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INTRODUCCION

MARCO CONCEPTUAL

El presente trabajo se enmarca
dentro de la linea de investigacién "Di-
versidad y evolucion de recursos fito-
genéticos" que se desarrolla dentro del
Departamento de Recursos Naturales del
Centro de Investigacion Cientifica de Yu-
catan, A.C. (CICY). Esta linea de investi-
gacion tiene como objetivo general
realizar investigacion basica sobre diver-
sidad y evolucion de recursos fitogenéti-
cos, que genere informacién necesaria
para la conservacion y aprovechamiento
integral del germoplasma de especies
utiles al hombre.

México, ademas de ser uno de los
cinco paises con mayor diversidad
biolégica en el mundo (Caldecott et al.,
1996), forma parte de uno de los tres
centros primarios de origen de agricultura
y plantas domesticadas (Vavilov, 1926;
Harlan, 1975). En Mesoamérica se desar-
roll6 una de las diversidades mas
grandes de plantas cultivadas de gran
trascendencia no sélo regional, sino mun-
dial (Harlan, 1975). La riqueza etno-
botanica actual de México, se refleja en
la utilizacion de mas de 5,000 plantas
vasculares, la existencia de varias tax-
onomias tradicionales ricas y dinamicas,
y la detallada percepcion cultural y el ma-
nejo de sus recursos naturales por parte
de los grupos étnicos y rurales que lo ha-
bitan (Bye, 1993).

Las condiciones ecoldgicas, pro-
ductivas y culturales en las que se sigue
desarrollando la agricultura tradicional en
Meéxico, han propiciado que se conserve
buena parte de |a diversidad de especies
cultivadas generadas en el pasado, asi
como la amplia base genética que le es

caracteristica. Pero mas importante aun,
han permitido que continde siendo el es-
cenario dinamicc del desarrollo de
nuevos cultivos y de evolucion continua
de especies bajo sistemas tradicionales
de aprovechamiento, caracterizandose
estos procesos por el favorecimiento de
altos niveles de variacion, y el contacto
genético con los parientes silvestres
(Hernandez-Xolocotzi, 1973, 1978,
1993).

Esta caracteristica de nuestro
pais, de alta diversidad genética de las
plantas cultivadas y la persistencia de
sus ancestros silvestres, asi como los ri-
esgos que existen de erosidn genética,
han hecho que el Consejo Internacional
de Recursos Fitogenéticos de la FAO lo
considere como Prioridad 1 en materia de
estudio y conservacion de estos recursos
(IBPGR, 1985).

Este mismo Consejo ha senalado
que el conocimiento de la variabilidad
dentro de los acervos de genes, y los fac-
tores naturales y sociales que sustentan
esta variabilidad (es decir, los estudios
ecogeograficos), son un prerrequisito
para que la conservacion in situ y ex situ
sean seguras, eficientes y practicas en
términos de utilizacion del germoplasma.
Los datos obtenidos de este tipo de in-
vestigacion nos dan las bases para maxi-
mizar el muestreo de la diversidad
genética, son utiles para localizar mate-
rial genético significativo, y permiten
establecer la relacion con los parientes
silvestres. La informacion resultante es
esencial para disefiar las areas y estrate-
gias de conservacion in situ y ex situ, asi
como para usarse en el monitoreo futuro
de la evolucion del cultivo (IBPGR,
1985).

Colunga-GarciaMarin y Zizumbo-
Villarreal (1993) discuten el poco cono-
cimiento que se tiene de la variacion



actual y de los procesos de evolucion
bajo la seleccion del hombre, de la may-
oria de las plantas de origen mesoameri-
cano que se encuentran dentro de los
sistemas tradicionales de
aprovechamiento de |os recursos en las
diferentes regiones de México. Estos au-
tores destacan también la importancia
que tiene el estudio etnobotanico de es-
tos aspectos para definir lineas de inves-
tigacion que aporten al desarrollo
sustentable de estos recursos, toda vez
que se ha encontrado que la racionalidad
del aprovechamiento tradicional de los
recursos naturales en mesoamerica esta
basado en la generacién y mantenimiento
de diversidad genética, asi como en el
aprovechamiento integral y sustentable
de los recursos. Para el desarrollo de es-
tas lineas de investigacion, es importante
tener en mente lo senalado por Sarukhan
(1985) en el sentido de que la investiga-
cion etnobotanica debe ser una tarea que
cubra todo el conocimiento acerca de las
especies vegetales, desde los aspectos
étnicos hasta la evaluacion genética vy
horticola de los materiales.

El origen y evolucidon de las plan-
tas por medio de |a seleccidn del hombre,
se encuentran enmarcados dentro de uno
de los aspectos centrales de la vincu-
lacién sociedad-naturaleza: el proceso
productivo mediante el cual el hombre se
apropia de los recursos vegetales con el
fin de satisfacer sus necesidades. Este
proceso productivo puede analizarse,
desde el punto de vista etnobotanico, a
través de dos hilos conductores que con-
stituyen dos procesos integrados: 1) las
modificaciones que el hombre hace al
medio en que crecen las plantas y en sus
patrones de dispersion, con el fin de ob-
tener los productos que le interesan, y 2)
las modificaciones que el hombre
propicia en las plantas que selecciona a

través de su propagacion diferencial, y
que llevan a una adecuacién cada vez
mayor de estas plantas a sus objetivos.

Las modificaciones al medio
pueden ser de baja o alta intensidad,
pasando por todo un gradiente que va de
uno a otro extremo. Pueden ir desde la
simple extraccion de los elementos que le
interesan al hombre, hasta las diferentes
intensidades de cultivo o "manejo
agricola" que pueden encontrarse, en-
tendiendo por cultivo a cualquier cuidado
0 manipulacién de las poblaciones vege-
tales y/o su ambiente, orientadas a la
produccion de satisfactores antro-
pocéntricos. Estas diferentes intensi-
dades pueden ir desde |la manipulacion
del ecosistema natural sin cambio
drastico del indice de diversidad, sino por
la alteracién de componentes selectivos
a través de la tolerancia o fomento de
ciertas poblaciones o especies deseadas,
hasta la sustitucion del ecosistema natu-
ral  por uno artificial altamente
especializado.

En general estas modificaciones al
medio o "practicas de manejo", o "practi-
cas de cultivo"- desde las incipientes
hasta las altamente tecnificadas - bus-
can, en mayor o en menor medida, al-
guno o algunos de los siguientes
objetivos: el mejorar las condiciones
mecanicas del suelo, su enriquecimiento,
la disminucién de la competencia, la pro-
teccion contra la depredacion y el com-
bate de plagas y enfermedades, la
optimizacién de la humedad, y la manipu-
laciéon de las condiciones de temperatura
y fotoperiodo mediante la fecha de siem-
bra. El logro de estos objetivos ha per-
mitido que las especies utilizadas se
desarrollen en lugares en donde antes no
lo habian hecho, exponiéndolas a nuevas
presiones de seleccidon natural y permi-
tiendo que obtengan germoplasma



adicional al ponerse en contacto con
otros genotipos relacionados, pro-
duciéndose asi nuevas variantes que
pueden ser seleccionadas (Harlan,
1970). Tenemos entonces que la trascen-
dencia evolutiva de las modificaciones
que el hombre hace al medio radica en
que le permiten ejercer su poder de se-
leccidn sobre variantes que de otra forma
no se habrian dado ni habrian podido
sobrevivir, y en que una vez seleccio-
nadas éstas, le da la posibilidad de
preservarlas.

Asi tenemos que niveles mas in-
tensos de manipulaciéon del medio y de
los patrones de dispersion de las plantas,
permiten a su vez la seleccién de pobla-
ciones vegetales cada vez mas disimiles
de sus poblaciones ancestrales, aunque
esta diferenciacion signifique una pérdida
de su adecuacion a las condiciones natu-
rales. Encontramos por lo tanto, dentro
de las poblaciones bajo seleccion del
hombre, todo un gradiente de estadios
evolutivos, desde las formas idénticas a
las poblaciones silvestres, hasta las for-
mas totalmente domesticadas. Sin em-
bargo, como senald Darwin (1859)
algunas especies, por sus mismas carac-
teristicas, " resistiran la domesticacion y
el cultivo variando muy ligeramente,
quizds apenas mas que en estado
natural".

En términos de la teoria evolutiva,
la "evolucion por medio de la seleccidon
del hombre" es el proceso de cambio de
la frecuencia génica de las poblaciones
cultivadas. De forma analoga a la evolu-
cion de las especies por seleccidon natu-
ral, los factores que le dan su dinamica
son la produccién de variabilidad gene-
tica y la seleccion de ésta, a través de su
expresion fenotipica, dentro del contexto
de un medio cambiante (Schwanitz, 1966;
Dobzhansky, 1975 ).

La particularidad del proceso de
origen y evolucion de las especies bajo la
seleccion del hombre, en relacion a la
evolucion por seleccion natural, es pre-
cisamente el contexto en que se produce
la variabilidad y la seleccion: la relacion
dindamica  hombre-planta, la cual
determina:

1. Que la produccién de variabili-
dad esté influida fuertemente por las
modificaciones que el hombre hace al
medio en que se desarrollan las plantas y
en sus patrones de dispersion.

2. Que las presiones de seleccion
que se ejercen sobre la variacién, sean,
fundamentalmente, las presiones selecti-
vas del hombre, de tal forma que su ori-
entacion, intensidad y racionalidad, estén
determinadas por diversos factores
econdmicos, tecnolégicos y culturales.

3. Que las presiones de seleccion
natural, a las cuales también estan su-
jetas estas plantas, ocurran en el seno de
un ambiente modificado por el hombre.

Tenemos por tanto que para com-
prender la dinamica de la evolucion por
medio de la seleccion del hombre es ne-
cesario analizar el contexto de la relacion
hombre-planta en que se produce el
fendmeno, y como este contexto influye
en la produccion de variabilidad y en la
seleccion de la variacion (Hernandez-
Xolocotzi, 1970). Colunga-GarciaMarin
(1984) y Colunga-GarciaMarin vy
Zizumbo-Villarreal (1993), discuten am-
pliamente la influencia de este contexto
en los diversos aspectos implicados en el
proceso de evolucién bajo la seleccion
del hombre, asi como la aportacion origi-
nal de Darwin (1859) al entendimiento de
esta influencia y al papel de las carac-
teristicas biolégicas de las poblaciones
seleccionadas en su proceso evolutivo.
Estos autores senalan que los aspectos
del proceso de apropiaciéon humana de



un recurso vegetal, que tienen un im-
pacto fundamental en su evolucidn
biolégica, son: a) la manipulacién que el
hombre hace al medio en que crecen las
plantas ya sus patrones de dispersion, b)
la importancia econémica y cultural que
tiene para la sociedad que se lo apropia,
c) los procesos de transformacién y con-
sumo de los que es objeto, y d) el destino
de los productos obtenidos de él.

Una planta domesticada segun
Harlan (1975), es aquella que "ha sido al-
terada geneticamente de su estado sil-
vestre y ha llegado a estar en el mismo
ambito que el hombre. Puesto que la do-
mesticacion es un proceso evolutivo, se
encontraran todos los grados de asocia-
cién animal o vegetal con 2! hornbre, y un
rango de diferenciacion moerfolégica que
va, desde las formas idénticas a las
razas silvestres, a las razas totalmente
domesticadas. Una planta o animal total-
mente domesticade es completamente
dependiente del hombre para sobrevivir,
Por lo tanto, la domesticacion implica un
cambio en la adaptacién ecoldgica, y
ésta usualmente se encuentra asociada a
la diferenciacion morfologica".

Es importante recalcar que el
proceso de evolucién por medio de la se-
leccién del hombre no culmina con su do-
mesticacion, como senalé Darwin (1859)
"no se ha registrado un solo caso de un
organismo variable que haya cesado de
variar sometido a cultivo. Las plantas cul-
tivadas mas antiguas, tales como el trigo,
producen todavia nuevas variedades, los
animales domésticos mas antiguos son
capaces de modificacion y perfec-
cionamiento rapidos".

Las tendencias evolutivas ocurri-
das en el proceso de evolucién de una
especie por medio de la selccion del
hombre, pueden entenderse a través del
estudio actual de su diferenciacion
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morfolégica, fisiolégica y ecoldgica con
respecto al ancestro silvestre. Para el en-
tendimiento de sus relaciones filogenéti-
cas, sin embargo, requerimos del analisis
de caracteristicas lo mas cercanas posi-
ble al ADN.

De acuerdo con Doebley (1989), el
valor mas significativo del analisis isoen-
zimatico en desentranar la evolucion de
las plantas manejadas por el hombre es
que las isoenzimas no se encuentran
bajo seleccion humana directa, y por lo
tanto nos dan una medida de la relacion
entre estas poblaciones y sus parientes
silvestres que no ha sido severamente al-
terada por el proceso de seleccion hu-
mana. Las isoenzimas proporcionan una
medida de esta relacion que es inde-
peridiente de la morfologia. Esto es
critico porque en particular las especies
domesticadas tienen desviaciones tipica-
mente tan grandes de sus parientes sil-
vestres, que la morfologia puede ser una
medida incierta de la afinidad evolutiva.
Debido a que la domesticacion es un
evento relativamente reciente (los ultimos
10,000 anos), se espera que las plantas
domesticads muestren poca diferencia-
cion genética de sus progenitores. Esto
es verdad a pesar de las diferencias a
menudo tan grandes en la morfologia
gruesa entre el domesticado y su pro-
genitor, debido a que la seleccion artifi-
cial es posible que este actuando
fundamentalmente solo en un pequefio
conjunto de genes que en algunas espe-
cies se ha encontrado que controlan las
caracteristicas morfolégicas de interés
antropocéntrico, dejando la mayor parte
del genoma restante a un ritmo de evolu-
cién mucho mas lento (Doebley, 1992).

Con un analisis isoenzimatico se
pueden probar facilmente dos expectati-
vas que se cumpliran generalmente si la
forma silvestre en cuestidn es ancestral



al domesticado: 1) el domesticado cae
dentro del rango de variacion de su su-
puesto progenitor, y 2) el cultivo posee
un subconjunto de la diversidad alélica
encontrada dentro de su progenitor (Doe-
bley, 1989).

Otra area en la que el andlisis
isoenzimatico ha hecho una contribucién
importante se relaciona con el grado de
flujo genético reciproco entre las plantas
manejadas por el hombre y sus parientes
silvestres. Los estudios isoenzimaticos
han proporcionado evidencias de que ex-
iste introgresion entre estas poblaciones
y sus parientes silvestres (Doebley,
1992).

El asunto de si cuellos de botella
durante el proceso de evolucién bajo la
seleccion del hombre, han ocasionado
una reduccion en la variacion genética de
los cultivos, puede ser abordado también
con datos isoenzimaticos. Estos datos
han dado fuerte evidencia de que las es-
pecies domesticads han reducido sus
niveles de variacion en comparacién con
sus progenitores probables (Brown,
1978; Ellstrand y Marshall, 1985; Doe-
bley, 1989). Esta reduccion puede ser el
legado del proceso de domesticacion de-
bido al efecto del fundador, ya que sélo
una pequena parte del pool genético sil-
vestre es llevado a cultivo (Ladizinsky,
1985). Parece una suposicion razonable
el asumir que los primeros agricultores
experimentaron unicamente con una pe-
quena fraccion de la variacion presente
dentro de las especies progenitoras de
las plantas domesticadas. Por esta
razén, es de esperarse una pérdida sig-
nificativa de la variacion genética
después de 5 o 10 milenios desde que se
inicio el proceso de evolucién bajo la se-
leccion del hombre de la mayoria de las
plantas que se encuentran domesticadas
hoy en dia.

Sin embargo, en el seno de los
sistemas tradicionales de
aprovechamiento de los recursos vege-
tales, encontramos una racionalidad pro-
ductiva que busca generar cultivos
altamente diversos y con amplia base
genética. En relacion con esta racionali-
dad se propician de forma consciente la
introgresion con los parientes silvestres,
el entrecruzamiento entre las diferentes
razas locales, y la introduccion de vari-
antes de regiones geograficas distantes
(Bye, 1993; Colunga-GarciaMarin vy
Zizumbo-Villarreal, 1993), balancean-
dose probablemente de este modo la es-
perada pérdida de variacion genética.
Para algunas especies, se han encon-
trado niveles equivalentes de diversidad
entre el cultivo y su progenitor (Holwerda
et al., 1986; Gepts y Clegg, 1989; Keim et
al., 1989; Escalante et al., 1994).

Finalmente, tenemos que los estu-
dios isoenzimaticos también proveen de
indicaciones preliminares de que la varia-
cién genética puede estar distribuida de
forma diferente en las plantas domestica-
das que en sus parientes siivestres. Gen-
eralmente existe menos variacion dentro
de las razas domesticadas y relativa-
mente mas variacion entre estas cate-
gorias, mientras que en las poblaciones
de sus progenitores silvestres suele ser
al revés (Doebley, 1989). Estos resulta-
dos se deben a que la seleccién humana
esta dirigida a obtener variantes que se
distingan claramente unas de otras, y
que esten adaptadas a diferentes
requerimentos humanos y agroecologi-
cos, mientras que en las poblaciones sil-
vestres la seleccion natural generalmente
mantiene altos niveles de variacion gene-
tica dentro de las poblaciones, en com-
paraciéon con la variaciéon entre
poblaciones.



