IIr e not .ign ifican tly difl"ren t by 'l'uh y T¡,~t aU' < 0.05. Lower detection ,- < LU). 

, 
t 
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r..nCROSCOPIC EVIDENCES OF HEAVY METALS DISTRIBUTION 5 

TARL¡;;:1 l'r'lnRlocilt.ion Fador in C. lindleyi colkct,,¡J in the Rtlldy area~ in l'il XCO, GIH~ITcro 

Sitc Zone Ph As Zn Cu Ni Fe Mn Cd A, 
La Concha Tail ings (Cl') O.()4a O.MI IUi47 (LOti2 0.579 

Soils (CS) O.O5:{ 0 . 129 0.897 (U02 
El Fraile Tailing's (IT) O.OO!) 0.157 0 .08fj 0.498 O.JfjJ O.J70 

Soils ([<'S) 0.:i99 0.952 0.29J 
Conlrol Zontl Soil s (CZ) 0.190 0.482 0.704 0.546 

TABLE4. Bioconcenlralion factor of C. lindleyi collected in the study sites in Taxco, Guerrero 

Site Zone Pb A, Zn 

La Concha Tailings ICT) 0.010 0.018 0.031 
Soils (CS) 0.005 0.009 0.018 

El Fraile Tailings (FT) 0.156 0.200 0.169 
Soils (FS) 0.001 0.029 

Control 7.onc Soils (CS) 0.228 

parts, the t ranslocat ion factor (TF) was calculated as 
an absolute ratio (see 'rabIe 3). A value vel}' close to 1 
mean s that the metal s are translocated almost com­
pletely from the roots to the breaching-leaves. ln 1"S, it 
can be observed that the highest value was for Cu 
(0.95). This was one of the metals that were more 
translocated into the aerial parts of the plant. ln the 
same way, the TF ofZn (0.399) was high. In the CZ site 
the TF for Fe (0.704) was high. The TF of Mn (0.579) 
was the highest in CT and of Pb (0.053) in CS. Finally, 
As with a TF of 0.157 was only registered in Fr. 'rhe 
Ni, Cd, As , and Ag TF were below detection limit in 
C'r, as we11 as in CS. Further, Mn was detectcd only in 
plants growing in tailings (Table 3). In the CZ samplc, 
Pb, As, Ni, Cd, and Ag were below detection limito 

Bioconcentration Factor 
Bioconcentrat ion factors CBF) for C. lindleyi plants 

were high in Zn (0.228) and Mn (0.122) in the CZ site. 
In 1"'1' the results highest BF values were: A<; (0.200), 
Pb <0. 156), and Fe (0.068). In 1"8 Cu had a BF value of 
0.199. Ni, Cd, and Ag were below detection Hmit. in the 
three places, besides in CZ and FS sites As and Pb 
were bclow detection limits (Table 4). 

Anatomical Alterations in Breaching-Leaves 

C. lindleyi breaching-Ieaves that grow in CT, present 
unistratified epidermis and a thin cuticle (F ig. lA!). 
There are numerous stomas (please note that in the 
Fig. 1A1 no stoma are observed) and could be present 
in both sides of the basal reb>ion of the breaching­
leaves. In the stoma guard cells a lack of ergastric con­
tent was ohserved. The hypodermis is in abaxial pos i­
tion, sclerosed, and unistratified. In one part of the 
leaf it is bistratified and close to the resin canal (Fig. 
1A1). The mesophyll is dorsiventral inverse. lt 
presents one or two layers of palisade parenchyma and 
spongy layer (Fig. 1A2). We can observe a superficial 
squizogen structure (resin canal) with round outline 
t.hat is very compact (Fig. 1A1). 

The most typical changes in C. lindleyi breaching­
leaves in response to the heavy metal st.ress occurred 
in the lower leafblade , especially in the abaxial epider­
mis. Groups of dead and collapsed palisade paren-

Miao.~c()py He.~e()rch ()nd Tf'rlmiqllf' 

Cn Ni F e Mn Cd Ag 

0.051 0.007 0.048 
0.032 0.004 0.001 
0.154 0.068 0.023 
0.199 0.004 0.014 
O.J74 0.004 0.122 

chyma sometimes are included in the epidermis a nd/or 
hypodermis (Fig. 1A3). The cell wa11 chemistry was 
modified, especially in the palisade parenchyma (1"igs. 
1A3 and C3) and in the hypodermis (Fig. 1A3), with 
deposi ts of lignin-like material (Figs. 1A3 and C3 ver­
sus El and E3). Similar changes were observed in 
spongy parenchyma c10se to necrotic sections of lower 
hypodermis (Fig. 1A3 and C3). These necrotic zones in 
lower epidermis flections were irregularly scattered 
throughout the breaching-Ieaves blade, but preferen­
tially found next to a palisade parenchyma. These 
necrotic cells, as shown by their cellular destruction 
(Figs. 1A3 and (3), were possibly responsiblc for 
points in breaching-Ieaves visible on the breaching­
leaves abaxial leaf (not shown). Ce11s with the most 
severe symptoms (G ünthardt-Gocrg and Vollenweider, 
2007) often belonged to the lower palisade layer and 
showed featurcs characteristic of the hypersensitive­
response-like (HR-like) processes. 