ANTECEDENTES

La Peninsula de Yucatan es
asiento de una de las subareas culturales
mas importantes de Mesoamérica. De-
bido a sus particularidades ecoldgicas,
principalmente de tipo edafico, en ella se
desarrollaron razas y variedades es-
pecificas de las principales especies cul-
tivadas en Mesoamérica, como son el
maiz, los frijoles, las calabazas y los
chiles. Ahi fueron domesticadas plantas
de importancia mundial como el hene-
quén y el cacao, y de gran valor potencial
como la chaya. Actualmente es una de
las areas mesoamericanas con mayor
continuidad cultural  mayor persistencia
de agricultura tradic onal, en el seno de
la cual puede encontrarse una gran var-
iedad de especies cultivadas tanto de ori-
gen americano Ccomo no-americano
(Colunga-GarciaMarin y May-Pat, 1992).

El henequén, Agave fourcroydes
Lem., es una especie cultivada conocida
mundialmente por su fibra. Al parecer fue
domesticada por los mayas desde tiem-
pos prehispanicos (de Landa, 1978), a
partir de la especie silvestre A. angustifo-
lia Haw. (Engelmann, 1875), la cual pre-
senta dentro de la Peninsula de Yucatan,
un rango de variacién morfoldégica aso-
ciado a su distribucior geografica (Orel-
lana et al., 1985). A. angustifolia, es la
especie de este género con la dis-
tribucion mas amplia. Se le encuentra
desde Sonora a Costa Rica por la costa
del océano Pacifico y desde ahi a
Tamaulipas por la costa del Atlantico, en
alturas que van desde el nivel del mar
hasta los 1,500 m. A lo largo de su dis-
tribucion pueden encontrarse tanto
poblaciones silvestres como cultivadas,
usadas principalmente por su fibra, como
alimento y para la elaboracion de be-
bidas alcohdlicas (Gentry, 1982).

Durante el periodo prehispanico,
la produccion de henequén fue al parecer
muy importante en la Peninsula de Yu-
catan, y no sélo a nivel de autoconsumo.
Aparentemente existia una produccién
destinada a la elaboracion de implemen-
tos para actividades sociales de gran es-
cala, como la navegacién, la construccion
de obras monumentales y el comercio. In-
cluso, fue posiblemente un producto de
exportacién a otros pueblos mesoameri-
canos (Ruz, 1981).

La produccién de henequén siguid
siendo importante como fuente de fibra .
dura durante el periodo de colonizacion
espanola, principalmente para uso en ca-
bles de navegacion. Su mercado interna-
cional se fue ampliando paulatinamente
hasta que en la segunda mitad del siglo
XX se inicidé una gran demanda de hene-
guén por parte del sector agricola de los
EUA para la elaboracién de hilo de en-
gavillar. Esta gran demanda transformo el
campo yucateco en grandes plantaciones
de henequén y lo convirti6 de 1870 a
1901, en el unico abastecedor mundial
de fibra dura natural (Hasson, 1984).
Para ese entonces el henequén era el
segundo producto de exportacion del
pais después de la plata, y el estado de
Yucatan el mas rico de 'a Republica.

Posteriormente, la competencia en
el mercado mundial con la fibra de sisal
(A. sisalana Perrine, especie extraida en
1836 de Meéxico y cultivada exitosamente
en las colonias inglesas de Africa y en
Brasil), el inicio de la producciéon de fi-
bras sintéticas y problemas politico-
econdmicos en los ejidos henequeneros
establecidos después de la Revolucion
Mexicana, llevaron a un gran retroceso
del cultivo (Garcia y de Sicilia, 1984). Ac-
tualmente sus areas de produccion se
ven cada vez mas reducidas.



El replanteamiento de la economia
mundial a favor de |la conservacion de los
recursos biodticos y su diversidad gené-
tica, asi como a favor de la disminucién
de la contaminacién por plasticos y otros
productos daninos al hombre y al ambi-
ente, precisa de la caracterizacion y con-
servacion de los recursos genéticos
disponibles actualmente a nivel mundial
para hacer de ellos un uso racional. El
henequén sigue siendo una de las fibras
largas duras naturales de mayor calidad
e importancia mundial, ademas de ser un
cultivo altamente productivo en areas
ecoldgicas limitantes por la escasez de
agua y suelo. Tiene ademas alto poten-
cial de uso como fuente de productos
naturales, como esteroides y detergentes
a partir de sus sapogeninas (Cruz et al.
1985), celulosa quimica a partir de su fi-
bra (Cazaurang et al. 1990) y posible-
mente principios activos para la industria
farmacéutica y la industria agropecuaria
(Shoeb et al., 1987; Reddy y Reddy,
1987; Dharmshaktu et al., 1987; Shakiu y
Menon, 1983). Estas caracteristicas
hacen del henequén un cuitivo de alta
prioridad no sélo regional y nacional, sino
también internacional. '

La Peninsula de Yucatan es su
centro de origen y diversidad. Fuera de
ella, so6lo en algunas regiones de
Tamaulipas y Cuba ha sido exitosamente
cultivado, a partir de germoplasma yu-
cateco. Su presunto ancestro silvestre A.
angustifolia Haw., ha probado ser util
como material parental en la produccion
del Hibrido 11648, el cual es hasta ahora
el unico hibrido comercial existente. Este
hibrido se cultiva ampliamente en Africa,
pero en Yucatan no ha podido ser intro-
ducido debido a su susceptibilidad al
hongo Phytophtora.

Desde el punto de vista tedrico y
metodolégico, henequén es un sistema

que nos brinda la oportunidad de trabajar
los siguientes aspectos: 1) la diversifica-
cién y evolucion de una especie en su
centro mismo de origen y diversidad, con
la circunstancia especial de que su area
de dispersion ha permanecido restringida
practicamente a la original, 2) estudiar
los problemas de diversificacion y evolu-
cién de un cultivo llevado de un sistema
agricola tradicional, a un sistema agricola
de plantacion comercial, y del cual,
ademas, aun existen poblaciones abun-
dantes del probable ancestro silvestre, 3)
estudiar el origen, variacion y tendencias
evolutivas de una especie perenne, sobre
las cuales existen escazos estudios (ver
Colunga-GarciaMarin, 1984; Casas,
1992).

OBJETIVOS GENERALES

1. Aportar evidencias en torno al
origen y evolucién del henequén bajo el
proceso de seleccion del hombre.

2. Caracterizar la diversidad del
germoplasma disponible de este cultivo y
de las poblaciones silvestres de las que
pudo originarse.

3. Aportar informacién basica para
una estrategia de conservacion y
aprovechamiento integral del germo-
plasma silvestre y cultivado.

HIPOTESIS

1. Existe en la Peninsula de Yu-
catan una diferenciacién a nivel de eco-
tipos, de las poblaciones actuales del
supuesto ancestro silvestre A.
angustifolia.

2. Las variantes de henequén pre-
sentes hoy en dia, representan diferentes
grados de diferenciacion genética del
silvestre.



3. Las diferencias morfolégicas y
geneticas entre las variedades de hene-
queén cultivadas hoy en dia, y las pobla-
ciones actuales de su ancestro silvestre,
estan asociadas con las caracteristicas
de uso y manejo del que han sido objeto.

METODOLOGIA

Con el fin de cumplir con los ob-
jetivos planteados, y aportar evidencias
para discutir las hipétesis, se siguidé una
metodologia que en términos generales
abarcé la recopilacion de tres tipos de
evidencia: la etnobotanica, la morfoldgica
y la isoenzimatica (como un estimador de
la variacion genética). La metodologia
seguida para recopilar cada uno de estos
tres tipos de evidencia, se describe con
detalle en cada uno de los capitulos de la
tesis. A continuacion se presentan las
preguntas que guiaron la metodologia en
cada una de estas partes.

| EVIDENCIA ETNOBOTANICA (Capitu-
los 2y 3).

i) Variacion, uso y manejo agricola: ante-
cedentes historicos y situacion actual.

-¢,Cuadl es la historia de uso y cultivo del
henequén en la Peninsula de Yucatan?.
-¢,Cual ha sido la diversidad manejada®.
-¢,Cuales han sido las presiones de se-
leccién ejercidas sobre el henequén?.
-¢,Cuéles son los méviles que ha tenido
el hombre para ejercerlas, en relacion a
sus procesos de transformacion y uso, a
su manejo agricola y comercializacion?.
-¢ Cual ha sido la intensidad de las practi-
cas de manejo agricola y seleccion de
este recurso?.

-¢,Cuales son los métodos de manejo
agronémico de que se dispone y cual es

su posible influencia en la produccion de
variabilidad genética?.

-¢,Cuales han sido los procedimientos de
seleccion usados y su posible reper-
cusion en la evolucién del cultivo?.

- ¢Cuél ha sido la relacién que ha man-
tenido el hombre con el supuesto an-
cestro silvestre?.

- ¢(De qué forma las condiciones socio-
econémicas y culturales de la regiéon en
que se da el aprovechamiento del re-
curso, han influido en la atencion que se
le presta y en los moviles y presiones de
selecciéon?.

Il EVIDENCIA MORFOLOGICA (Capitu-
los4y5).

i) Variacién morfolégica bajo condiciones
naturales de crecimiento.

- ¢Cual es actualmente la variacion mor-
folégica de henequén y su supuesto an-
cestro silvestre?.
- ¢ Existen discontinuidades significativas
entre el patron de variacién morfolégica
de ambas?.
- ¢Cuales son las diferencias morfoldgi-
cas mas importantes entre ellas?.
- ¢ Qué tendencias morfologicas relacio-
nadas a domesticacion pueden encon-
arse en henequeén?.
Cual es la relacion entre estas diferen-
cias y tendencias, y la historia de uso y
cultivo del henequén en la Peninsula?.

ii) Variacion morfologica bajo condiciones
homogéneas de crecimiento.

- ¢Las preguntas anteriores, tienen la
misma respuesta analizando el patréon de
variacion morfolégica bajo condiciones
homogéneas de crecimiento?.

- ¢, Cuales son las diferencias en el pa-
trén de variacion morfolégica que pueden



encontrarse entre estos dos tipos de
condiciones de crecimiento?.

- ¢A qué factores pueden estar aso-
ciadas estas diferencias?.

1] EVIDENCIA ISOENZIMATICA
(Capitulo 6).

i) Variacién y relaciones filogenéticas.

-¢Cuéles son los niveles actuales de
variacion genética del henequén y su su-
puesto ancestro silvestre?.

- ¢ Cuales son las relaciones filogenéticas
del germoplasma de henequén aun dis-
ponible en la Peninsula de Yucatan y las
poblaciones de A. angustifolia que crecen
en ella?.

- ¢,Cual es la relaciéon entre los resultados
obtenidos con la evidencia isoenzimatica
y la evidencia morfolégica?.

-¢,Cuales son los cambios genéticos que
sufri6 el henequén en el proceso de
evolucion bajo seleccion del hombre?.
-¢,Cual es la relacién entre estos cambios
y su historia de uso y cultivo en la
Peninsula?.
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CAPITULO 2

ESTUDIOS SOBRE EL GENERO Agave EN YUCATAN, MEXICO |. PASADO Y
PRESENTE DE SUS USOS Y DIVERSIDAD DEL GERMOPLASMA.



AGAVE STUDIES IN YUCATAN, MEXICO. I. PAST AND
PRESENT GERMPLASM DIVERSITY AND USES!

PATRICIA COLUNGA-GARCIAMARIN AND FILOGONIO MAY-PAT

Colunga-GarciaMarin, Patricia and Filogonio May-Pat (Centro de Investigacion Cientifica de
Yucatan, A.C. Apartado Postal 87, Cordemex. Merida, Yucatan. 97301 Mexico). AGAVE STUDIES
IN YUCATAN, MEXI1CO0. 1. PAST AND PRESENT GERMPLASM DIVERSITY AND USES. Economic Botany
47(3):312-327. 1993. Henegquén (Agave fourcroydes) is believed to have been domesticated
by the Maya from Agave angustifolia and has been of great economical and cultural relevance
in the Mexican State of Yucatan since pre-Hispanic times. Although at the beginning of this
century, the recorded diversity included eight cultivated variants, our ethnobotanical exploration
reveals only three, one of them in very small populations. Three wild variants with different fiber
quality and possibly three ecotypes were found in our study. The documented use of agaves in
the Peninsula of Yucatan is as a source of fiber. However, ethnobotanical exploration revealed
that wild and cultivated variants have over 40 traditional uses. Medicinal use is the most diverse,
followed by its use in construction, as utensils, and for textiles. The most frequent uses are as
fiber, fuel, construction material, and medicine. One of the most interesting uses of these species
is as food; this may have been important in the domestication of the plant.

Estudios sobre Agave en Yucatan, Mexico. I. Usos y diversidad pasada y presente de su
germoplasma. Presumiblemente domesticado por los mayas a partir de Agave angustifolia Haw.,
el henequén (Agave fourcroydes Lem.) ha mantenido gran relevancia economica y cultural en
el estado mexicano de Yucatan. De acuerdo a la exploracion etnobotanica realizada, la diversidad
registrada a principios de siglo, de ocho variantes cultivadas, ha sido reducida a tres, una de ellas
en poblaciones muy pequenas. Para la especie silvestre, la exploracion revelo tres variantes
distintas en calidad de fibra y tres posibles ecotipos. Su uso pasado y presente mas documentado
es el de fibra. Sin embargo, la exploracion etnobotanica indico que actualmente tanto las variantes
cultivadas como las silvestres, reciben mas que 40 formas de uso tradicional. El uso mas diverso
es el medicinal, seguido de los de construccion, utensilio y textil. Sus usos mas frecuentes son
los de fibra, combustible, construccion y finalmente del medicinal. Uno de sus usos mas intere-
santes es el alimenticio, ya que este pudo haber tenido importancia en fases historicamente
incipientes de su evolucion bajo seleccion del hombre.

Key Words: germplasm; 4gave; fiber; henequén; sisal; ethnobotany; Agavaceae.

Historically, the genus Agave has been of great
economic and social importance for the people
of Middle America and Arid America. The genus
ranges throughout the Southwest of the United
States, Mexico, Central America and the Antilles
and, according to Gentry (1982), includes 136
species. Middle America, where it has been used
by humans as a source of food, drink and fiber
for at least 9000 years (Callen 1965), is the center
of its greatest diversity in use and cultivation.

Henequén (Agave fourcroydes), is a cultivated
species known worldwide for its fiber. It was ap-
parently domesticated from the wild species, A.

' Received 22 September 1992; accepted 5 May 1993.
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angustifolia, (Engelmann 1875) by the Maya of
the Peninsula of Yucatan during pre-Hispanic
times (de Landa 1978). In this area, henequén is
still of great economic and cultural importance.
Outside of the Peninsula, only in Cuba and in
the Mexican state of Tamaulipas, could hene-
quén cultivation be described as an important
crop. Its first cultivation in these areas was based
on Yucatan germplasm.

During the pre-Hispanic period, henequén
production was important, not only for family
consumption but for use in navigation, the build-
ing of monuments, and commerce. It may have
been exported to other Middle American groups
(Ruz 1981).

© 1993, by The New York Botanical Garden, Bronx, NY 10458 U.S.A.
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During the colonial period the importance of
henequén persisted as a source of hard fiber used
primarily for navigation ropes. The international
market for henequén gradually expanded, and
during the late nineteenth Century there was such
a great demand for henequén that its cultivation
transformed the fields of Yucatan into great plan-
tations of henequén. This great demand was fa-
vored by the invention in 1895 of a fiber-ex-
tracting machine for rasping and cleaning
henequén and later by the invention of the grain
harvesting combine. In 1880, binder twine was
adapted to this machine for the harvest of wheat
(Garcia-Quintanilla 1985; Peniche-Rivero 1985).
The State of Yucatan was the first area in the
world to dramatically increase the production
and exploitation of hard fibers, and it was the
only world supplier from 1870 to 1901 (Hasson
1984).

By the end of this period, the international
market was dominated by sisal, the fiber of Agave
sisalana. This species was originally cultivated
in the State of Yucatan, although to a consid-
erably lesser extent than henequén, because of
its poor adaptation to the limitations of the
agroecology of Northern Yucatan: m:zin!y its ex-
tremely rocky soils and low annal rainfail (50C-
1000 mm). In 1836, sis2l was take= from the
port of Sisal, Yucatan, via Florida, U.S.A., to be
cultivated in the United States of America and
the English colonies in Africa, and later to Brazil
where it currently has very low produciion costs.
The fiber obtained from both species, A. sisalana
and A. fourcroydes, is known as sisal hemp in
English. In Spanish, they are distinguished as
sisal and heneguén (a word of Caribbean origin).
In Mayan they are referred to as yaax ki (greenish
henequén) and sacki (whitish henequén). At the
beginning of the 1970s, the production of syn-
thetic fibers decreased the market for all natural
fibers. Because of'its high production costs, hene-
quén has been losing in competition with syn-
thetics and other natural fibers. Although during
an early period, henequén from Yucatan domi-
nated the world market, by 1980 it represented
only 11% of the world production of natural hard
fibers, and was fourth in importance after A. sisa-
lana (49.5%), Musa textilis Nee (abaca) (16.7%),
and Cocos nucifera L. (coir) (15.9%) (Garcia and
de Sicilia 1984). Given this international situa-
tion, the State of Yucatan has had to adjust its
henequén production policies. In 1982, hene-
quén production represented 30% of Yucatan’s
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agricultural production, and 30% of the econom-
ically active population worked in henequén pro-
duction. Accordingly, the decline of henequén
production has a strong economic and social im-
pact on this State.