Light microscopy revealed the disruption of ce 11 con­
tents, condensation of cell remnants, thickening of cell 
wa1ts and partial cell collapse (Figs. 1A3 and C3) and 
occasional accwnulation of vacuolar phenohcs (Figs. 
1A2, A3, El, B3, C1-C3, D1 , and D3). As it is noted in 
the mesophyll , cells showed tannic and resin cont.ents 
that took on an intense red colour mainly close to the 
vascular bundle (Fig. 1Al). 

In C. lindleyi breaching-Ieaves collected in CS, a 
unistratificd epidermis with thickening in its wall was 
observed (Fig. 1B2). The cuticle is thin and the hypo­
dermis is uni stratified and sclerosed (Fig. 1B2). The 
palisade parenchyma presented a high accumulation 
of starch grains in the chloroplasts but without pre­
senting cell disintegration as was the case of C. !in· 
dley; grown in CT (Figs . 1A2 and A3 versus E l and 
B3). The vascular bundle presented a conformation 
without structural changes (not shO\vn). The accumu­
lation of starch grains in zones close to it was present 
(Figs. 1B1 and B3). The leaves fissures did not present 
cell alterations (not shownJ. However, in Figure 1B1 it 
was noted accumulation of starch grains. The resin 
canal did not show a cell co mpress ion in its structure 
(not shown). 

In the C. lindle)'i breaching-lcaves grown in FS, it was 
observed that the resin canal was compact and the 
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Fig_ 1_ C. linrlleyi ],m""hing-I""v<ls_ A: C. linLlleyi hr",,,,hing-I,,,,v,,s 
collecte-d at CT, yellow star indicates side abaxial, (Al ) the accwnula­
tion ol"vacuolar phenolics in Figure 1 are the black cells shown in Fig­
ure Al -MI, lOX; IA2) ~t.arch grains in t.hc waH ceH, IOX; (AH) group~ 
01" dcad ceH and coHapscd palisadc parcnchyma, X JO; (B ) C. lindle.ri 
ureaching-IIJavIJs collectlJd in es, Bl) accu mu lation of vacuolar phIJ­
nolics, x40; B2) thickening of the cell wall of the palisade paren­
chyma, x lO; E3) a ycHow triangle indicates the stareh grains, xIO; 
(e ) r: lirulleyi hrmH,hin g-I""v"s mll""¡,,,1 ,,1 Fl', Cl) ¡hiekm¡ing " f l,h" 
r"sin ",mal, x lO; (C2) thiek"ning " r lh" hYI~~"'rmis " mi "l'id"rmis, 
x10: e3) disruption 01" ceH conrents and partial celL collapse, x 40: 

(D ) C. lindleyi hroa"h ing-I ""v"s m llm:l"d in FS, DI ) <~,ti"k is irmgu­
larly shaped in the epidemJis, x 10; (D2) thickening ofthe resin canal, 
hypodermis and epidemJis, x 10; (D3) accumumaltion of vacuolar 
ph(molic~ and pr.-$cncc orlhe s tareh gr a ins, X 10, and (E ) samplc~ cal­
lected in CZ, (El ) cut.iclc without st rangc lmrtic1es, X IU; (E2). l t 
¡¡rIJ~IJnts a vascnl ar bund lIJ surruunded by (.rall~fusion tissue, x 10: 
(E3) no changes were noted in the ceH t issues, x 10. Resin canal (Re), 
palisade parenchyma (Pp), h ipodermis IR ), epidennis (E), spongy 
l'anmehyma (Sl'J, eu!;"I" (e), v<,s,:t,lar lnm<i l<l (Vh)_ [(',olor fi gu m "a" 
]", vi"w",1 in t.h" "nJi"" i~SlW, wh;"h is avail"],I,, a l. wil"y"nl ir",li­
brary.com. l 
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r..nCROSCOPIC EVIDENCES OF HEAVY METALS DISTRIBUTION 

Pill'. 2. LongihuliJl ll l "'lt or Ch" C. lindJeyi b""llc), i nll'-I ellve~ ,;oIlIJcI,IJ d 
iJl FT. (A ) Ohse.Yll(ioll or" ll'IH",l llh,r (r;"h"",,, ill SEM, X l0; (Al ) 
EDS analysis showing the chemical elements found in tite glandular 
triehom". (B ) Sampl" fI),OWÍllg a partid" anal),'",,'¡ hy EDS, X JI); (RI) 
EUS HmllyfliH f¡howin g l,),,~ "),,,mieal "]"rn,,nL~ rmllld in t.h" ~pOllb"Y 
parenchyma; (e ) Observation of a particle in the base of de 
brcaching-Ieaves, xlO; (C l) EDS analysis showing the chemical ele­
ments found in the palisade parcnehyma. Epidermis (E), spongy 

hypodermis presents wall cell thickening as well as a 
cutic1e with the presence of strange bodies different to 
the control zone (Figs. lCl and C2). The presence of phe­
nolic compounds wa" observed in thc palisade parcn­
chyma but without the great aceumulation of starch 
grains as observed in CT (Fig. l C2 versus lAl and A2). 
In thc lcaf base thc tollowing damages were observed: 
cell alterations (epidermis and hypodermis) and pres­
ence of phenolic compounds (tannin) (Fig. l(3). 