Given this situation, policies of the State of
Yucatan with respect to henequén have focused
mainly on: (1) reducing the production area; (2)
reducing production costs, and (3) searching for
new uses with high added value. In order to re-
duce production costs, an attempt has been made
to improve cultivation systems with new tech-
niques, to limit cultivation to agro-ecological ar-
eas with maximum productivity, and to geneti-
cally improve the crops.

In order to find new alternative uses, several
avenues have been explored, including the use
of: leaf juice to obtain steroid precursors; long
and short fibers to obtain chemical cellulose ma-
terials; and pulp waste from fiber extraction to
improve the quality of soil, and for cattle feed.

Henequén is a high quality natural hard fiber,
it is well adapted to the extremely rocky soils
and low annual rainfall of northern Yucatan, and
grows with little care. These factors as well as the
necessity to increase its productivity and to di-
versify its use, lend importance to the study of
i{s germiplesca diversity and traditional uses and
that of its putative wild ancestor in the Peninsula
of Yucaian, its center of origin and diversity.
This paper presents the results of an ethnobo-
tanical exploration of the germplasm diversity
of both cultivated and wild agaves in the State
of Yucatan, and the documentation of their tra-
ditional uses and cultivation.

METHODS

The ethnobotanical investigation was based on
the methods proposed by Hernandez-Xolocotzi
(1970). Ethnohistorical sources and related works
were reviewed for historical background, as were
historic agronomical and statistical works. Tax-
onomic works of the genus Agave were also re-
viewed, the Gray and Kew Indices, the Mexican
herbaria MEXU (National Herbarium, Univer-
sidad Nacional Autonoma de Mexico); XAL
(Instituto de Ecologia Herbarium) and CICY
(Centro de Investigacion Cientifica de Yucatan
Herbarium) as well as the local germplasm col-
lections.

Thirty-two localities distributed throughout the
henequén producing zone and including other
areas where agaves are used for household con-
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sumption or for arts and crafts, were studied be-
tween 1985 and 1987 (Fig. 1). These localities
were visited repeatedly, and the gjidatarios (those
peasants in charge of ejidos—communal agricul-
tural lands), small private henequén producers,
artisans, midwives, and other peasants were in-
terviewed, both in their homes and on their plan-
tations. Approximately 300 botanical specimens
were collected in these localities and along the
coast between Sisal and Dzilam de Bravo, where
wild agave populations may also be found. Part
of this material has been deposited in the CICY
and XAL herbaria; the living specimens are grown
under uniform conditions in the Regional Bo-
tanical Garden of the Centro de Investigacion
Cientifica de Yucatan (CICY).

RESULTS

THE EcoNOMIC VARIANTS: HISTORY,
DISTRIBUTION AND CULTIVATION

Direct archaeological evidence of the di-
versity of agaves used in the Peninsula of
Yucatan during the pre-Hispanic period is
not available. Most of the pre-Hispanic co-
dices were burnt by Fray Diego de Landa,
bishop of Yucatan from 1572 to 1579. The
Dresden, Tro-Cortesian and Perez Codices
are extant, but they provide no relevant in-
formation on this matter (Lee 1985).

The Colonial Period

In common with most of the plants cultivated
in the Peninsula of Yucatan, no sources provid-
ing direct evidence of diversity and use are found
until the sixteenth century in Fray Diego de Lan-
da writing in 1566 (de Landa 1978), the Histor-
ical-Geographical Relations of the Government
of Yucatan written from 1579 to 1581 (de la
Garza et al. 1983), and the colonial dictionaries
of'the Yucatecan-Mayan language (Alvarez 1980).
Transliteration of Mayan terms varies in the dif-
ferent sources.

De Landa’s 1566 reference on henequén or ki,
cultivated agave, only mentions that it was cul-
tivated in house-gardens, and was of much better
quality than the wild species (de Landa 1978).
The Relations of Yucatan (1579-1581) refers to
the uses of agave but mentions nothing of the
variants that may have existed (de la Garza et
al. 1983). However, the colonial dictionaries
mention ¢i or henequén and yaaxci, greenish
henequén, according to Alvarez (1980), who pro-
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vides evidence for the existence of at least two
variants during this period: sac ki or whitish he-
nequén and yaax ki (greenish henequén). These
two are now the most abundant. It is possible
that sac ki or whitish henequén is referred to only
as ci in the dictionaries because it was the most
abundant variant and that commonly known as
henequén. However, it was probably necessary
to add the adjective yaax or greenish to the other
variant to make clear the difference with the more
common, ¢i. Nevertheless, because these sources
provide no further description of the plants, we
cannot rule out the possibility that yaxci was
used to refer to A. sisalana, a species which re-
ceives the same name in Mayan.

The Post-Colonial Period

From 1814 to 1914 henequén was cultivated
in plantations for export. It was not until then
that statistical and agronomic manuals made de-
tailed descriptions of the variants of cultivated
agaves. These manuals describe the cultivation
of the wild species or chelem, and of seven vari-
ants: yaax’ki, sac ki, chucum ki, bab ki, kitam
ki, xtuk ki and xix ki. The descriptions of these
variants distinguish among them in terms of their
morphologic features, environmental adapta-
tions, and (Table 1) characteristics of their fiber.
However, the descriptions of different authors
are not fully in accord, and in certain cases are
contradictory (Barba 1895-1896; Bolio 1914; de
Echanove 1814; Espinosa 1860; Regil and Péon
1853). Although archaeological evidence is lack-
ing it may be assumed that a least these seven
variants were worked and developed by the Ma-
yans before the arrival of the Spaniards. Certain
variants may have disappeared or were not men-
tioned: xtuk ki, is mentioned only by Barba
(1895-1896) who states that in his time it was
scarcely known. In 1914, Bolio says that the vari-
ants mentioned were present in almost all plan-
tations, and that none of these grew only one
type. The work of Espinosa (1860) contains the
most detailed description of the distribution of
the variants during that period: chelem was a
wild variant which grew abundantly on coast
lands, where its experimental cultivation was ini-
tiated. Yaxqui was cultivated in fertile rock-free
lands, such as those used for sugar cane in the
eastern Yucatan. This variant was used mainly
for making hammocks. Sacqui was grown on
rocky lands and on coastal sand lands. It was the
variant cultivated in the greatest quantities for
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export. Chucumgqui was grown on the same type
of land and it is considered by him to be similar
to sacqui. The only difference mentioned is that
the fiber of chucumgqui was thicker and less Hex-
ible. Espinosa mentions that babgui produced
twice as many leaves, but these were thinner and
produced less fiber than sacqui. However, the
filaments were of better quality. Finally, he de-
scribes quitamqui as a variant with short and thin
leaves which produce little filament. Barba (1895~
1896) makes reference to the scientific names of
the variants but does not cite their authors. As
shown in Table 2, the same common name has
been used sometimes for taxonomically distinct
agaves. Barba mentions that E. MacKinney (a
Yucatecan botanist) identified the variants rche-
lem as A. silvestris, vax-ci as A. sisalana, sac-ci
as A. americana, chucum-ci as A. purpurea, bab-
ci as A. angustifolia, and citam-ci as A. minima.

During this same period (from the beginning
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TABLE 1. VARIANTS OF YUCATAN CULTIVATED
AGAVES AND FIBER CHARACTERISTICS IN STATISTI-
CAL AND AGRONOMIC MANUALS 1814-1914,

de Regil
Echa- and Espi- Barba
Mayan nove Pedn nosa 1895- Bolio
name 1814 1853 1860 1896 1914
Chelem X X X! X! X488
Yaax ki X X122 x223 X2 X5.4.2
Sac ki X X221 x3.1.2 x3 x6.2.1
Chucum ki X431 x4 X733
Bab ki X3 X5 X278
Kitam ki X6 X6  x1.62
Xtuk ki x?
Xix ki X8.1.4

1-8 The first number indicates the slenderness of the fiber, the second
refers 10 the quanuty. the third 10 the length. The number. considered
in a progressive scale from | (best) to 8 (worst), represents the relative
value that each author gives to each variant in comparison with the
others.
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TABLE 2. AGAVE VARIANTS REPORTED IN THE PENINSULA OF YUCATAN, AND THEIR MAYAN NAMES

AS TRANSLITERATED BY VARIOUS AUTHORS

Engelmann Barba Trelease Souza-Novelo Gentry
Species 1875 1895-1896 1920 1940 1982
A. angustifolia Haw. Bab-ci Bab-ki i
A. americana L. Sac-ci
A. decipiens Baker *
A. fourcroydes Lem. Sac-ci Sak-ki
A. ixtli Karw. Bab-ci
Chelem
Chucum-ci
Citam-ci
Pita-ci
Xix-ki
Xtuc-ci
A. minima Dutra? Citam-ci Kitam-ki
A. purpurea Souza-Novelo? Chucum-ci Chucum-ki
A. rigida Mill. Chelem Tchelem
A. rigida Mill, var. Sacci
longifolia Engelmann
A. rigida Mill. var. Yaxci
sisalana Engelmann
A. silvestris Dutra? Ch’elem-ki
A. sisalana Perrine Yax-ci Yaxci Ya'ax-ki

A. viridis Souza-Novelo

False Ya'axki

? Author uncertain,
* No vanants reported from Peninsula of Yucatan.

of nineteenth to the beginning of the twentieth
century), American researchers developed a
strong interest in the cultivation and use of he-
nequén in Yucatan because the U.S.A. was the
most important purchaser and there was interest
in cultivating it in their own country.

In 1834 H. Perrine wrote a letter (Perrine 1838)
to the American Secretary of State in which he
describes yashqui and sacqui as two variants of
A. sisalana. He described sacqui as the variant
with most abundant fiber, although of lesser
quality than yashqui. In this letter he also men-
tioned that even though these two were the most
valuable for cultivation, there were other wild
agave variants in the woods and plains of Yu-
catan such as chelem and chulul-qui which de-
served to be taken to Florida. In 1836, H. Perrine
took A. sisalana to Florida. In a document pub-
lished by The U.S. House of Representatives,
Schott (1870) almost literally transcribed Espi-
nosa’s (1860) description of the existing variants
during that period and also widely described dif-
ferent aspects of their cultivation. He did not
provide any identification of them.

In a U.S. Department of Agriculture docu-
ment, Edwards (1924) mentions three variants

of A. fourcroydes which were the principal cul-
tigens. The most abundant was sac-ci, followed
by chucunci and guitan-ci. Other variants culti-
vated were bab-ci, chelen-ci and xix-ci. The tax-
onomic works of the genus Agave also report
infra-specific diversity in the Peninsula, assign-
ing the variants to different taxonomic groups
(Table 2).

Based on the works of Perrine (1838) and on
the works and collections of Schott (1870), En-
gelmann (1875) described A. rigida Mill., and
assigns chelem to this species. He considered sac-
ci as A. rigida var. longifolia Engelmann, and
yaxci as a possible variant of this species: A.
rigida var. sisalana Engelmann. He noted the
other variants cited by Schott (1870), and con-
sidered chelem to be an ancestor of sacci and
vaxci. Trelease (1920) judged A. ixt/i to include
the variants bab-ci, chelem, chucum-ci, citam-ci,
pita-ci, xix-ci and xtuc-ci. He considered sac-ci
or sacqui to be A. fourcrovdes and yaxci or yax-
qui to be A. sisalana. He also reported that the
latter occurs in thorny forms which he calls f
armata, which can be as thorny as A. fourcroydes
and A. ixtli. He further reported A. sisalana as a
Chiapas cultigen and described A. decipiens as a
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plant introduced to Southern Florida, presum-
ably native to Yucatan.

The Yucatecan botanist Souza-Novelo (1940)
provided the most important direct source of
information from the first half of this century.
Thanks to him, we have the most complete bo-
tanical description of six of the eight agave vari-
ants mentioned in the past century, plus another
variant which had not been referred to before.
His works also provide data regarding the im-
portance and agronomic characteristics of the
variants considered. He described the character-
istics of these variants and the species to which
they are assigned as follows:

Bab-ki or A. angustifolia was a cultivated spe-
cies yielding finer fiber than that of sak-ki, as
strong as sak-ki, with a pearl-white color, but
with lower yield.

Sak-ki or A. fourcroydes, was the most exten-
sively cultivated agave in Yucatan, and was the
primary source of henequén fiber. Its principal
use was in the manufacture of binder twine, and
he reports that it produced 25 to 39 kilograms
of fiber per 1000 leaves.

Kitam-ki or A. minima was described as a cul-
tivated plant which could yield twice as much
fiber as sak-ki; the fine fiber is described as very
thin, silky, strong, and white.

Chukum-ki or A. purpurea (Souza-Novelo did
not designate the author) produced fiber yielding
approximately the same as sak-ki, but of poorer
quality, because of its coarse and viscid fiber.
The presence of small reddish spots on its leaves
similar to those of chukum (Pithecellobium al-
bicans Benth.) is characteristic of this variant of
henequén.

Ch'elem-ki or A. silvestris, grew naturally on
the coasts. According to Souza-Novelo it pro-
duced a greater number of fruits than other vari-
ants, and when cultivated, the plant yielded ap-
proximately half as much fiber as sak-ki.
However, by the time his report was written, it
was no longer cultivated.

Ya'ax-ki or A. sisalana originated, according
to Souza-Novelo, in the eastern Yucatan. Its fiber
is described as silkier and more marketable than
that of sak-ki. Souza-Novelo suggested that it
should be cultivated in the rich lands of the state
because, unlike other cultivated agaves, its yield
does not diminish when it is planted in fertile
lands. He also noted that it was considered to be
of little value in Yucatan.

False ya’ax-ki or A. viridis Souza-Novelo is
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described only by Souza-Novelo. He notes that
it is very similar to sak-ki, but the color of its
leaves is greener. Its fiber has the same charac-
teristics as sak-ki, so producers mix them both.
This variant differs from A. sisalana by the teeth,
on the edges of its leaves.

Finally, Gentry (1982) wrote the most recent
review on the genus 4gave. He acknowledges only
two species from the Peninsula of Yucatan: 4.
Jourcroydes and A. angustifolia (this one with 20
synonyms). He lists A. decipiens as a species to
which certain collections from Yucatan belong,
but it is actually known only in the south of
Florida. He considers A. sisalana not a native of
Yucatan, but of Chiapas, because he found no
collections from Yucatan, nor any indication that
it was cultivated there. He does not consider any
of the other cultivated variants described by the
above authors.

Among the herbaria examined, only the CICY
has collections showing variation of cultivated
fiber agaves in the Peninsula, where A4. four-
croydes or sac-ki (Orellana 69), A. minima or
kitam ki (Orellana 99), and A. viridis or yaax ki
(Orellana 52) are recorded. Agave ixtli (Ojeda
13) and A. angustifolia (Orellana 98) are wild
species which are also documented from Yuca-
1an. Agave ixtli is an A. angustifolia synonym in
agreement with Gentry (1982). The live plant:
collections of CORDEMEX S.A. de C.V. and of
the Mochocha Experimental Field of the Center
of Forestry, Agricultural and Cattle Investiga-
tions of Yucatan (CIFAP-YUC) were established
around 1975. The three variants identified in the
herbaria are present in these collections. Nev-
ertheless, the collection records lack botanical
identification and collection data. At CIFAP-
YUC, the samples of yaax-ci are not identified
by their common name.

VARIANTS CURRENTLY USED

Our ethnobotanical exploration reveals the
presence of only four of the eight cultivated agave
variants registered at the beginning of this cen-
tury. A brief description of their morphology and -
productivity is given below. Leaf margins of the
first three are shown in Fig. 2. All herbarium
vouchers cited are deposited in the CICY her-
barium.

Sac-Ki

The most extensively cultivated variant is sac
ki or whitish henequén (Colunga 304). In 1814
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it was considered the most adequate for cordage
because of its high yields of long, thick, and heavy
fiber. For this reason, this variant has dominated
production since the last century. Its only dis-
advantage according to modern producers, is its
low production of suckers, which are important
to establish new plantations. This variant cor-
responds to Gentry’s (1982) A. fourcroydes, as it
has been identified in Orellana collections de-
posited at CICY herbarium and has been cited
by Estrada-Loera (1988). It is mainly distin-
guished by its glaucous sheen.

Yaax Ki

The second most abundant variant is yaax ki
or greenish henequén (Colunga 303). This vari-
ant is very similar to sac-ki, but its leaves are
wider and more succulent, the green color is
darker, and lateral thorns are slightly bigger. both
at the base and along the length of the leaves. Its
fiber is finer. Although yaax ki produces a greater
quantity of waste pulp than fiber in comparison
to sac ki, this feature makes vaax ki more resis-
tant to droughts. This variant corresponds to the
A. viridis described by Souza-Novelo (1940), as
it has been identified in Orellana collections at
CICY and cited by Estrada-Loera (1988). Yaax
ki is different from A. sisalana, also described by
Perrine (1838) with this common name. Agave
sisalana was not found in any plantation or house-

Henequén variants currently cultivated in Yucatan.

garden cultivated for commercial production in
Yucatan, neither was it found as wild popula-
tions.

Kitam Ki

The third most abundant variant has been re-
ferred to as kitam ki or jabali henequén (Colunga
362) in the collections made over the past 20
years. This variant is considerably different from
those previously described: it has a shorter life
cycle, its stem is between one half and a third of
the length of that of yaax ki and sac ki, its leaves
are shorter and narrower, with a glaucous color,
and show a typical reddish-purple color on its
margins. The lateral thorns of leaves are more
abundant, have a hook-like shape and a reddish
color, while the lateral thorns of the other vari-
ants are straight and dark brown. It yields less
fiber, but this fiber is much softer. and it produces
a greater number of suckers. It should be noted
that the farmers who provided information on
this plant did not assign a name to it. although
some of them cultivated it. Those who did not
cultivate this variant mistook it for the wild spe-
cies A. angustifolia. Previous collections of this
plant were designated kitam ki, and were iden-
tified as 4. minima (probably only by association
with the common name). Dutra (1909) was said
by Trelease (1920) to have first described A. min-
ima but according to Estrada-Loera (1988), pro-
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vided no diagnosis. Nevertheless, it may have
been described before Dutra (1909), because Bar-
ba (1895-1896) had recorded this name—with-
out the author. We note, however, that this bi-
nomial is not registered in the Gray Herbarium
Index nor in the Index Kewensis, and we have
been unable to find the original diagnosis. Souza-
Novelo (1940) briefly describes A. minima, and
he considered the author to be Dutra, as did
Trealease (1920). As noted by Estrada-Loera
(1988), Souza-Novelo’s description is not in ac-
cordance with the material we are referring to
here, nor with the botanical material collected
by Orellana and deposited in the CORDEMEX
and CIFAP-YUC collections under thiscommon
name kitam ki. The characteristics of kitam ki
are very different from those of A. fourcroydes
and A. viridis. Estrada-Loera (1988) judges that
it is evident that kiram ki characteristics corre-
spond quite well with Souza-Novelo’s (1940) 4.
purpurea or chucum ki. Because of its reddish
color on the edge of the leaf, we concur, although
the characteristics of its fiber and life cycle are
not in agreement with this description.

Souza-Novelo (1940) does not mention the au-
thor for A. purpurea but in the Gray Herbarium
Index and the Index Kewensis Souza-Novelo is
regarded as the author. As in the case of 4. min-
ima, it seems 10 have been described before, be-
cause Barba (1895-1896) had reported this spe-
cies (without mentioning the author).

Xix Ki

The fourth variant is xix ki (Colunga 305),
also known as chac ki or chucum ki by some
farmers. It is very similar to sac ki. Its most
outstanding feature is the presence of brown spots
on the leaves, which according to these farmers,
are always present regardless of growth condi-
tions. They are said to become apparent during
the first years of the plant’s life, and that they
also affect its fiber, which shows the brown spots
in the area corresponding to the spots on the
surface of the leaf. The information provided by
farmers on what plants belong to this variant was
inconsistent. According to our observations. there
are no clear differences between this variant and
sac ki. Therefore, we consider that it belongs to
A. fourcroydes. The wild species called chelem
by the Maya shows a gradient in morphological
variation, previously reported by Orellana et al.
(1985). This variant includes small forms which
grow on the coastal dunes (Colunga 151), me-
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dium size forms from the tropical subdeciduous
forest (Colunga 206), and larger forms which grow
in the tropical deciduous forest in the south of
the State of Yucatan (Colunga 161).

That these three forms correspond to Gentry’s
(1982) description of A. angustifolia has been
pointed out by Colunga collections at CICY and
Estrada-Loera (1988). The tropical subdeci-
duous and deciduous forest populations are wild
variants valued by the peasants for the fiber they
produce. These plants are appropriate for prod-
ucts that would be in contact with the human
body for a considerable period of time such as
hammocks, mecapales (head bands used to sup-
port backpacks), knapsacks and sandals. The ag-
ronomic manuals from the late nineteenth cen-
tury indicate that the wild species was then
cultivated and. according to some informants,
there was a plantation 25 years ago which pro-
duced fiber for cloth. All current references re-
garding the uses of this plant refer to it as gath-
ered from wild populations. Gathering used to
be organized in groups and took several days. At
the present time gathering is carried out individ-
ually by certain artisans who recognize three var-
iants among the tropical deciduous forest pop-
ulations according to the quality of their fibers:
yellowish chelem (Colunga 289), greenish che-
lem (Colunga 282), and whitish chelem (May
505). The fiber of whitish chelem is most similar
to cultivated agaves, especially to kitam ki. Yel-
lowish chelem is the least useful because its fiber
can be easily broken. Greenish chelem shows
intermediate characteristics.

DISTRIBUTION, ABUNDANCE AND
CULTIVATION

These aspects are in close relationship with the
land where they are cultivated, namely: ejidos,
private property parcels, and house-gardens.
Yaax ki, kitam ki and xix ki can be found in
ejidal lands as a consequence of the lack of con-
trol the ejidatario has on the productive process.
According to the technical regulations outlined
by the bank (BANRURAL) providing credit to
the farmers, the material to be planted should
be selected, and exclusively sac ki. However, the
propagation material is frequently scarce, and
cultivation practices are carried out carelessly.
Therefore, it is not infrequent to find farmers
planting any type of material they can find, oc-
casionally including the wild species (4. angus-
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tifolia). The only variants that are harvested in
ejido lands are sac ki and yaax ki, because the
leaves of kitam ki and chelem, do not fulfill the
requirements established by CORDEMEX, the
state dependant company which was in charge
of processing the fiber until 1990. In contrast,
reproductive materials are carefully selected to
be planted in private property parcels. Sac ki
predominates in these lands, but other variants
may be planted for other reasons: If the parcel
owner is beginning or extending his area of cul-
tivation, he will buy or obtain propagation ma-
terial according to his economic means and may
have to plant material which he knows is not
best for his purposes. Later he will be able to
substitute this material for sac ki. On the other
hand, the parcel owner may be interested in cul-
tivating variants other than sac ki. We have found
parcel owners cultivating yaax ki and kitam ki
because they like the quality of their fiber and
growth characteristics. Finally, the owners of
house-garden plantations are generally weavers
or people who sell the leaves to the weavers.
Because these producers are interested in the dif-
ferent gquality of various fibers, appropriate for
different products, they sometimes plant yaax ki
and kitam ki, but seldom xix ki.

PAsT USES

The use of agaves in the Yucatan Peninsula
during pre-Hispanic times is documented in sev-
eral figures of the Dresden and Tro-Cortesian
Codices, presumably done in the thirteenth and
fifteenth centuries respectively (Lee 1985). In a
review of the relationship between the Maya and
henequén, Irigoyen (1950) reproduced some of
these figures. They show several human figures,
fishing, hunting,. or carrying bags, using cordage
or nets which the author asserts were made from
agave fibers. In addition, this book has a repro-
duction of an illustration of the “god F,” from
the Tro-Cortesian Codex, where the god is hold-
ing in his hand what is probably a bundle of agave
fibers.

Physical evidence of these uses is cited by
Thompson ([1899] in Gentry 1982), and Ca-
mara-Zavala (1977). Thompson examined many
broken figures of pre-Hispanic origin made of
stucco, concluding that the molds had been made
of henequén. Camara-Zavala inspected a piece
of carbonized cloth, obtained from the Sacred
Well of Chichen Itza, which he believed was made
of henequén fiber.

ECONOMIC BOTANY

[VOL. 47

The Chilam Balam de Chumayel, a book prob-
ably based upon hieroglyphs written by Mayan
priests in the sixteenth century, mentions sandals
made of henequén fiber (Barrera-Vazquez and
Rendon 1984). The Relation of Merida of Don
Martin de Palomar (de l1a Garza et al. 1983) de-
scribes that “from the root of this tree, the In-
dians make wine mixed with bee’s honey and the
roots of other trees, but the first root is the most
important.” Another very interesting reference
from the sixteenth century is Rogerio de Bode-
ham’s chronicle Voyage to the Gulf of Mexico,
written in 1564 (cited by Irigoyen 1950). Here
de Bodeham says that “around Menda and in
other parts of New Spain, there grows a certain
plant called ‘maguey’ which produces wine, vin-
egar, syrup, sugar and hemp cord, ropes and the
shoes the Indians use are obtained from its
leaves.” The book also says that “at the tip of
each leaf of this singular plant, grow sharp spines
as awls which they use to pierce everything.”
Because of the common name this chronicler
used for the plant, we are not sure whether he
was referring to 4. americana L., a species that
is not native to the State of Yucatan and is very
common in Central Mexico. In 1564, 4. amer-
icana may have been known and cultivated in
the Peninsula. At the present time this plant is
found in the house gardens of many towns in the
area. However, because native agaves are also
used to prepare fermented beverages today, we
believe that Rogerio de Bodeham may have re-
ferred to these native agaves, but called them
“*maguey’’ (a word of Caribbean origin) because
this term was popularly used among the Spanish
for all agaves. However, there is no other ref-
erence about its traditional use to obtain vinegar,
syrup, and sugar. The Spanish-Mayan dictionary
of Motul (Alvarez 1980) written in the sixteenth
century, describes how the juice of the leaves that
have not yet diverged from the shoot apex was
used to cure fresh wounds. Most of the later
sources that mention the traditional use of agaves
describe only fiber uses (e.g., Barrera-Marin, Bar-
rera-Vazquez, and Loépez-Franco 1976: Roys
1931). Several exceptions which describe the me-
dicinal uses of this plant are cited by Mendieta
and del Amo (1981 [Anonymous 1949; Martinez
1934; Ossado 1834; Souza-Novelo 1942]). These
works mention the use of young leaves from the
area around the shoot apices of henequén, roast-
ed, and applied topically to cure wounds, and
the use of the juice of fresh leaves. also applied
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TABLE 3. PAST USES OF NATIVE AGAVES FROM YUCATAN.!
Inflorescence
Use category peduncle Leaf Stem Root
Drinks wine, vinegar
Food syrup, sugar
Medicinal wounds (yl), “‘spasmodic dis- snake bite, kidney
ease” (1)), excretory system cancer
diseases, diabetes, skin in-
fections, snake bite (yl),
diuretic, gonorrhoea
Textile cloth (f)
Utensils cords for nets (f), figure molds

(), sandals (f), ropes (f),

awls (sp)

! Information based on Alvarez (1980), Barrera-Vizquez and Rendon (1984), Camara-Zavala (1977), de la Garza et al. (1983), Irigoyen (1950),
Mendieta and del Amo (1981) and Thompson ([1899] cited by Gentry 1982).
f = fiber; lj = leaf juice; sp = leaf spine; vl = young leaf near the shoot apex.

topically, to cure “spasmodic disease.” They cite
uses of 4. ixtli (synonym of A. angustifolia ac-
cording to Gentry 1982): cooked root to treat
kidney cancer; cooked leaves to treat diabetes,
gonorrhoea, excretory system diseases and as a
diuretic; crushed fresh leaves applied topically
to cure skin infections; young leaves and roots
applied topically for snake bite.

To summarize (Table 3), the most widely doc-
umented uses of this plant, from pre-Hispanic
times to the present, are those of its fiber. Me-
dicinal uses are also important, but are more
frequent in contemporary literature. There are
some references on its use to prepare fermented
drinks, vinegar, syrup and sugar. None of the
references distinguish among the uses of different
cultivated variants, and except in the case of cer-
tain medicinal applications, no distinction is
made between the wild plants and cultivated
variants.

CONTEMPORARY USES

Our ethnobotanical exploration showed that
all morphological structures of cultivated agaves
are used throughout the State of Yucatan (Fig. 3
and Table 4). However, we found more intensive
use within the henequén producing zone because
of its abundance and prevalence in the farmers’
every day life. Because sac ki is the most abun-
dant, it is generally the form most used. Its fiber
is preferred for commercial use, while vaax ki
and kitam ki are valued more for domestic arts.
Wild populations of 4. angustifolia, both pop-
ulations from the tropical subdeciduous and de-
ciduous forests are used for their fiber and ““whit-

ish chelem” is the most prized. All 4. angustifolia
populations can be employed for other purposes
as described below, but those which are culti-
vated are more commonly used because of their
availability.

Inflorescence peduncles (boob in Mayan) are
used fresh for human consumption and medicine
or dried as fuel and as a building material. When
the fresh peduncle emerges and measures 50-70
cm, it may be cooked in water with or without
sugar, in hot ashes, or pit-cooked. After being
cooked, it may be fried and mixed with eggs or
with some other foods, as would be any vege-
table, or it may be mixed in ground corn to pre-
pare tortillas. The peduncle is not often used for
food, rather it is considered as an alternative in
times when food supplies run short, especially
in the henequén-producing zone of the State of
Yucatan. In 1987, of all the people who knew
about this form of utilization, only two elders
had used it in their infancy or youth. Field ver-
ification of the use as food was made with one
of these elder informants. Inflorescence pedun-
cles between 39 and 62 cm in length were tested,
the longer were sweeter and more palatable (Fig.
4 and 5).

In order to prepare a fermented beverage, the
peduncle is cut when about 2 m long (before it
grows panicle branches), cooked, and then mixed
with fermented cooked corn. The mix is cooked
again with bee’s honey, left to ferment, and fi-
nally filtered. The water used to cook the pe-
duncle may be used to treat liver and renal dis-
eases. In 1987, only one elder had personally
used it as a fermented beverage in his youth.
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TABLE 4. PRESENT USES OF NATIVE AGAVES FROM Y UCATAN,
Use Inflorescence
category peduncle Leaf Stem Root
Bleach cloths (1j)
Construction kitchen roofs, chick- building material (wp),
en coops, fences temporary roofs
Drink fermented crude juice
Fire wood cooking cooking
Food a vegetable, mixed in  pit-cooked pit-cooked
cornmeal
Medicine liver disease, kidney rheumatic pain, scabies (lj),  tooth extrac- dysentery, regu-
diseases dandruff (1j), disinfect tion (rs) late menstrual
newborns’ navel (lj). skin cycles, intesti-
eruptions (f) (sl), reduce nal parasites
pain from spine lacera- (srt)
tion (sp), stop bleeding
and reduce pain (sl)
Textile hammocks (f), bags (f).
“mecapales” (f), fabrics (f)
Utensils poles cover underground ovens, flower pots

foundation for vegetable
cultivation, tie roof and
tamales, ropes (f'), nee-
dles (sp), nails (sp), brush-

es (Ib)

f = fiber: Ib = leaf base: |j = leaf juice: rs = resin; sl = sucker leaves. sri = sucker root; wp = waste pulp.

When the inflorescence peduncle is fully de-
veloped and dry, it may be used as fuel, as a
building material for structures which do not have
to last more than 10 years (such as chicken coops,
fences, roofs of kitchens, and the like), or as poles
for collecting tree fruits. These uses are especially
important in the case of variants cultivated in
the henequén-producing zone because these ar-
eas lack natural vegetation needed to satisfy such
needs. In these zones, the stalks have some com-
mercial importance.

The leaf, fresh and entire, is used to cover
underground ovens, as a foundation for elevated
beds (kanches in Mayan) in vegetable gardens,
and to make roofs in temporary constructions.
When baked directly over fire and cut in strips
it 1s used to secure the roofs of houses (Fig. 6)
and to tie tamales on November 2nd. E/ dia de
los muertos. The entire leaf baked over fire is
applied topically in order to treat rheumatic pain.

When the peduncle is about to emerge and all
leaves have been Marvested, the plant has only
the bases of the leaves attached to the stem. The
fresh stems with the leaf bases are pit-cooked,

the sections chewed for their juice and the fiber
spat out. This use is infrequent. Dry leaf bases
are used as brushes to wash clothes. This manner
of washing clothes is widely used in Yucatan.
The waste pulp obtained after extracting the fiber
from the leaf is used as building material, mixed
with a natural cement called sascab in Mayan.
The juice obtained after extracting the fiber is
used to bleach clothes, to treat scabies and dan-
druff, and as a disinfectant for the navels of new-
born infants.

Long and short fibers find wide uses when
twisted into ropes. They are also used for textiles
such as hammocks, bags, and mecapales and un-
til the beginning of this century. fabrics. For fab-
rics, henequén variants producing soft fibers and
the wild species A. angustifolia were favorites
(Fig. 7). Bags (panwok in Mavan) woven of this
fiber are used locally to carry the seeds to planting
sites, and are used to treat heat related skin erup-
tions. The affected person is bathed in water in
which the bag is cooked with salt. Then the per-
son is struck nine times with the same bag.