In C. lindleyi breaching-leaves b'l"own in FS, a cuti­
ele with incrust ations is observed. The epidermis 
showed a loss of cell and ergastric content (Fig. l D l ). 
'l'he hypodermis also presentcd changes in the ccll 
wall (Figs. l Dl-D3). 'fhe palisade parenchyma did not 
present high accumulation of starch b'l"ains in the cells 
as in the samples collected in CT (Fig. lA2 versus 
l D3). A glandular trichoma was observed in a leaves 
fi ssure. This trichoma showed ergastrie content, the 
absence of heavy metals shown by EDS analysis (Fig. 
2Al) leads to discard the idea that heavy mcta ls eould 
be aceumulated in this str ucture (Fig. 2Al ). The resin 
canal was dist inguished with cell compression that 
was also evident in samples ofCT (Fig. lCl). 

In CZ C. lindleyi brcaching-Ieaves prcsented a cutic1e 
,,,ithout strange particles (see Fig. lEl shown by the 
arrow). The epidermis and hypodermis did not show 
thickening of the cell wall (Fig. lEl and E3). 13esides, 
the palis.'lde parenchyma did not presen t a gr eat accu­
mulation of starch g ra ins in the chloroplasts (Fig. lEl 
and E3). 'fhe resin canal did not show cell compression 
not struetural changes as in CT breaehing-leaves (Fig. 
l E3 versus 0 2, Cl and Al). 'l'he vascular bundle did 
not present cell compression close to it (Fig. lE2). 

EDS was conducted in order to find the exact loca­
tion of metals in the glandular trachoma in a C. lill­
dleyi leaf basal (Fig. 2A). Silicon and Ca were 
abunda nt . Therefore, thc idea of storage in trichomas 
as a s torage mechanism was discared (Fig. 2AlJ. 

In a long itudinal cut of C. lindleyi breaching-leaves 
eollected at FT, through EDS analysis a partiele with a 

Mia()8C()J!y He.~enrch nnd 7¡'rhniqlle 

IlHren\,hy"'a (Sp). EI",mIJ"tltl lt",,,lysis E UX per ror m",d by 20 kV al 
mltlS',i (i"atiOll x 3 ,900 ll~ill g a 60 fim '~"HIHn~",' d¡"phrltg"m , 6 ",m 
working distance, take-ofl" ang Le of 3Go with EDX detector; element 
data f¡(:mllled dming 22(J-fi~ '¡w"ll 1.im,,; m"aflll ... ~m,mt~ "um ulalnl 
oV(~r 121l frilm'~fI, "" ~IHdivdy, 91l frame~ aml marp"d at 2fjfi X 200 
ppi resolution (eaeh point in mal' represents lt total peak counl). 
[Color fig-urc can be viewed in the online issue, whieh is available at 
wilcyonlinclibrary.com.] 

eom posit ion mainly of Fe and Ca and in a fewer pro­
portion with Ni a nd Cr was found (Fig. 2131). The par­
tide was located in the mesophyll tissue of the leaf 
(F;g.2B). 

Close to the base of the C. lindleyi breaching-leaves 
a Cu particle was identified (Fig. 2Cl). This partide is 
locatcd bctwcen the hypodermis and the epidermis. 
This locat ion is importan t because it could be related 
with structural alterations obscrved in optical micros­
copy (Fig. 2C). 

Elemental Mapping 

Lead presence, observed th rough X-ray sean in 
C. lindleyi breaching-leaves grown in CT was detected 
in the vascular bundle a nd its periphery, as well as in 
the spongy and palisade parenchyma (Fig. 3Al). 
Arsenic was present in a uniform way both in the 
internal part (epidermis, hypodermis, spongy and pali­
sade parenchyma and vascular bundle ) and in the 
external part (cuticle) (Fig. 3A2). Zinc was mainly 
found in the breaching-Ieaves internal part (meso­
phyll) in a uniform way. In the external part it was 
also found in a uniform ,,,ay but in lower quantities 
than in the internal part CF'ig. 3A3). 

Copper was found rnainly in the breaching-leaves 
cuticle. lt was also observed in the vascular bundle 
and its periphery. It was present in lower quantity in 
the palisade parenchyma (Fig. 3A4). Nickel had a very 
notorious distribution in the external part of the 
breaching·leaves a nd in sorne pIaces of the vascular 
bundle and its periphery (Fig. 3A5). Iron showed a uni­
form distribution both in the internal and external 
parts of thc leaves. A wide distribution of Mn in aH 
breaehing-leaves was observed. This is due to its 
importance in the metabolic process (Fig. 3A7). Cad­
mium was mainly dist ributed in the internal tissue 
bcing more evident in the pali sade parenchym a, the 
vascular bundle and its pcriphery (Fig. 3A8). Silver 
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Fig.3. Distrihulion ofheiH1' met.als d<~posits at t isslle ore. lind/eyi. 
(A ) breaching-leave~ collected at CT and (B) F'T. Symbol or Number 
(D~(m_~.,w~~~~~m~w~~~~ 
Vascular bundle (Vb), palisade parenchyma (Pp), epidemlis (E ). 
spongy parenchyma (Sp), cutide (C). Tcchnical specificalions: Pic~ 
t.llr<lS l."km, hy a ,T,,,,l ,TXA-R900 Sllp"rPnol", """,hi"",] "l"dr"" 1'",1", 
microanalyzer tErMA) wi th d ispersive X-ray spcctromete r (WDS) 
and an energy dispersive X-ray spectrometer (EDS) at acceleration 

distribution was uniform in the breaching-Ieaves inter­
nal tissue (Fig. 3A9). 

In the C. lindleyi breaching-leavcs grown in FT, Pb 
showed a uniforrn distribution in internal and external 
t issucs (Fig. 3E1). A uniform dist ribution of A,. was 
observed in the internal tissues: vascular bundle, pali­
sade parenchyma , epidermis and hypodermis. How­
cver, it wa,. les,. observed in thc palisade parcnchyma 
(Fig. 3E2). Zinc showed a uniform dist ribution in alJ 
the studied leaves (Fig. 3E3). Copper was not detected 
in internal and external tissues (Fig. 3B4)_ Nickel was 
distributed in a lllüform way in the tissues, as well as 
Fe, Mn, Cd, and Ag (Figs_ 3E5-E9, respectively). 

DISCUSSION 
Metal Contents in Soil and Tailing Salllples 

Metal contents in CS and CT show that there is an 
inRuence of mining waste on ncarhy soils sincc hi gh 
concentrations have been meas ured in c1ose-by tail-

voltagcs of 20 kV, asing fiO-pm condenscr diaphragm, 7 mm workillg 
distance take-ofr angle ol' 35~ with SE or RBSD detector s. element 
d;üa ~anned dunng 220-ps dweJl time; measurements cumulated 
oyer 128 [rames, rcspectivcly. 90 rrames and mappcd at 256 x 200 
ppi resolution (each point in map rcpresents a total peak couno. 
[Color r.1S"m "a" ]", vi,.,w",l i" lh" ",di"" i~~lw, whi"h i~ availa]' l" at 
wileyonlinelibrary.com. l 

ings. Talavcra ct al. (2008) rcportcd in Taxco region 
(rng kg '), Cd (1.0- 780), Cu (71.8- 1320), Fe (2.49-
25.1 %), Pb (780-43 ,700) , and Zn (380-10,000). How­
ever, in this study Zn was found in higher concentra­
tions. On the other hand, Romero (2008) found the 
following concentrations Pb (1 ,479 rng kg 1), Zn 
(469 mg kg- 1

), Cu (72 mg kg- t
) , Fe (9.49h), and A" 

(585 mg kg- 1
) in tailings in the same zonc. Ruiz a nd 

Arrnienta (2012) fOW1d the following values in F'1': Fe 
(17.4%), Zn (173L2 rng kg 1), Cu (153.88 rng kg 1), Cd 
(5.8 rng kg- t

), Pb (6166 rng kg- ' ), and AB (78L66 mg 
kg- 1

), they also analyzed FS determining: Fe (5.4%), 
Zn (16,193 rng kg- I

), Cu (125.2 mg kg- I
), Cd 

(152.2 mg kg 1), Pb (1026.6 mg kg 1), and As (456 mg 
kg 1)_ Diaz-Villasenor (2006) reported the following 
values in agricultural land in "El Fraile" arca: Pb 
(1334.83 mg kg 1) , Zn (2620.0 mg kg 1), Cu 
(122 .78 mg kg- 1

), Fe (3 .80%), and As (89.02 mg/kg). It 
is tbus very likely that metallic contaminants in soils 
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are absorbed and impact the plants growth (NOM, 
2007). In both tailings, the concentrations of Pb, As, 
Zn, Cu, and Fe on the CS area surpass the bruideline 
values established in the Mexica n Official Norm NOM-
147-SEMARNAT/SSAl-2004 (SEMARNAT 2007). Thi, 
can be explained by the presenee of Aeid Mine Drain­
age and to the leaching, run-off and air-borne disper­
sion ofmining wastes to thc surrounding arca. For thc 
ease of Mn, Cd, and Ag, the h ighest values were found 
in the FT arca. In the control zone , none of thc guide­
tine values establi shed in the Mexican Official Norm 
were ~;;urpm;sed. '1'he on ly cxccption was for As. '1'hc 
guideline valuc in the Mex iean OfficiaI No rm is 22 mg 
kg- 1 and in the control zone was 29.92 mg kg- 1

• '1'his 
is relevant since if there is contamination due to min­
ing waste th is will be observed in the breaching leaves. 
First, structural changes could he obRerved at cell ular 
level and over time the changes would be observed 
with the naked eye. 