Leaf spines are used as needles, nails, and to
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Fig. 3. Contemporary uses of 4gave angustifolia and A. fourcroyvdes in Yucatan.

soothe pain caused by spine pricks. The spine consumption (aguamiel), the peduncles, when
which hurt the person is heated on the fire, and they have grown to about 30 cm in length are
is applied at the site where the person was pricked.  cut, and the internal part of the stem is scraped.
Stems are used for consumption by humans, The stem is then covered, and on the following
as firewood, utensils, and have medicinal appli- day small quantities of juice, considered an oc-
cations. In order to prepare a crude juice for casional treat, may be obtained for one day.
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Fig.4. Flower peduncle being prepared for cooking
in earthen pit.

The fresh stems with the leaf bases attached
are pit-cooked and eaten as described above. As
in other food and beverage uses, these are best
known in the henequén-producing zone. The dry
stems, may be used as fire wood (Fig. 8) or as
plantpots. The resin, secreted from the stem when
the flower peduncle is about to emerge, can be
applied to tooth cavities as part of an effort to
break and extract the damaged tooth.

Roots are used to treat dysentery and regulate
menstrual cycles. For these purposes the juice
which is obtained by cooking and squeezing the
roots is mixed with bee’s honey and adminis-
tered orally.

Sucker shoots, the juice and waste pulp from
fresh leaves are applied locally to stop bleeding
and to soothe pain from wounds. This is one of
the most widely known medicinal uses. The
leaves, cooked and ground, are applied locally
to treat skin eruptions. The juice obtained after
cooking and squeezing the rootsis used as a treat-
ment against intestinal parasites.

Fig. 5. Flower peduncle ready to be eaten after be-
ing pit-cooked.

Fig.6. Fresh leaves baked directly over fire and cut
in strips to be used to tie the roof thatch of houses.

DiscussiON AND CONCLUSIONS

The diversity of agaves cultivated in Yucatan
is gradually being lost as a consequence of the
intensification of sac ki (A. fourcroydes) culti-
vation. Sac ki cultivation for cordage fiber began
in the early nineteenth century. Until the begin-
ning of the twentieth century, eight agave vari-
ants were cultivated. However, by 1940, only six
variants were cultivated, and by the end of the
1980s, only three, one of these three only in very
small populations. In the past there occurred ar-
tificial selection for different types of fiber and
adaptation to different soil and precipitation con-
ditions. This resulted in variants with different
morphological characteristics and life cycles.
Later, that variant which yields best in the rocky
lands of the northern Yucatan and is most ap-
propriate for cordage use predominated. The
variants now grown (Table 3) are sac ki (4. four-
croydes), yaax ki (A. viridis) and kitam ki. The
two latter variants lack complete and valid tax-
onomic descriptions. The evolutionary relation-
ships among these three vanants, and between
the wild types and each cultivated variant will
be treated in a separate paper.

Although A. sisalana is mentioned as a variant
grown during the last century, it is no longer
cultivated. Gentry (1982) did not consider this
variant to be a native of the Peninsula of Yu-
catan, arguing that there are no collections from
the area, and that it is not cultivated in the zone.
However, the original description (Perrine 1838)
was made based on Yucatecan plants, and later
Engelmann (1875) also described this variant
based on the Schott collections made in Yucatan.
Additionally, several nineteenth century sources
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Fig. 7. Mayan weaving a hammock of Agave an-
gustifolia fiber.

mention that this plant was actually cultivated,
although to a lesser extent than sac ki. The co-
lonial dictionaries (Alvarez 1980) probably re-
ferred to this species when they used the word
yaxci. A detailed analysis of the evidence for
Gentry’s conclusion of A. sisalana’s possible or-
igin from Chiapas is needed because if this were
s0, it must have been introduced to the Peninsula
before the last century or maybe before the six-
teenth century.

The differences found among the currently cul-
tivated variants, relative to fiber quality, growth
characteristics and environmental adaptation,
suggest that an assessment of their potential for
genetic improvement, and for their use in new
products will prove valuable.

The variant most favored for cordage produc-
tion during this century is sac ki. Our exploration
revealed three different variants of wild species
as regards quality of fiber, in addition to three
possible ecotypes. It would be interesting to eval-
uate the importance of using this material in a
program of genetic improvement. Agave angus-
tifolia proved to be useful as a progenitor in the
production of the 11648 hybrid, a backcross of
(4. amaniensis Trelease & Nowell x A. angus-
tifolia) x A. amaniensis (Lock 1962). This hy-
brid is of great economic importance in Africa,
but it is not well adapted to the agro-ecological
conditions of the Yucatan Peninsula.

We found that both cultivated and wild agaves
have been used in more than 40 different ways.
The most diverse usage category is in medicine,
followed by construction, utensils, and textiles
(Tables 3 and 4). Although ethnohistorical sources
report few uses, we believe that there were many
more which were not recorded or otherwise lost.

Fig. 8. Dry shoots used as fuel in preparation of
tortillas.

The most frequent of contemporary uses are
as fiber for cords and textiles, stems and stalks
for fuel, stalks as construction material, and var-
ious structures for medicinal purposes. One of
the most interesting uses found was for human
food. This may have been important in the evo-
lution of this species during the early prehistoric
phases of its use (Colunga-GarciaMarin and Zi-
zumbo-Villareal 1986), as has occurred with oth-
er agaves in Middle America (Callen 1965). Af-
terwards, when agriculture developed with such
annual species as corn, squash and beans, he-
nequén may have been used only as an emer-
gency or famine food (as occurs now). The many
different uses of henequén found in our study,
suggest that there are others which have not been
explored yet by agroindustry. The variety of me-
dicinal uses which open the possibility of finding
active components of interest for the chemical
industry, in addition to saponins which are cur-
rently used. Molluscicidal properties of 4. an-
gustifolia have been reported (Shoeb, Hassan,
and El Askalany 1984) and antifungal and lar-
vicidal properties have been reported for other
species (Reddy and Reddy 1987; Dharmshaktu,
Prabhakaran, and Menon 1987; Shaktu and
Menon 1983). The sugar content of the stem and
inflorescence peduncle, now a food and beverage
source, may have further potential. These struc-
tures, which are wasted as they rot or are burnt
when the leaves are used, may provide raw ma-
terials for new economic purposes.
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VALUE OF THE INFLORESCENCE PEDUNCLE AND
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PATRICIA COLUNGA-GARCIAMARIN, JULIAN COELLO-COELLO,
LipA EsPEJO-PENICHE, AND LILIA FUENTE-MORENO

Colunga-GarciaMarin, Patricia, Julian Coello-Coello (Centro de Investigacion Cientifica de
Yucatan, A.C. Apartado Postal 87 Cordemex. 97310 Merida, Yucatan, Mexico), Lida Espejo-
Peniche, and Lilia Fuente-Moreno. AGAVE STUDIES IN YUCATAN, MExico II. NUTRITIONAL
VALUE OF THE INFLORESCENCE PEDUNCLE AND INCIPIENT DOMESTICATION. Economic Botany
47(3):328-334. 1993. Recent ethnobotanical exploration of henequén (Agave fourcroydes) in
the Peninsula of Yucatan, Mexico, finds that inflorescence peduncles are used as emergency food
and in the preparation of a fermented drink. Bromatological analysis and determination of total
carbohydrates were made for the two length classes (ca. 3.30 m and ca. 0.60 m) which are
consumed. The analysis of both the cultivated plant and its putative wild ancestor (Agave an-
gustifolia) suggests that utilization of the inflorescence peduncles as food may have been involved
in the initial stages of the history of its evolution under artificial selection, because the wild and
the cultivated plants have similar palatability. The subsequent agricultural prevalence of annual
crop species in the region was possibly responsible for the abandonment of henequén in the local
diet. No significant differences are observed between the bromatological and total carbohydrate
values of domesticated and wild plants. The preference for small inflorescence peduncles as a
vegetable is a consequence of its significantly minor content of raw fiber and its larger content
of total carbohydrates. As a fermented drink, longer peduncles are preferred because they provide
more substrate material and because fiber can be eliminated by filtering. This agricultural by—
product, almost totally wasted, has potential value as a source of carbohydrates and raw fiber.

Estudios sobre Agave en Yucatan, Mexico I1. Valor nutricional del pedunculo de la inflorescencia
v domesticacion incipiente. La exploracion etnobotanica reciente de henequén (Agave four-
croydes) en Yucatan, Mexico, indico el uso del pedunculo floral como alimento humano de
emergencia y para elaborar una bebida fermentada. El analisis bromatolégico y de carbohidratos
totales en las dos longitudes que es consumido (alrededor de 3.30 m y 0.60 m), tanto del cultivado
como del presunto ancestro silvestre (Agave angustifolia), indicaron que su uso alimenticio pudo
estar involucrado en las fases historicas iniciales de su evolucion bajo seleccion artificial, va que
el silvestre presenta caracteristicas agradables al gusto semejantes a las del cultivado. La posterior
prevalencia de especies anuales en la agricultura de la region, posiblemente dejo atras la im-
portancia de henequén en la dieta del area, por lo que no se detectan diferencias significativas
entre el domesticado y el silvestre en relacion a su valor bromatologico y azucares totales. La
preferencia actual del pedunculo pequeno como verdura de debe a su significativo menor contenido
de fibra cruda y mayor contenido de carbohidratos totales. Como bebida fermentada, se prefiere
la talla grande, pues asi se dispone de mas material v, como es colada, la fibra no se consume.
Este esquilmo agricola, casi totalmente desaprovechado, tiene valor potencial como fuente de
carbohidratos y fibra cruda.

Key Words: Agave. agavaceae; domestication; food; bromatological analysis: total carbo-
hvdrates.

Native to the Peninsula of Yucatan, henequén
(Agave fourcroydes Lem.) has had considerable
social and economic importance because of the

! Received 22 September 1992: accepted 5 May 1993.

Economic Botany 47(3) pp. 328-334. 1993

utilization of its fiber. Agave angustifolia Haw.,
the only wild species of agave in the area, is
probably its wild progenitor (Engelmann, 1875).

Unlike other Mesoamerican agaves which are
known to have been sources of food since pre-
hispanic times (sap, stems, and inflorescence pe-

© 1993, by The New York Botanical Garden, Bronx, NY 10458 U.S.A,
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duncles), utilization of the native agaves of the
Peninsula of Yucatan as food had not been ex-
plored and reported until recently (Colunga-
GarciaMarin and Zizumbo-Villarreal 1986).
According to the most complete available ar-
chaeological record for the Mesoamerican cul-
tural area, that of the excavations in the Tehu-
acan Valley, Mesoamerican people have been
using agaves for at least 9000 years. The oldest
utilization, documented through coprolites, is as
food. Agaves were eaten pit-cooked, much in the
same fashion as several of them are now con-
sumed in central and northern Mexico. The parts
of the agave that are prepared and eaten include
the stems, the leaf bases which are attached to
the latter and the inflorescence peduncles (Callen
1965). Agave angustifolia is one of the several
native taxa that grow wild in the Tehuacan Val-
ley, although it has not been possible to identify
to species the remains found in the coprolites.

Attempts to establish the antiquity, or the forms
of utilization of agaves in the Maya area (except
as fiber), have been hindered by the scarcity of
archaeological plant remains.

However, three types of evidence, linguistic
analysis, histoirical documents and ethnobotany,
suggest its utilization as food since early times:
(1) The linguistic analysis of Barrera-Vazquez
(1941) shows that for all the Mayan groups, from
the Huastec region down to northern Yucatan
state, the morpheme ki translates to: sweetness,
fermented drink, and agave. (2) The chronicle of
Rogerio de Bodeham, Voyage to the Gulf of Mex-
ico, written in 1564 (quoted by Irigoyen 1950)
states that “Around Merida and in other parts
of New Spain grows a certain plant called ‘ma-
guey’ that produces wine, vinegar, syrup, sugar
and from whose leaves are obtained hemp, ropes,
and the shoes used by them.” (3) In some places
with sufficient population density of the wild spe-
cies A. angustifolia (as in Qaxaca, Sonora, and
Chihuahua) the inflorescence peduncle, as well
as the stem, are currently used for human food
and for the preparation of traditional distilled
alcoholic beverages of those states (mezcal, ba-
canora and tesguino) (Bye, Burgess, and Mares-
Trias 1975; Gentry 1982).

The first two lines of evidence may be inter-
preted (Barrera-Vazquez 1941), as prehispanic
diffusion from central Mexico to the Maya area
of the ““pulque” agaves which yield large amounts
of sweet sap or aguamiel, which, upon fermen-
tation, becomes the drink, pulgue. Despite the
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plausibility of such interpretation, they may also
mean that native agaves were also used for food
and beverages, and perhaps since early stages of
agricultural development of the Mayan area the
utilization of the native wild agave was oriented
towards its use as food, as well as a source of
fiber. This last interpretation would be analogous
to what is shown by the archaeological findings
in the Valley of Tehuacan where the use of agave
as food became secondary once the annual cul-
tivated plants, such as maize, beans, and squash
increased in importance.

Henequén has been traditionally used until re-
cent times as human food in periods of scarcity,
and for the elaboration of a fermented drink.
Inflorescence peduncles of henequén are partly
wasted today. When a plantation reaches ma-
turity and plants begin flowering, the peduncles
are cut because it is thought that the pollen and
the nectar exuded by the flowers causes the stain-
ing of leaves and fiber. Some of these cut pe-
duncles are used as fuel and building material,
but most of them are left to rot in the fields. A
fully mature plantation (around 15 years old),
with a density of 3000 plants per hectare (average
for the zone), produces about 30 tons per hectare
of maximum length peduncles: each such pe-
duncle measures about 3.5 m in length and weighs
approximately 10 kg. Given that not all of the
plants flower simultaneously, these 30 tons/ha
are produced in a three year period by a mature
plantation.

In this paper the nutritional value of the in-
florescence peduncles of henequén and its pu-
tative wild progenitor (4. angustifolia) is dis-
cussed in terms of: (1) the possible importance
of its use as food in the initial phase of its ex-
ploitation and evolution as a cultivated plant and
(2) its potential utilization as an agricultural by-
product.

METHODS

A bromatological analysis (protein, fat, ash and
fiber) as well as determinations of dry matter and
total carbohydrate percentages were made of in-
florescence peduncles of both species in both de-
velopmental stages in which they are consumed.

SAMPLING

One developmental stage sampled, “long pe-
duncles.” includes inflorescence peduncles close
to full expansion of the lateral panicles: A. four-
crovdes 2.73—4.22 m in length; 4. angustifolia
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Fig. 1.
of Agave angustifolia and Agave fourcroydes.

2.45-3.40 m in length. The other developmental
stage sampled, “short peduncles,” were, for both
species, peduncles of incipient emergence, 0.40-
0.66 m in length.

The long peduncles of henequén (Colunga 304,
CICY) were sampled from four areas located on
the four cardinal directions of the present he-
nequén-producing zone: Dzodzil, Telchac, 1za-
mal and Tahmek. For the bromatological anal-
ysis three plants were sampled at random from
one plantation in each area: for dry matter and
carbohydrate analysis one plant was sampled per
area. The remaining samples (short peduncles of
henequén and long and short peduncles of A.
angustifolia) were taken from Dzodzil and Tel-
chac. For the bromatological analysis, three plants
were sampled at random from one plantation at
each area; for dry matter and total carbohydrates,
one plant was sampled per area. The samples of
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Areas sampled for the bromatological and total carbohydrates analyses of the inflorescence peduncles

A. angustifolia were from populations growing
in the tropical deciduous forest (Colunga 206,
CICY) (Fig. 1).

For the long peduncles of henequén, analyses
were made separately on the basal, middle and
top portions. Samples for analyses of the short
peduncles of henequén, and both the short and
long peduncles of A. angustifolia, included all
three portions combined.

The samples of long peduncles of henequén
used for the bromatological analysis were col-
lected between November 21 and December 4,
1986. The remaining samples between August
20 and September 6, 1987. The determinations
of total carbohydrates and dry matter were made
on samples collected between June 29 and Au-
gust 15, 1989. The peduncle emergence of he-
nequén is somewhat dependent on the early on-
set of the rainy season. Thus it is frequent that
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most plants initiate peduncle growth during June
and conclude with the expansion of the lateral
panicles during November.

Once collected in the field, the samples were
immediately placed on ice, and later stored in a
cold room at 4°-6°C. The samples for broma-
tological analysis and for dry matter determi-
nation were removed from the cold room to be
dried, ground and stored over silica gel in a dry
and cool place while they were processed. For
total sugar determination the samples were fro-
zén.

ANALYSIS TECHNIQUES

Analyses were made in duplicate, following
techniques described by Meloan and Pomeranz
(1980). For dry matter, the samples were vacuum
dried at 60°C, to constant weight. Fresh and fro-
zen samples for total carbohydrates were mac-
erated in a mortar with distilled water, centri-
fuged and washed twice. Resulting supernatants
were pooled. Carbohydrates were determined by
the phenol/concentrated sulfuric acid method.
Dilutions of 1:100 were made and 0.2 ml aliquots
were read at 490 nm in a spectrophotometer. The
values reported were the average of three read-
ings. Final concentrations were determined
against a glucose standard.