Along with this, several authors consider the follow­
ing phytotoxic values: Mn (5,000 mg kg 1) (Alloway, 
1995; Visser, 1994). This value was surpassed in CT, 
CS, and Fr soil sample. In the ease of Cd (3- 8 mg 
kg 1) (Kabata-Pendias and Pendias, 1992), it was sur­
passed in CT, CS, FT, and FS. Copper phytotoxic valuc 
(60- 125 mg kg 1) (Kabata-Pendias and Pendias, 
1992), was surpassed in CT, CS, .F"l', and FS and Zn 
(70- 4,000 mg kg- 1

) (Kabata-Pendias and Pendias, 
1992) in the same way. The control zone was in the 
normal eoncentration range for soil for the following 
elements: Pb, Zn Cu, Cd (2- 300, 1- 900, 2- 250, and 
0.01-2.0 mg kg- f , respectively) accord ing to All oway 
(1995) and As (0.1-40 mg kg- I

) according to Bowen 
(1979), it was therefor e conside red suitable to be t aken 
for comparison with the other polluted sites. Compar­
ing our data with other studies (Armienta et aL, 2008; 
Franeo-Hernández et al., 2010; Morton-Bermea et aL , 
2014; Rufz and Armienta , 2012; Santos-Jall ath et aL , 
2012), it is elear that metal coneentrations in the min­
ing waste vary widely, which is associated with mining 
an d smelting operations as well as the type of mineral 
resources (Bradshaw, 1997). Based on the results, it 
can be ohscrved that the goil s are a source of contami­
nation that could affect the development of organi sms 
that grow and live on them. Besides this, variations in 
the concentrations of contaminants in the tailings and 
soil s surrounding them were observed. This shows the 
geochemical d)'llamic and the dangerousness of the 
contaminan t dispersion to the environ ment. 

Metal Contents in Plant Samples 
Metal coneentrations in C. lindleyi samples show 

that Pb (0.1-5 mg kg- 1
), A" (0.01-5 ml: kg- ), Zn (20-

400 mg kg- 1 ), and Cd (0.1-3 mg kg- ) in CZ wcre in 
the normal range in plants (Haskin , 1997). HO\'lever, in 
the case of Cu (5- 25 mg kg 1) eoneentrations in stem 
and root the range exeeeded the normal range. In CT 
and FT they surpass the normal range in pIants (Ras­
kin, 1997). In relation to the phytotoxic threshold pro­
posed by Kabata-Pendias and Pendias (1992), Zn is 
surpassed in CT (breaching-Ieaves 597.44 mg kg 1, 

srom 650.85 mg kg- \ and root 1754.07 mg kg- 1
) and 

FT (breaching-leaves 912.40 mg k!l \ stem 962.99 rng 
kg- \ an d root 10786.47 mg kg- ), only in one soi l 
point in CS (root 1756.30 mg kg 1) this is surpassed. 

Mia()8C()J!Y He.~e()rch ()nd 7¡'rhniqlle 

Manganese threshold is surpassed only in breaehing­
¡eaves and root (815.05 mg kg 1) eollected in CT 
(472.19 mg kfl) and in FT breaehing-Ieaves 
(352.78 mg kg ), stem (576.92 mg kg 1), and root 
(2074.44 mg kg - 1

). Higher metal eoncentrations were 
rneasured in Fr wit.h the following decreasi ng order: 
root > stem > breaching-Ieaves, which is eommon in 
most metal polluted siros (Table 2). According to the 
Tukey Test the mean values ofthe samples are not sig­
nificantly different from each other. High concentra­
tions of Pb, As Zn, Cu, Fe, and Mn were measured in 
C. lindleyi grown in F'1' with Cu and Zn reaching the 
highest vaIues. Besides, the concentration in 
breaching-leaves of As and heavy metals is higher in 
plants collected from tailin!:,>"S than from soils. This 
could be due to the highest concentrations of mining 
waste in the arca. 'l'his iR reftected in the cell u lar 
structure of breaehing leaves of C. lindely as observed 
in Figs . lA and lB. 

Translocation factor 

Copper transloeation factor vaIues were not aboye 1 
or close to this value. However, results for other stud­
ied metaIs indieate that this eIe ment couId be consid­
cred the most transfer able in C. lindleyi (Table 3). In 
a11 cases, the valucs ofTF were helow 1, suggesting an 
exclusion strategy by metal immobili zation in roots. In 
a study in China, Cu TF values lower than 1 were algo 
observed in Cynodon dactylon, Pterodium aquilinum, 
Poa rmnua, Cerastium caespitosum, and Conyza cana­
densis (Wang et al., 2008), this was also observed in 
other studies as reported by Franco-Hernández et al. 
(2010), Ruiz and Armienta (2012), San tos-J allath et al. 
(2012). 