Protein was determined from dry and ground
samples by the Kjeldalh method. Ethereal extract
or fat was determined from dried ground samples
after 8 h ethyl ether Soxhlet extraction.

To determine raw fiber, the dried, ground and
fat-free sample was placed in a 1.25% H,SO,
solution for 30 min, washed with distilled water
until neutralized. The procedure was then re-
peated with NaOH.

For determination of ash. the dried and ground
sample was calcined for 4 h in a preheated oven
at 600°C. Total calcination was enhanced by the
addition of a few drops of hydrogen peroxide
after the first 2 h,

STATISTICAL ANALYSIS

Two sets of analyses were carried out: (1) to
measure differences among the three segments
of the long peduncles of henequén and among
the areas sampled; (2) to determine the differ-
ences among the four classes of peduncles ana-
lyzed (short and long peduncles of wild and cul-
tivated plants). For the second group of analyses
only the long peduncles of A. fourcroydes from
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Dzodzil and Telchac were used so as to stan-
dardize the information throughout the samples.

In the first case a two-way analysis of variance
for balanced designs was carried out for each of
the measured variables. When there were repli-
cations, the interaction between factors was test-
ed. Because the residuals of the fiber variable
were not normally distributed, and n < 5 a two-
way analysis of variance was applied to the rank
scores of the original values. In the second group
of analyses, a one-way analysis of variance for
balanced designs was made for each one of the
variables studied. Because the residuals of the
variables, fat and fiber, were not normally dis-
tributed, and n < 5, the one-way analysis of vari-
ance was applied to the rank scores (SAS Institute
Inc. 1988).

In order to determine the differences between
the factor levels, the Ryan-Einot-Gabriel-Welsch
multiple F-test (REGWF) was used for the para-
metric analysis (SAS Institute Inc. 1988). For the
non-parametric analysis, the Wilcoxon rank sum
test employing the t approximation for the sig-
nificance level was used. Alpha significance lev-
els were adjusted to account for the six simul-
taneous inferences made for each experiment
(Miller 1981). All the analyses were carried on
with procedures included in the Statistical Anal-
ysis System Release 6.03 (SAS Institute Inc.
1988).

RESULTS

Analysis of variance indicated no significant
differences among the areas sampled for all of
the variables studied (Table 1). Analysis of the
basal. middle and top portions indicated that the
top portion contains significantly less fiber, but
more protein and ash than the middle and basal
portions which do not significantly differ from
each other. Fat and dry matter levels were the
same for all segments, while total carbohydrate
levels were less in the middle. compared to the
base and apex of the peduncles. Basal and apical
segments did not differ from each other (Table
1). None of the variables showed interaction be-
tween geographic area and peduncle segment.

Analysis of variance for both the wild and the
domesticated species indicated that long pedun-
cles contained larger amounts of dry matter and
raw fiber when compared to the short ones of the
same species. However, the short peduncles have
larger amounts of total carbohydrates. For 1.
angustifolia, the short peduncles also have a larg-



332

TABLE 1.
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BROMATOLOGICAL AND TOTAL CARBOHYDRATE VALUES?® OF AGAVE FOURCROYDES LEM.

INFLORESCENCE PEDUNCLES OF 3.30 M AVERAGE LENGTH, BY PEDUNCLE PORTION AND AREA SAMPLED

IN YUCATAN, MEXICO.

Total
carbohy-

Area Segment matter® drates! Protein® Fat® Fiber< Ash®
Dzodzil basal 14.40 37.92 4.52 7.23 45.78 1.23
middle 13.80 28.40 6.09 8.69 41.20 2.00
top 11.56 30.11 16.96 7.80 3.24 5.55
average 13.25 32.14 9.19 7.91 30.08 2.93
Telchac basal 17.62 37.32 3.40 9.83 37.44 132
middle 16.87 23.01 4.48 9.53 37.90 2.24
top 9.86 36.48 12.32 10.08 1.22 5.76
average 14.78 3227 6.74 9.81 25.52 3.11
Tahmek basal 20.00 34.67 3.56 7.89 46.17 2.07
middle 17.70 22.16 5.11 8.11 41.13 2.18
top 12.09 34.50 14.45 9.56 2.64 5.40
average 16.60 30.44 7.71 8.52 29.98 3.22
Izamal basal 15.51 35.37 4.26 8.06 42.07 1.20
middle 15.87 27.67 5.39 8.95 41.26 1.97
top 13.73 34.52 10.86 11.53 3.66 5.10
average 15.04 32.52 6.84 9.51 29.00 2.76
Average for all areas basal 16.88 36.32 3.93 8.25 42.86 1.46
middle 16.06 25.31 5.27 8.82 40.37 2.10
top 11.81 33.90 13.65 9.74 2.69 5.45
average 14.92 31.84 7.62 8.94 28.64 3.00

# All values presented as percentage of dry matter.

b Data reported are the average of two replica taken from the same sample from one plant.
© Data represent the average of three plants per area, with two replica per plant.

er amount of ash than the long ones of the same
species. For the same species, no significant dif-
ferences were found in the content of protein and
fats between short and long peduncles. For both
peduncle sizes sampled, the analysis failed to
show significant differences between the wild
species and the domesticated species (Table 2).

DISCUSSION

The results obtained indicate that the bro-
matological and total carbohydrate values of the
A. fourcroydes peduncles were similar at all the
areas sampled. In contrast, differences between
short and long peduncles from both species re-
veal clearly why the short peduncle is preferred
both as a vegetable and to augment corn dough
volume. The short peduncle contains less fiber
and more total carbohydrates and hence in-
creased palatability and sweetness. However, the
long peduncles are preferred for the preparation
of a fermented drink since these provide greater
amounts of substrate material. The fiber is elim-
inated by filtering.

These results also suggest the potential utili-
zation of total carbohydrates and fiber of A. four-
croydes peduncles as agricultural by-products. If
peduncles were used in this way, it would be
more profitable to use the long rather than the
short peduncles because they provide more raw
material. Given that the long peduncles of A.
fourcroydes contain an average of 7% total car-
bohydrates and 4% of raw fiber (when calculated
on a wet basis) and that one hectare of 15 year
old henequén field yields 10 tons of peduncles
per year during three years, 0.7 tons of total car-
bohydrates and 0.4 tons of raw fiber could be
produced per hectare per year. The analysis by
segments of the A. fourcrovdes long peduncles
clearly indicates that at this developmental stage
active growth precedes extension of panicles. The
top portion notably differs from the middle and
basal portions because it is at the apex where
protein, ash and water content concentrate. In
the lower peduncle (middle and basal portions)
more fiber is found. In an eventual exploitation
of its carbohydrates and fiber, it would be worth-
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TABLE 2. BROMATOLOGICAL AND TOTAL
CARBOHYDRATE VALUES? OF THE INFLORESCENCE
PEDUNCLES OF AGAVE FOURCROYDES (0.60 M Av-
ERAGFE LENGTH) AND A. ANGUSTIFOLIA (0.60 M AND
3.3") »f AVERAGE LENGTH) FROM TWO SAMPLED

ARE = IN YUCATAN, MEXICO.
Total
car-

Dry bohy- Pro-

Area matter® drates®  tein® Lipids® Fibre¢  AshS
A. Short peduncle of A. fourcroydes,
average length 0.60 m
Dzodzil 12,75 58.51 9.76 9.32 256 4.13
Telchac  13.37 56.41 8.92 867 1.71 4.40
Average 13.06 57.46 9.34 9.00 2.14 4.27
B. Long peduncle of 4. angustifolia,
average length 3.30 m
Dzodzil 17.23 25.02 10.50 8.22 21.28 4.75
Telchac  17.06 20.85 7.83 8.62 29.67 4.31
Average 17.14 2294 9.16 8.42 25.48 4.53
C. Short peduncle of A. angustifolia,
average length 0.60 m
Dzodzil 12.32 48.76 12.81 9.03 0.98 5.65
Telchac  13.05 52.62 11.29 8.44 277 7.77
Average 12.69 50.69 12.05 8.74 1.88 6.71

# All values presented as percentage of dry mauer.

b Data reported are the average of two replica taken from the same
sample from one plant.

¢ Data represent the average of three plants per area, with two replica
per plant.

while to use the total peduncle, given that the
amount of fiber decreases at the apex only and
that the carbohydrate content decreases only in
the middle portion.

Lastly, the results, when comparing wild and
cultivated samples (Table 2), suggest that the fa-
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vorable characteristics of the 4. angustifolia pe-
duncles, that is, total carbohydrate level similar
to domesticated A. fourcroydes, probably pro-
vided incentive for its use as food during the early
cultivation stages. Although it is not now shown
in the characteristics of either species, their sub-
sequent cultivation and evolution under human
selection could have involved direct selection for
use as food. The adoption of annual-crop agri-
culture may have been responsible for the aban-
donment of henequén as a source of food. Con-
sequently its evolution under human selection
was based exclusively on its selection as a fiber
plant.

Nevertheless, its utilization as food still pre-
vails as a source of carbohydrates in periods of
acute scarcity of food. For this emergency use,
henequeén is preferred over the wild species be-
cause of its gigantism, which confers the domes-
ticated plant with larger, more attractive pedun-
cles which are also present in larger number and
with greater availability than those of the wild
plant. In the case of total carbohydrates and dry
matter, the results reported here should be con-
sidered as provisional because of the small sam-
ple size (only two plants) and because carbohy-
drate production in henequén with respect to the
wild plants could be enhanced by its gigantism,
or by the more favorable conditions in which it
is grown.

Comparison of the food value of the henequén
peduncles with maize (Cravioto et al. 1951) (Ta-
ble 3), shows that the former contain lower per-
centages of proteins and fats as well as of total
carbohydrates. This, of course, is indicative of
the low dietetic value of the henequén peduncles

TABLE 3. BROMATOLOGICAL AND TOTAL CARBOHYDRATE VALUES? OF SWEET SAP (AGUAMIEL) OF
AGAVE AMERICANA L., SHORT AND LONG PEDUNCLES OF AGAVE FOURCROYDES, STEM PITH OF BONETE
(JACARATIA MEXICANA) AND MAIZE (ZE4 MAYS). BASED UPON 100 G FRESH WEIGHT.

Shon

Long

peduncle’ peduncle”
Sweel sap average average
or length length Stem pith Maize
aguamiel = (.60 m =330 m of bonete! corn!
Water g 94.00 86.94 85.09 91.4 13.8
Ash g 0.40 0.55 0.45 1.7 .
Fat g 0.00 1.17 1.31 0.41 4.81
Protein g 0.30 1.21 1.18 1.75 8.3
Raw fiber g 0.00 0.28 4.14 2.34 2.34
Total carbohvdrates g 6.653 6.56 4.69 not reported 73.0

! Cravioto et al. 1951
 Onginal data.
} Sanchez-Marrogquin 1979,
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which is well below that of basic foodstuffs. The
stem pith of the bonete (Jacaratia mexicana
A.D.C., Caricaceae) has also traditionally been
used in the area as an emergency food in periods
of scarcity. It is mixed with corn to increase the
volume of the dough. The comparison of the
food value of henequén to that of bonete shows
that both have similar content of protein. Thus,
they are equivalent as emergency foodstuffs. Cra-
vioto et al. (1951) do not report the value for
total carbohydrates of bonete hence further com-
parisons cannot be made. Finally, the compari-
son (Table 3) of the food value of both sizes of
the henequén peduncles with that of aguamiel
(Cravioto et al. 1951; Sanchez-Marroquin 1979)
indicates both foodstuffs have similar content of
total carbohydrates, but the peduncle has nearly
three times as much protein.

CONCLUSIONS

The palatability of 4. angustifolia peduncles,
as well as the current use of the henequén pe-
duncles, suggests that use as food may have been
involved in the initial stages of their cultivation
and artificial selection. However, bromatological
and total carbohydrate values, which might in-
dicate such selection, have not been observed to
distinguish between the wild and domesticated
species. The absence of a difference between the
two taxa could be the result of the abandonment
of peduncle use as a regular food. As the food
value of A. angustifolia ceased to be relevant as
a direction of human selection its subsequent
evolution probably proceeded based only on its
use as a fiber plant.

ACKNOWLEDGMENTS

This paper is part of the doctoral thesis of the first author at the Centro
de Ecologia. Universidad Nacional Auténoma de México. Analysis for
protein was carried out at the Laboratorio de Agrologia de la Faculiad
de Quimica, Universidad Autdnoma de Yucatan. We thank Filogomo
May Pat and Lamberto Sulub Yah. for their aid in the collection of the

ECONOMIC BOTANY

[VOL. 47

field samples, Robert Bye for his valuable criticism in reviewing the
manuscnpt, Exequiel Ezcurra for his advice in the statistical analysis and
Sergio Zarate and Ingrnid Olmsted for the English translation of the manu-
script.

LITERATURE CITED

Barrera-Vazquez, A. 1941. Elpulque entre los mayas.
Cuadernos Mayas No. 3.

Bye, R. A., Jr., D. Burgess, and A. Mares-Trias. 1975.
Ethnobotany of the Western Tarahumara of Chi-
huahua, Mexico. 1. Notes on the genus Agave. Bo-
tanical Museum Leaflets, Harvard University 24:
85-112.

Callen, E. O. 1965. Food habitats of some pre-Co-
lumbian Mexican Indians. Economic Botany 19:
335-343.

Colunga-GarciaMarin, P., and D. Zizumbo-Villarreal.
1986. Diversidad y uso alimenticio del henequén:
implicaciones para su proceso evolutivo y perspec-
tivas de aprovechamiento. Boletin de la Escuela de
Antropologia de 1a Universidad de Yucatan 13(77):
3041.

Cravioto, R. O., G. Massieu, H. J. Guzman-Guzman,
and J. Calvo-de la Torre. 1951. Composicion de
alimentos mexicanos. Ciencia 11(5-6):129-155.

de Landa, D. 1978. Relacion de las Cosas de Yu-
catan. Editorial Porria, S. A. México. 1978. (Escrita
en 1566.)

Engelmann, G. 1875. Notes on A4gave. Transactions
of the St. Louis Academy of Science 3:291-322.
Gentry, H. S. 1982. Agaves of continental North
America. The University of Arizona Press, Tucson,

AZ.

Irigoyen, R. 1950. Los mavasy el henequén. Editorial
Zamna. Mérida, Yucatan.

Meloan, C.E.,and Y. Pomeranz. 1980. Food analysis
laboratory experiments. The AVI Publishing Com-
pany Inc., Westport, CT.

Miller, R. G., Jr. 1981. Simultaneous statistical in-
ference. Springer-Verlag, New York.

Sanchez-Marroquin, A. 1979. Agaves de México en
la Industria Alimentaria. Centro de Estudios Eco-
noémicos y Sociales del Tercer Mundo, México.

SAS Institute Inc. 1988. SAS/STAT® User's guide.
release 6.03 edition. SAS Institute Inc., Cary. NC.



CAPITULO 4

PATRONES DE VARIACION MORFOLOGICA, DIVERSIDAD Y
DOMESTICACION DE LAS POBLACIONES SILVESTRES Y CULTIVADAS DE
Agave EN YUCATAN, MEXICO.



American Journal of Botany 83(8): 1069-1082. 1996.

PATTERNS OF MORPHOLOGICAL VARIATION,
DIVERSITY, AND DOMESTICATION OF WILD AND
CULTIVATED POPULATIONS OF AGAVE IN
YUCATAN, MEXICO!'
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This work presents a statistical and numerical analysis of the patterns of morphological variation of the cultivated variants
of henequén (Agave fourcrovdes Lem.) presently found in the Mexican state of Yucatan and of the wild populations of A.
angustifolia Haw., its putative progenitor. This is the first step in the study of the intrageneric genetic diversity and evolu-
tionary relationships. The study indicated that: (1) There exists a significant discontinuation in morphological variation
corresponding to the cultivated variants of traditionally recognized henequén: Sac Ki, Yaax Ki, and Kiram Ki, and to three
possible ecotypes of A. angustifolia Haw.: Coastal Dunes, Tropical Deciduous Forest, and Tropical Subdeciduous Forest.
(2) Sac Ki and Yaax Ki differ from wild populations in four syndromes of domestication: gigantism, greater fibrosity, less
thorniness, and less reproductive capacity. The lower coefficient of variation of their characteristics compared with the wild
populations suggests less genetic diversity. This fact, and the disappearance of four out of the seven variants existing early
in this century, indicate a dramatic genetic erosion of this crop. (3) Kitam Ki is the cultivated variant more similar to wild
ones. Differences with them suggest recent introduction and an artificial selection process with different direction and
intensity than the other cultivated variants. (4) A tendency from more to less is observed for characteristics indicating degree
of domestication: Sac Ki, Yaax Ki, and Kiram Ki. (5) The differences among the possible wild ecotypes may be associated
with the soil conditions and precipitation.

Key words: Agavaceae; Agave; domestication; genetic erosion; germplasm; henequén; morphological variation; sisal.

Henequén (Agave fourcrovdes Lem.) is a cultivated
species known worldwide for its fiber. In English, both
henequén and A. sisalana are frequently referred to by
the name sisal. Henequén was presumably domesticated
from the wild species A. angustifolia Haw. (Engelmann,
1875) by the Maya of the Yucatan Peninsula during pre-
Hispanic times. Since that time, henequén has been of
great economic and social importance in the area. The
genetic diversity of this crop before the arrival of the
Spaniards is not known. No archaeological studies exist
that could provide information regarding this point. The
codices written by the ancient Maya were burned by Fray
Diego de Landa during the Spanish colonization. Fray
Diego de Landa’s manuscript only mentions that hene-
quén was cultivated in gardens and was of better quality
than the wild species (de Landa, 1566).

It was not until 1814-1914, the period in which an
intensive cultivation of henequén was initiated and de-
veloped for cordage exportation, that we find references
to henequén diversity. Statistical reports and agronomic
manuals from that period mention the cultivation of the
wild species as well as seven varieties of henequén: Yaax
Ki, Sac Ki, Chucum Ki, Bab Ki, Kitam Ki, Xtuk Ki, and
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Xix Ki. All are referred to as having distinct morpholog-
ical characteristics, environmental adaptation, and type,
quantity, and length of fiber. The assigned characteristics,
however, were sometimes different among authors (de
Echdnove, 1814; Regil and Peén, 1853; Espinosa, 1860;
Barba, 1895-1896; Bolio, 1914).

The ethnobotanical exploration carried out between
1985 and 1987, in 32 localities of the Mexican state of
Yucatan, indicated that henequén diversity had dramati-
cally decreased from the beginning of this century. Only
three of the seven varieties previously described were
found (Colunga-GarciaMarin and May-Pat, 1993), Sac Ki
(Sk), or white henequén, was the predominant variety
encountered. This variety is identified by its bluish green
color (mainly 7.5 Green Yellow 7/2 or 6/2 of the Munsell
color charts for plant tissues (Munsell Color, 1977)) and
its fiber, which is longer, thicker, and heavier than other
varieties, thus yielding more. An analysis of literature
from the last century indicates that this variety was fa-
vored in the development of intensive henequén planta-
tions because its fiber was the most suitable for the cord-
making industry. Producers were explicitly encouraged
to eliminate all other varieties, initiating the erosion of
germplasm that is apparent today. The genetic erosion has
been so dramatic because the plant is exclusively vege-
tatively propagated by shoots arising from the rhizomes.
The second most abundant variety found in the recent
survey was Yaax Ki (Yk), or green henequén, character-
ized by its darker green color (mainly 7.5 Green Yellow
6/4 or 5/4 of the Munsell color charts for plant tissues
(Munsell Color, 1977)), followed by an unnamed variety,
subsequently called Kiram Ki (Kk), or wild boar hene-
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quén by Colunga-GarciaMarin and May-Pat (1993). This
last variety has a distinctive red color at the edge of
leaves (mainly 2.5 Red 7/4 or 6/4 of the Munsell color
charts for plant tissues [Munsell Color, 1977]).

Yk and Kk differ morphologically from Sk mainly in
the size and shape of the thorns. but also in fiber quality
and adaptation to the environment. YK is more resistant
to drought and Kk has a shorter life cycle and a higher
shoot production. A fourth variety was registered. Xiv Ki,
but information obtained from farmers was contradictory
and, therefore. it was not possible to establish represen-
tative populations. Sk corresponds clearly to Gentry’s
(1982) A. fourcrovdes. Yk and Kk are lacking complete
and valid taxonomic descriptions, so, in this work, they
are referred to by their horticultural Maya names. YKk also
corresponds clearly with the A. viridis described by Sou-
za-Novelo (1940). but this species does not have a valid
taxonomic description. Estrada-Loera (1988) suggested
that Kk corresponds to the description of A. purpurea by
Souza-Novelo (1940) because of its reddish color on the
edge of the leaf. although the characteristics of its fiber
and life cycle are not in agreement with this description
(Colunga-GarciaMarin and May-Pat, 1993).

Today, henequén is the only Agave species cultivated
in the Yucatan Peninsula. Its cultivation is carried out on
both private and communal land. In both cases. Sk is the
preferred variant. The persistence of YK and Kk on com-
munal lands is probably due to carelessness when se-
lecting material for planting, or due to scarcity of Sk
shoots. On the private plantations, however, this persis-
tence is usually due to the farmer’s specilic interest. This
interest may be in developmental characteristics, fiber
quality, or its value in the manufacture of handicraft
products that require softer libers (Colunga-GarciaMarin
and May-Pat, 1993).

Agave angustifolia. the possible wild ancestor of he-
nequén, is the only wild species of Agave in the Yucatan
Peninsula, and is the most widely distributed Agave spe-
cies. On the Pacific coast, it can be found from Sonora
to Costa Rica, and from Costa Rica to Tamaulipas on the
Atlantic coast. It is found at altitudes ranging from sea
level to 1500 m, and in habitats as diverse as the Sonora
Desert. with an average annual rainfall of only 250 mm,
to the pine forests of the Mexican state of Michoacin,
with an average of 1600 mm per year (Gentry, 1982).

In the Yucatan Peninsula. A. angustifolia exhibits a
gradient in morphological variation (Orellana et al.,
1985). It includes the smaller type of the coastal dunes
(D), the intermediate found in the tropical deciduous for-
est (DF), and the larger situated in the tropical subdeci-
duous forest (SF). The DF and SF populations are par-
ticularly prized by farmers because their fine fiber is suit-
able for the manufacture of products that are in contact
with the skin for long periods (Colunga-GarciaMarin and
May-Pat, 1993). In the SF areas the artisans recognize
three variants according to the quality of the fiber, Che-
lem Yellow (CHY), Green (CHG), and White (CHW).
Due to its morphology and the quality of the fiber, the
latter is considered to be the most similar to the cultivated
variant Sk. Agave angustifolia reproduces both sexually
and vegetatively (shoots produced from the rhizome or
bulbils that grow from the axillary buds of the inflores-
cence).
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This work presents a numerical and statistical analysis
of the patterns of morphological variation of the culti-
vated variants of henequén presently found in the Mex-
ican state of Yucatan and of the wild populations of A.
angustifolia, its putative progenitor. This is the first step
in the study of the intrageneric genetic diversity and evo-
lutionary relationships. The aim of this analysis was to:
(a) statistically define if there are any existing discontin-
uations in the pattern of variation in both the wild and
cultivated populations, (b) analyze the clustering pattern
of these populations. (¢) establish the most important
morphological characteristics which contribute to the dif-
ferences among variants. and (d) detect morphological
trends related to domestication in cultivated populations.

The analysis of the morphological variation in culti-
vated plants and their wild progenitors was initiated by
Anderson (1949). Different aims have been attended.
mainly the recognition of wild and cultivated variants, to
hypothesized evolutionary relationships and introgressive
hybridization between them. and to identified domesti-
cation trends in the cultivated plants. The techniques ap-
plied have subsequently evolved with the development of
multivariate analysis techniques.

Different aspects of the methodology followed in this
work have been previously used (Anderson, 1949: Cas-
tillo-Morales, 1969: Schilling and Heiser, 1976: Pickers-
gill, Heiser, and McNeill, 1979: Wilson and Heiser, 1979:
Bretting, 1981: Smith. Goodman, and Lester, 1981: Col-
unga-GarciaMarin. 1984: Bedigian, Smyth, and Harlan.
1986: Colunga-GarciaMarin, Hernidndez-Xolocotzi, and
Castillo-Morales. 1986; Martin and Adams, 1987: Potter
and Doyle, 1992: Sdanchez and Goodman, 1992: Soleri
and Smith, 1995). These authors have based their works,
as we do. on the assumption that domestication is usually
associated with morphological differences. This fact has
been explain by Harlan (1975) when he says that a do-
mesticated plant “"is a plant which has been genetically
altered from its wild state and which has come to occupy
the same environment as man. As domestication is an
evolutive process. we may find all the grades of animal
or vegetable association with man and a series of mor-
phological differences which range from forms identical
to the wild species to species completely domesticated.
A completely domesticated plant or animal is totally de-
pendent on man for its survival. Therefore. domestication
implies a change in the ecological adaptation, and this is
usually associated with morphological differences.™

MATERIALS AND METHODS

Data collection—During 19871988, an area ol =28000 km' was
sampled. This area included a large part of the state of Yucatan (Fig.
1). Five areas were sampled within the vegetative strip of the D, five
more corresponding to the remaining arcas of DF within the present
zone of henequén production, and five within the areas of SE The area
where the farmers identified the three variants ol A, angustifolia ac-
cording 1o the quahty of their liber was also included.

The average collecting arcas was 450000 m* for the D. DE and SF
populations. and 71000 m” for the cultivated populations Sk and Yk.
Within these areas. a total of ten individuals were collected when pos-
sible. They were homogeneously distributed, with a distance of at least
200 m between each individual. In the case of the wild plants, this was
done to avoid collecting plants belonging to the same clone. With Kk,
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Fig. 1.
in Yucatan, Mexico.

TasLE I.  Number of plants and populations used in the morphological
variation analysis of six A. angustifolia wild variants and three
henequén cultivated varants studied in Yucatan, Mexico.

Number  Number of individuals with data on
of popu-
Variam lations Leal Flower Fruu

A, angustifolia (wild)

Dunes (D) 5 50 50 50
Deciduous Forest (DF) 5 50 50 50
Subdeciduous Forest (SF) 5 50 50 50
Chelem Yellow (CHY) I 2 1 2
Chelem White (CHW) 1 a5 2 2
Chelem Green (CHG) 1 2 0 0
Henequén (cultivated)

Sac Ki (Sk) 5 50 50 26
Yaax Ki (Yk) 4 33 i 2
Kitam Ki (Kk) 5 19 2 0

Total 32 261 212 182

Areas sampled for the morphological variation analysis of six A. angustifolia wild variants and three henequén cultivated variants studied

CHG, CHY, and CHW, as many plants as possible were evaluated in
each locality.

The plants chosen were those that were going to flower in the coming
year. They were marked and the mature leaves evaluated. During a later
visit the Aoral characters were evaluated at anthesis; further measure-
ments were done with the mature fruits. In the selection of the ten
plants, we attempted to include all the morphological variation observ-
able in the collecting area. This was done following the ideas of Good-
man (1974), in that random sampling is wsually not suitable for this
kind of study, as it may not include the extremes of variation. A total
of 261 individuals were evaluated belonging to 32 populations of nine
variants (Table 1). Specimens of all the plants studied were deposited
at the CICY herbarium.

The characteristics evaluated included: (1) those that have been used
in the Agave species taxonomic descriptions, presuming that some of
these are related to its process of natural evolution (Gentry, 1982), and
(2) those that could indicate tendencies in the domestication process by
their relation to the artificial selection pressures brought to bear on the
henequén, following the theory of Darwin (1859) that domestic differ
from wild races mainly in those parts for which they are cultivated.

A total of 54 morphological characters, including those of stalks,
leaves, inflorescence, flowers, and fruits, were measured (Table 2); 17



TaBLE 2. Means = SD for the 54 morphological characters measured in wild and cultivated populations of Agave in Yucatan, Mexico. A. angusitifolia: D = Dunes, DF =

Forest, SF = Subdeciduous Forest, CHY = Chelem Yellow, CHW = Chelem White, CHG = Chelem Green, Henequén: Sk = Sac Ki, Yk = Yaax Ki, Kk = Kitam Ki.*

Deciduous

AL angiesnifedin (wild)

Henequén {cultivaied)

Maorphological character v DF 5F CHY CHW CHG Sk Yk Kk

Stem length {cm) 72£39 137 £ 48 159+ 35 109 = 13 79 * 25 105 = 44 151 £ 17 106 = 23 54 + 15
Leal length {cm) 61 24 97 = 18 118 + 22 109 + |6 115 17 106 = 23 130 = 10 114 =12 93 + 11
Leaf width at middle (cm) J-ED T+1 81 6=0D 6= ol | 11L%1 15331 g1
Leal width at base (cm) g3 11T=2 12+ 2 1% =1 G+0 17x2 15+2 12%
Number of tecth (one side) 87 +32 112 = 34 153 = 48 150 = 6 153 *+ 46 119 + 33 91 =8 88 = 14 115-=22
Teeth length (cm) 0.20 = 0.05 025 = 0.05 (.23 + 0.05 0.22 = 0.07 0.21 = 004 0.23 £ 0.06 .28 + 0.08 0.33 * 0.05 0.27 = 0.05
Teeth width at base (cm) 0.26 = 0.09 039 = 0.14 032 = 0.14 032 015 0.22 + (.04 030 +0.11 088 + 0.23 1.04 = 0.23 0.39 = 0.09
Distance between teeth (cm) 1.06 + (.43 1.44 = 0.50 137043 095 = 0.17 | 46 + (.59 2,19 = 1.08 1.90 = (L.36 1.52 = 0.47 1.29 + (.38
Spine length (cm) 1.87 = 0.38 225 =040 2.00 = .46 1.68 = 0.21 161 +0.29 201 £0.10 309 042 3.10 029 1.86 * 0.21
Spine width at base (cm) 0.27 = 0.06 0.38 = 0.06 0.37 = 0.09 0.29 = 0.06 0.26 = 0.03 031 = 0.04 0.67 = 0.07 0.68 = 0.08 0.38 = 0.05
Fresh leaf mass (g} 87 = 64 267 = 14 17T =110 158 = 25 208 + 67 165 = 50 8§23 = 162 674 = 239 230 = 68
Dry fiber mass (g) 1.82 = 1.98 4.16 = 213 371 2206 1.60 = 0.04 1.47 £ 0.70 1.40 = 0.60 3 6 23.67 * 6.61 4.57 +2.60
Peduncle length (cm) 195 = 67 291 = 70 338 = 86 302 = 83 413 £ 6 -— 257 + 41 242 * — 362 = 12
Panicle length (cm) 90 = 63 191 = 68 251 = 82 149 = 100 152 + 23 -— 251 = 106 1o = — 94 = 47
Inflorescence total length (cm) 285 =114 483 = 91 589 = 112 450 = 17 564 = 30 — 507 = 128 352 £ — 455 = 35
Inflorescence branches I3%5 2EES 24 =5 14 =1 151 — 225 17+ — 10=3
Peduncle perimeter at base (cm) 14 +5 2*%6 26*6 190 92 — 20+7 24 =32 23+ 8
Anther length {cm) 228027 246 = 0.20 250 = 0.25 215 £ — 240+ 038 — 233 %020 2.60 = 0,15 243 £ 0.04
Filament length (cm} 431 = 0.68 441 = 0.56 4.67 = 0.69 333+ — 4.06 = 0.02 — 4.28 =0.04 5.06 = 0.50 4.83 =047
Tepal length (cm) 1.70 £ 0.21 1.76 £ 0.20 1.83 £ 0.23 161 = — 1.72 = 0:27 — 175 x0.15 1.97 £0.14 1.82 = 0.12
Tepal width (cm) 069 =0.11 0.67 = 0.07 0.68 = 0.05 0.68 £ — 0.62 = 0.05 —_ 070 £ 0.07 0.75 = 0.06 0.53 + 0.08
Filament insertion height (cm) 0.80 = 0.13 0.68 * 0.12 070 = 0.15 0.60 = — 075 £ 023 — 071 =0.08 0.63 = 0.09 0.88 = 0.08
Tube length (cmi) 1.40 = 0.20 1.28 = 0.17 1.26 =022 1.26 = — 1.33 = 0.09 — 1.22 £ .16 1.38 = 0.18 1.30 £ 0.04
Owary body length (cm) 222 * (.30 215013 2.33 £0.30 183 = — 200 x0.17 — 202 = 0.21 2.26 = 0.19 2.65 = 0.00
Neck of ovary length (cm) 044 =012 0.50 =011 051 £0.11 033 = — (.34 = 0.02 — 077 =014 035 = 0.04 048 = 0.00
Ovary body width (cm) 0.85 = 0.09 0.82 = 0.07 081 = 0.08 0.76 = 0.73 = 0.02 — 0.08 + 0.06 0.93 + 0.08 097 + 0.02
Capsule length (cm) 4.50 = 0.52 4.60 = 0.48 4.65 = 0.55 3.89 = 0.40 462 = 033 =— 400 + 0.43 4.30 = 0.31 —
Capsule width {cm) 2152 0.26 216 =016 206 £0.19 1.91 = 0.07 1.97 = 0.33 — 2.14 022 226 = 0.08 _
Carpel leaf length (cm) 399 = 049 4.06 = .42 4.09 = (.50 345 =045 405 = 0.38 — 383 =044 302 +025 —_—
Carpel leaf width (cm) 220 0.16 233 +0.15 2.19 *0.20 1.99 + 0.01 209 016 - 223 *0.26 227 =008 —
Pedicel length (cm) 0.79 = 0.14 0.74 = 0.11 068 = 0.08 0.88 = 0.01 071 =003 - 0.70 =014 0.78 * — —_
Pedicel width {em) 0.32 > 0.06 033 * 0.04 0.32 = 0.04 0.25 = 0.06 028 = 0.05 — 0.28 = 0.06 034 * — —_
Seed length (cm) 0.83 = 0.06 0.83 = 0.07 D83 = 0.08 0.75 = 0.06 0,80 = 0.06 —_ 0.80 = 0.10 089 = 0.01 —_
Seed width (cm} 0.58 = 005 058 = 005 0.58 = 0.06 0.53 = 0.04 0.58 = 0.04 - 0.61 = 0.06 065 = 0.01 —
Number of normal seeds 106 £ 35 130 = 48 131 = 41 105 + 30 104 = 9 — 2112 20.% 13 =
MNumber of abnormal seeds 119+ 38 129 + 40 152 +43 165 * 1 168 = 21 — 2200 = 50 281 22 —
MNumber of seeds 225 = 4 258 + 45 283 + 46 269 = 31 271 =11 - 240 = 55 3IN=x9 -
Leaf length/width 1.3 143 15*4 I8+ 3 19+ 6 19+ | 124 ] 9*1 112
Leaf base width/leal middle width 1.6 0.3 1.5 0.3 1.5% 03 1.7 +0.1 1.7 £ 0.4 1.6 £ 0.3 IL.5+02 1.2 0.1 1.5x02
Leaf lengthfstem length 0.9+ 0.2 08 +03 8 =02 1.0+ 0.0 1.5 04 1.1 03 09 +0.1 1.1 £03 1.9 +09
Dry fiber mass/fresh leaf mass 0.02 = 0.01 0.02 = 0.01 0.01 = 0.01 0.01 = 0.00 0.01 = 0.00 0.01 = (L01 0.04 = 001 0.04 = 0.01 0.02 = 0.02
Teeth arca 0.03 = 0.02 0.05 £ 0.03 0.4 = 0.02 0.04 = 0.03 0.03 = 0.01 0.04 = 0.02 0.12 = 0.05 0.17 = 0.05 0.05 = 0.02
Distance between teeth/leaf length 0.02 = 0.01 0.02 = 0.01 0.01 = 0.0 001 = 0.0 0.01 =0.01 0.02 = 0.001 0.01 = 0.0 0.01 = 0.01 0.01 = 0.01
Spine length/width T 1% 6= 14 54%1.3 6+ 06 62+ 1.5 6.7 % 1.1 4.6 + 0.7 47 +08 49 =08
Spine length/fleafl length 0.04 = 0.02 0.02 = 0.01 002 * 0.01 0.02 + 0.0 0.01 = 0.0 (.02 = 0.0 0.02 = 0.0 0.03 £ 0.0 0.02 = 0.0
Panicle length/inflorescence