Bioaccumulation Factor 

Bioaccumulat ion factor (BCF) values are low for 
most of the analyzed elements and indieate that in this 
species thcre is not hyperaccumulation hecause they 
did not reach values higher than 1 to be considered as 
hyperaccumulating. Wang ct a l. (2008) found very low 
bioconcentration values for Mn, Cd, Cu, and Zn, all of 
them under 1, and higher values in the translocation 
mainly for Cd (Cynodon dactylon with 6.72) and Cu 
(Humuluas scandens with 2.20) in plants that gr ow 
around mines. These studies indicate that. there are 
plants species that tolerate high heavy metal coneen­
trations in soils beca use they restriet their absorption 
and translocation towards the leaves. However, others 
absorb and accumulate activcly in thcir biomass that 
requires a highly speeialized physiology (Baker and 
Walter, 1990). Thc low BCF values indicate the suit­
ability of these speeies for stabilizing mine tail ings 
hecause they can preven t metals entering the ecosys­
tem through the food ehain a nd this is in relation ro its 
biomass sincc most of th (~ accumulating plan ts are of 
small size. Therefore , C. lindleyi is considered as a tol­
erant plant, and beeause ofits features (tree), it is pos­
sibIe to consider it for its use in phyt.ostabilization in 
zones c10se to mining wastes. 

Structural Changes in Breaching-Leaves 

Plants can be elassified in relat ion ro the ir exclusion, 
resistance, or accumulation mechanisms (Baker, 
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1981). Exclusion ¡neludes strategies to ¡imit the 
absorption of metals and the restriction of metals 
transport towards the stems (De vos et aL, 1991; Mac­
Farlane and Burchett, 2000). There are severa} accu­
mulatian mechanisms such as ph)1:ochelatins 
accumulation, transport fmm roots to leaves, lcaves 
vacuole compartamentalization, and epidermis hair 
accumulation (HiTata et aL, 2005; Kramcr et aL, 2007; 
Küpper et aL, 2001; Lavid et aL, 2001; Pilon-Smits and 
Pilon, 2002; Pilon-Smits, 2005; Pcrricr et aL, 2004; 
Psaras et al., 2000; Sagner et aL, 1998). 

At thc level ofthe whole plant, tis~;;uc , orccll, a metal 
surplus , in general, is allocatcd to rnctabolically lcss 
active organs, tissues, or cell compartments (Ernst, 
2006). In Ni and Zn hyperaccumulating plants, more 
than 60% of the heavy metals are localized in the apo­
pla,;t cell wall,; (Yang et al., 2006) as it was ohserved in 
CT (Fig. 1A2). Zinc tolerance in plants is considered to 
be principally achieved by sequestration inside 
vacuoles (Marschner, 1995). However, in sorne species, 
Zn accumulation has also been observed in other sym­
plastic (cytosol, chloroplast) and apoplastic (cell wall) 
compartments, as observed in CT and FT (Fig,;. 1A2 
and 1C2). 

Although there are extensive investigations about 
the performance of hyperaccumulating plants of heavy 
meta),.; the main focu!'l of thi!'l study is the determina­
tion of their concentrations and distrihution among 
stems and leaves, and their distribution in specific tis­
sues (Figs. 1A2 and D3) fRahier et al., 2008; Vollen­
,veider et al., 2011a). 

Zinc wm. aecumulated mainly inside the vaeuoles in 
zine tolerant plants (Marschner, 1995). However, in 
some species, Zn accumulation has also been observed 
in symplast compartments (cytosol and chloroplasts) 
and apoplast (cell wall) (Vollenweider et al., 2011a). In 
this study, alterations were also observed in the leaf 
base (Fig. 1C3). This could be explained hecause in 
that zone, contaminant particles that alter the epider­
mis cell structure and neighbouring areas may accu­
mulateo The observed cell alterations could be the 
effect of metals accumulation in the palisade parcn­
chyma since structural alterations in the epidermis 
,vere identified (Figs. 1A2, A3, C3, and 03). The aecu­
mulation ofstareh grains in zones c10se to it was pres­
ent (Figs. 1A2 and 03). The leaves fissures did not 
present eell altcrations. Aecumulation of stareh grains 
was not observed in Fi!:,>ure lE. The resin canal showed 
a cell compression in its structure. 

These alterations could be caused by H20 2 superpro­
duction that is probably indueed by heavy metal s that 
provoke changes in the oxidation state. In the palisade 
parenchyma a great accumulation of starch grains in 
the chloroplasts was observed (Fig. 1A2). Cellular 
injury by this type of meehanism is well-documentcd 
for iron (Halliwell and Gutteride, 1986; lmlay et al., 
1988), copper (Li and Trush, 1993a,b) as wel! as other 
metals (Jones et al., 1991; Lund et al. , 1991; Shi and 
Dalal, 1993; Shi et al., 1993). 

The cdl alterations eoincided with the samples col­
lectcd in CT (being these in the leaves base) (Fig. 1C3 
versus A3). Such alterations eonsist in cell disorganj­
zation in the epidermis, hypodermis and part of thc 
palisade parenehyma (Hermle et al., 2007) (Fig. 1C3). 
However, in some fissures this was not observed, but 

the loss uf ergastric and cell contento In the leaf base a 
cell alteration consisting in a disintegration of the cell 
,vall of the epidermis and hypodermis and affecting 
part of the palisade parenchyma was observed (Fig. 
1C3). This could be due to the aceumulation ofthe sub­
strate in that arca that ls provoking such effects. 

The compartmentalization and formation of metals 
complexes absorbed by the plants roots and their 
translocation by the sap flux towards aerial parts 
determine the plants tolerance towards heavy metals 
(Ernst, 2006; Haydon and Cohbet.t, 2007; Marschner, 
1995; Rau.<¡er, 1999). 'l'his is regulated hy the phytocx­
traction easiness of heavy metals by the plants (Sied­
lecka, 1995). That is why it is important to know the 
distribution ofthese metals in the aerial parts in order 
to understand the physiolobrieal responses ofthe plants 
to grow in a detcrmined environment. 

Elemental Mapping 

As soon as the elemental mapping was condueted, it 
was found that this could be causcd by differcnces in 
sample preparations as well as the cultivation eondi­
tions and the age of development of the analyzed tissue 
(Grovenor et al., 2006; Smart et al., 2007). 

Zinc was found in abundance in a1l the study sites as 
weH as in different plants organs (root, stem and 
breaching-Ieaves) (Fig. 3A3). Zinc is an essentlaJ 
micronutrient. for plants specially located in the cells 
symplast (jt gocs from thc cytoplast of one cell to the 
ncxt through plasmodesmata) (Richter, 1993; Marsch­
ner, 1995). Zinc has a functional role (Marschner, 
1995), previous research suggests a compartamentali­
zation that ineludes eytoplasm and the nuc1eus 
(Rathore et al., 1972). Zinc traces are found in the form 
of: (a) free divalent cations in the xylem sap, (b) com­
plexes with organic aeíds or other sma1l organic mole­
cules in the xylema and phloem, (e) functiona] 
elements or structural inside the protcins, and (d) 
structural components ribosome and eell membrane 
(contributing to its stability) (Marschner, 1995). 
Knowledge about the forms of wlÍons of Zn in the 
plants organs is still poor; however, it strongly inter­
acts with other mineral nutrients, mainly phosphorus 
(Boardman and McGuire, 1990; Marschner, 1995). 'l'he 
increase of Zn availability in contaminated soils 
(excess of Zn) could provoke damages (Ernst, 2006; 
Hermle et al., 2007) 01' even diminish thc establish­
ment of plants in the place (Boardman and McGuire, 
1990; Ernst, 2006; Marschner, 1995). Besides, the 
excess of Zn is generally observed in the vaeuole 
(Ernst, 2006; Marschner, 1995). 

r' urthermore, it is still little knmvn about the effect 
ofthe execss ofZn in the cell wall or in trees. 'l'he high 
compartmentalization of Zn in the roots apoplast or 
driving tissues in the fuliag"e eould also affect the kind 
and frequency of its union. The compartment.alization 
and eomplexity of Zn excess are eommonly singular 
features tor each phytoextraction (Vollenweider et al., 
20 11a). 

In most of the land ecosystems Cd has not a known 
function as a nutrient. Besides, it is toxic in very low 
concentrations (Schützendübcl and Polle, 2002 ). Accu­
mulation of Cd in plants affect.s the genetic expression 
(Kovalchuk et al., 2005), inhibiting DNA reparation 
(Banerjee and Flores-Rozas, 2005), it. causes a 
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reduction in photosynthesis, diminishes water and 
nutrient.s intake (Di Toppi and Gabbrielli, 1999) and 
results in visible symptoms such as chlorosis, pl ant 
stunt, spot.s in the tips 01' the roots and finally death 
(Kahle, 1993), The cellular deaths observed in Fi~," lre 
1A3 could be correlatcd wit.h the charactcristics men­
tioned aboye. Schlegel et al. (19B7) studied the 
response 01' spruce (Picea abies) seedling to Cd and 
found that th is element. diminishes the contents of 
water and chlorophyll as well as COz fixation. 

The distribution of the analyzed elernents is in gen­
eral uniform insidc the tissue!'; . It should be h igh­
Iighted that Ni was wi dely present in the externa l 
pa rt. H owever, in side the t issues it,." presence was min­
imal. This suggests that the accumulation of this ele­
men t. could be due to deposition factors (ai r) (Fig. 3B5 
versus A5J. Al though by FRX chemical analysis Ni was 
not det.eeted, possibly due to the detection limit of the 
technique, it.s observation by EDS shows its trasloca­
t.ion to t.he tissues. 

It has to be remembered that the collected plants 
nat urally colonized the mine spoils, so t.hey were well 
a dapted to extre me heavy meta l concentrat ions in soi1. 
Previous studies indica ted that it was more difficult to 
in t roduce seedling or young plants ro a h ighl y tox ic 
system than it was for older and better acclimatcd 
plants (Landberg an d Greger, 1996; Mertem; et a1. , 
2004). 

CONCLUSIONS 

In the evaluated substrates, heavy metaIs that. eould 
be potentially dangerous and presen t in high coneen­
trations were Zn, Mn, and Pb. They could limit the 
developm ent of C. lindleyi pla nts that grow in the 
st.udy sites. This heavy metal pattern was also present 
in the roots of C. lindleyi. However, hi gh co ncent ra­
tions of Zn, Mn, and AB were found in stem and 
breaching-leaves ofe. lindleyi, demonstrating that ele­
ments that are translocated to the aeri a l parts a re Zn 
and Mn, while t ranslocation of Pb is restricted. 

On the other ha nd , t he t issues that showed more 
a lter at.ions or pl a n t responses to t.he mining waste 
were observed in samplc g located in "La Concha" 
tailing. Most important structu ral ehanges, pro­
voked by heavy met.als in e. lindley breaching-leaves 
were: a high acc umulation of starch grains a nd phe­
nolic compounds, changes in the hypode rmis ce ll 
wall , cell disorganizat ion in the epidermis, hypoder­
mi s, and the palisade pa renchyma. Trichomas 
showed ergastric content, discarding t.he idea that 
heavy metaIs could be accumulated in t his str uctur e. 
This is important because th is a ll owed to determine 
that e. lindleyi showed a serious harm in the t issues , 
a ltho ugh it grow without v is ible damage in the pol­
luted s ites. 

'rhe di stribution of Zn, Mn, and Pb observed in the 
internal and external tissues of the breaching-leaves 
could be rclatcd with the soil and tailings data 
dete rmined by FRX analysis. Thus, C. lindleyi is a 
pl an t that can be adapted to environments with min­
ing waste and that can accumulat.e heavy metals. 
e. lindleyi could be used as a t ailings cover age aiding 
in this way to limit the dispersion 01' tailings to the sur­
roundings. Because of its fea tures it can be considered 
for lts use in phytost.abiliza tion. 
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3. CONCLUSIONES 

 

1. Los desechos mineros favorecen la presencia de ciertas plantas que pueden 

tolerar y/o acumular metales pesados potencialmente tóxicos en sus diferentes órganos. 

2. Se colectaron 32 especies vegetales que pertenecen a 30 géneros de 19 

familias botánicas en las tres localidades. Las familias mejor representadas de estas tres 

localidades son: Fabaceae y Cupressaceae. 

3. La concentración de Cu, Fe, Mn, Pb y Zn en los suelos y jal variaron entre las 

localidades con diferencias significativas en la fracción disponible. 

4. Ninguna de las especies analizadas fue reconocida como hiperacumuladora de 

metales pesados potencialmente tóxicos. 

5. Las especies C. lindleyi y Ju. deppeana acumularon Zn y Mn en concentraciones 

anormales en La Concha, donde el Zn se encuentra presente en la fracción soluble de los 

sustratos. 

6. Jacaranda mimosifolia y Psidium guajava no mostraron concentraciones 

anormales en La Concha. 

7. En las localidades de El Fraile y la zona control, las mayores concentraciones de 

Zn y Mn se encontraron en la fracción residual, siendo poco acumuladas en las especies 

vegetales. 

8. La presencia de altas concentraciones de Zn y Mn en plantas adultas de C. 

lindleyi y Ju. deppeana mostraron que son especies interesantes para fitoestabilización en la 

zona minera de Taxco. 

9. Se encontraron altas concentraciones de Zn, Mn y As en los tallos y ramillas de 

C. lindleyi. El Zn y Mn son translocados a las partes aéreas, mientras que el Pb es 

restringido. 

10. Los tejidos que mostraron mas alteraciones en las plantas de C. lindleyi fueron 

los colectados en el jal de La Concha. 

11. Los cambios estructurales mas importantes provocados por metales pesados en 

las ramillas de C. lindleyi fueron: alta acumulación de granos de almidón y compuestos 
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fenólicos, cambios en la pared celular hipodérmica, desorganización celular en la epidermis, 

hipodermis y en el parénquima en empalizada. 

12. Los tricomas mostraron contenido ergástrico descartando la idea que los 

metales pesados podrían ser acumulados en esta estructura. 

13. La distribución de los metales pesados en los tejidos de las ramillas fue 

homogénea para la mayoría de los elementos. 

14. Estos resultados muestran que C. lindleyi es una especie que se puede emplear 

en fitoestabilización de zonas contaminadas con desechos mineros debido a que es una 

planta nativa que no requiere muchas condiciones para su desarrollo y que se puede 

adaptar a las prevalecientes en la zona. 

15. Finalmente la importancia de este tipo de estudios radica en que constituyen una 

opción para la búsqueda de especies que eviten la dispersión de contaminantes en sitios 

con problemáticas similares. 
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