total length 0.3 =01 04 =01 0.4 =00 03x02 0.3 =00 - 0.5 = 0.1 03 £ — 02201
Tepals lengthftube length 1.2 =019 1.39 = 0.21 145 = (.29 1.27 2 — 1.3 +0.28 -— 145 + 0.22 145 = 021 1.4 =005
Ovary body length/width 2704 26+03 29+ 04 24+ — 28*02 — 2.5+ 02 24 +02 2801
Carpel leafl length/width 1.8 £ 0.2 1.8 =02 19> 02 LT 202 1.9 = 0.0 - 1.7£02 1.7 02 —
Seed lengthfwidth 1401 14 =0 L4 *0.1 14 =00 1.4 =00 — 1.3=00 1.4% 0.0 —
Number of teethfleaf length LS50 1.2 =03 1.3 03 14203 1.3x04 1206 1.O0+0.1 1.0=0.1 1.2 +02
Teeth length/leaf length l]ﬂﬂi = (0,002 0003 = 0001 0002 = 0001 0002 £ 0000 0002 = 0001 0.002 = 0000 0002+ 0000 0003 = 0,001 0.003 = 0.001
Teeth area/leaf width 0005 = 0003 0007 = 0003 0.005 £ 0.003 0006 &

MNumber of normal seeds/number
of seeds

0.5 x0.1

0502

0,005  0.004 = 0.001

5 =01 04 =01 0.4 = 0.1

(L1 £ 0.0

0.1 =00

0.006 £ 0.003 0011 £ 0005 0013 = 0004 0.007 = 0.003

* Mean values without data because plants failed o produce flowers and/or fruits, or lost data. Standard deviations without data because only one observation was available,
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of these are proportions that reflect the shapes of some structures or
which were designed as indicators of certain characteristics of anthro-

pocentric interest. Leal characters were measured on one mature leal

per plant. between the 35th and the 45th leaf from top to bottom: tooth
length. tooth width and distance between teeth are mean values lor the
five central teeth. Floral and fruit characters are mean values of five
flowers or fruits per plant. Seed length and seed width are mean values
ol ten seeds from each fruit. In the case of Kk, the collection of fruit
was not possible, as these aborted. or the inflorescence was cut by the
farmers as soon as it emerged. The variant CHG of A, angustifolic did
not praduce flowers or fruit during the study period and, therefore, was
climinated from the analysis presented in this work.

Numerical and statistical analysis—Al| the analyses were carried out
using procedures included in the Statstical Analysis System Release
6.04 (SAS. [985). For cach of the study objectives, at least two ana-
Iytical technigques were used to cross-validate the results,

Discontinuationy in the pattern of 1otal variation and the clustering
pattern—To analyze these aspects, the Tollowing analyses were carried
out: (a) Principal Components Analysis (PCA) of the correlation matrix
using the PRINCOMP procedure and plot of the first two standardized
principal components for visual examination of the clustering pattern
of all individuals. An initial morphometric analysis was carried out
using the 54 vegetative, inflorescence, floral, and fruit dimensions. This
analysis was run for the 168 individuals for which the data were com-
plete. The analysis included 18 individuals of the cultivated variant Sk,
49 of the A, angustifolia from the D area, 48 from populations in DE
50 trom SE and three individuals of the variants from SE differentiated
by fiber quality (CHY and CHW). The cultivated variants Yk and Kk
were not used as the data on the fruit were incomplete. To include these
variants in the study, another PCA was carried out with the 35 vege-
tative and foral characteristics only. This analysis included 210 indi-
viduals. seven of which correspond to the cultivated variant Yk and two
to the cultivated variant Kk. To increase the sample size of Kk o 19
individuals, and 1o be able 1o carry out significant tests with the prin-
cipal component scores, this analysis was repeated including only the
23 vegetative characters. In this way, all the 261 individuals swdied
were considered. (h) Significance of differences in PCA scores was
tested using GLLM procedure for analysis of variance for unequal sample
sizes. This procedure uses the method of least squares o fit General
Linear Models. Comparison of means was done with the Least Square
Differences test (LSD) with an & = 0.03. (¢) Agglomerative hierarchical
cluster analysis using CLUSTER procedure for examination of popu-
lations clustering pattern. These analyses were carried out based on the
population’s matrix of means. The clements of the matrix were stan-
dardized to mean 0 and standard deviation 1. and from this the matrix
of similarities was obtained using as an indication of similarity the
square of the Euclidean distance. Clustering was done using the un-
weighted pair-group method using arithmetic averages (UPGMA). The
clusters were represented in a dendrogram that uses the standardized
average distance as height. These analyses had similar objectives to
those of the PCA: one was carried out with the 54 characters, vegetative,
inflorescence, floral and fruit, the other with only the 34 vegetative and
fHoral characters. (d) Multivariate one-way analysis of variance using
the CANDISC procedure.

Characteristics that differ among variants or groups of variants, and
To analyze these aspects, the following anal-
yses were carried out: (a) Analysis of variance (ANOVA) for unbal-
anced designs using GLM procedure. Alpha significance levels were
adjusted using the Bonferroni inequality to account for the simultaneous
inferences made for each group of analysis (Miller, 1981). When ana-
lyzing 54 characters we used o = 0.05/54, and when analyzing 23
characters we used o = 0.05/23. Comparison of means was done with
the LSD test, also with an adjusted alpha significance level. When com-
paring the group of cultivated plants. composed of the variants Sk and

demmestication tendencies
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Yk, from the wild variants D, DE and SE we considered the 54 vege-
tative, foral, and fruit characters of 233 individuals that were situated
in the wild or cultivated categories: 83 cultivated (50 of Sk and 33 of
Yk)and 150 wild (50 of D. 50 of DF and 50 of SF). When comparing
the cultivated variant KK from the wild ones. and when comparing the
three cultivated variants Sk, Yk, and KK. only the 24 vegetative char-
acters were considered. When the comparison between the wild popu-
lations D. DE and SF was done. all the 54 characters were considered
again. (b) Compartson of the coefficients ol variation in the character-
istics studied. (¢) Canonical Discriminant Analysis using the CANDISC
procedure. (d) Stepwise Discriminant Analysis using the STEPDISC
procedure. Variables were chosen to enter or leave the discrimination
model among groups if the squared partial correlation for predicting the
variable under consideration from the group classificatory variable, con-
trolling for the effects of the variables already selected for the model.
was = 0.2, (¢) Linear regression by least squares using REG procedure.

RESULTS

Discontinuations in the pattern of total variation and
the clustering pattern—The PCA for the 168 individuals
with data on 54 vegetative, floral, inflorescence, and fruit
characters is presented in Fig. 2a. The graph of the first
and second principal components shows a marked sepa-
ration between the cultivated (7) and the wild (1, 2, 3, 4,
5) individuals. At the same time, wild individuals cluster
preferentially by their vegetation type. Those from the D
area are clustered (1) in the lower left quadrant (the far-
thest away from the cultivated individuals for the first
principal component). The individuals that grow in the
SF (3) are preferentially grouped in the upper right quad-
rant (the closest to the cultivated individuals for the first
principal component). The DF (2) individuals are found
in an intermediary position. In the same position are
found the two variants from the SF that are identified by
the artisans as being different due to the quality of their
fiber (4, 5).

The characters that contribute most to the separation
of the previously mentioned groups in the first principal
component (coefficient in the function more or equal to
the absolute value of 0.24) are: length of the leaf (0.251),
perimeter of peduncle base (0.248). width of leaf base
(0.247), leaf fresh mass (0.243), and width of the middle
part of the leaf (0.243). All these leafl characteristics have
a high correlation between them and also with the length
and quantity of fiber, which are the most important an-
thropocentric characteristics. The first principal compo-
nent accounts for 24% of the standardized variance. The
characters that contribute most to the group’s separation
in the second principal component are the number of nor-
mal seeds (0.262), and capsule length (0.244), both char-
acters associated with the reproductive capacity of the
variants. This second principal component accounts for
13% of the total variation. The third principal component
accounts for 9% of the variation and the most important
characters are: width of the capsule (0.340), seed (0.399),
and carpelar leat (0.326), and seed length (0.306). These
characters are related to the reproductive capacity of the
variants and have a high correlation.

To establish if the previous groups are significantly dif-
ferent, an ANOVA of the mean values of the first and
second principal component scores was carried out. This
analysis showed significant differences in the first (F =
147.48: P < 0.001) and second principal component (F
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SECOND PRINCIPAL COMPONENT

First and second principal components of the analysis of wild and cultivated Agave individuals in Yucatan, Mexico. A, angustifolia
Tropical Deciduous Forest (DF), 3 = Tropical Subdeciduous Forest (SF), 4 = Chelem Yellow (CHY), 5 =

Chelem White (CHW). Henequén (cultivated): 7 = Sac Ki, 8 = Yaax Ki, 9 = Kitam Ki. (a) Analysis of 168 individuals using 54 characters,
vegetative. floral, inflorescence. and fruit. The first and second principal components account for 24% and 13% of the total variation, respectively.
(b) Analysis of 210 individuals using 34 vegetative and floral characters. The first and second principal components account for 28% and 169% of

the total variation, respectively.

= 62.45: P < 0.001). The LSD tests indicated that each
one of the four groups is different from the others in the
first principal component: Sk > SF > DF = D (P < 0.05;
LSD = 0.2488) and in the second principal component:
SF > DF > D > Sk (P < 0.05; LSD = 0.03274). Wild
variants recognized by artisans for their fiber quality were
eliminated from this principal component and variance
analysis due to the small sample sizes (one individual of
CHY and two of CHW).

Figure 2b shows the graph of the first and the second
principal component for the analysis of 210 plants with
data of the 34 vegetative and floral characters. It includes
seven plants of the cultivated variant Yk and two of the
cultivated variant Kk. In this graph, the same general
grouping can be seen as in Fig. 2a. Furthermore, it can
be observed that Yk is found close to the cultivated vari-
ant Sk. The cultivated variant Kk is closer to the wild
individuals. In this analysis, the most important charac-
ters in the first principal component are (coefficient in the
function more or equal to the absolute value of 0.24):

leaf fresh mass (0.296), the width of the middle part of
the leaf (0.295) and at the base (0.291), spine base width
(0.290), fiber dry mass (0.285), tooth base width (0.266),
leaf length (0.255), and tooth number per length of the
leaf (—0.242). All these leaf characteristics are related to
the length and quantity of the fiber and also to how
thorny the leaves are, another relevant character from an
anthropocentric point of view. The first component ac-
counts for 28% of the variation. In the second principal
component, the most important characters are: tooth num-
ber (0.347), the proportions of spine length to leaf length
(—0.313), leaf length to leaf width (0.303), tooth length
to leaf length (—0.288), distance between teeth to leaf
length (—0.263), and anther length (0.256). With the ex-
ception of the third and last character, all are related to
leaf thorniness. This component accounts for 16% of the
variation. Finally, the third principal component, which
only accounts for 9% of the variation, includes princi-
pally floral characters. The graph of the first and third
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principal components does not add further information
for the separation of the groups.

Comparison of means of the first and second principal
component scores, grouping wild individuals according
to place of growth and cultivated individuals according
to the variety to which they belong, was done with an
L.SD test. This analysis indicated that there are no sig-
nificant differences in the values of the first principal
component (P < 0.05; LSD = 0.2217) between the Sk
and the YK. There also were no differences between the
DF and SF variants. but these two are significantly dif-
ferent from the D variant (SKk = Yk = SF = DF = D).
Perhaps, with sufficient fruit data for the Yk. significant
differences could be observed between this variety and
the Sk, but this variety is very scarce. Farmers seldom
permit the inflorescence to grow. and when it is allowed
to develop. it rarely produces fruits. Also. the color of
the leaves. which is a central character for differentiating.
was not included in these analyses. It is important to note
that on eliminating the inflorescence and fruit characters.
it is no longer possible to observe significant differences
in the first principal component between DF and SF var-
iants, but the D individual differences persist. In this prin-
cipal component and variance analysis. the cultivated va-
riety Kk was not included, nor the two SF variants iden-
tified by the farmers for their fiber quality, as the sample
sizes arc very small. In the case of the second principal
component. significant differences existed between the
DF and the SF variants (P < 0.05: LSD = 0.4418). How-
ever, there was no significant difference in this compo-
nent between the two cultivated ones and the D variant
(SF = DF = Sk = Yk = D).

ANOVA of the mean values of the first and second
principal component scores was also carried out with
only 23 vegetative characters. In this way. the cultivated

variant Kk was included in the analysis, as a sample of

19 individuals with vegetative data was available. The
results for the first principal component (which explains
38% of the variation) were similar to those of the analysis
carried out with vegetative and floral data. The KK group
is found close to the DF and SF group (Sk = Yk > DF
= SF = Kk = D: 7 < 0.05, LSD = 0.1603). Again. in
this case. leaf color, a very important character in differ-
enting Kk from the rest of the variants, was not included
in the analysis. The results obtained for the second prin-
cipal component (which accounts for 20% of the varia-
tion) were very different to the results obtained in the
analysis with vegetative and floral characters.

Using the cluster analysis technique, results similar to
those of the PCA were found. Fig. 3a presents the results
using the 54 characters, vegetative, floral, inflorescence,
and fruit, based on the average of each data-producing
locality. Two large groups can be identified: that of the
wild plants (1, 2. 3. 4. 5) and that of the cultivated plants
(7. 8). Within the group of wild plants, there are two
groups, one composed of the SF populations identified
by the farmers for their fiber quality (4, 5), and the other
formed by the populations from D. DE and SF (1, 2, 3).
These groups differed from each other, except one DF
population that grouped with those from SE The culti-
vated populations grouped differentially according to the
variant to which they belonged. In this analysis it was
not possible to include the cultivated variant Kk as no
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data on [fruit were available. For this reason the cluster
analysis was repeated with only 34 vegetative and floral
characters. This analysis is shown in Fig. 3b.

Figure 3b demonstrated that. in the same way as the
previous analysis, the first hierarchical division was given
by the group of wild populations and the group of cul-
tivated populations. The populations of Kk were grouped
with wild populations. Within the group of cultivated
plants, two groups were lormed: the populations of Yk
and Sk. Within the group of wild plants, the first hier-
archical division was given by the populations of D, and
the group of populations of Kk (the only cultivated type
in this group), the populations ol SF being differentiated
by the quality ol their fiber and by the populations of DF
and SE The second hierarchical division was given by
the populations o’ Kk and the wild ones. The third hi-
erarchical division was given by the SF populations dif-
ferentiated by the quality of their fiber and the DF and
SF populations. Within the group of the DF and SF pop-
ulations, the populations clustered differentially in one
group or another, in this case without mixing.

From PCA and cluster analysis. significant differences
were found between the group of wild individuals and
the group of cultivated plants that includes the variants
Sk and Yk. This was apparent when taking into account
vegelative, floral, and fruit characters, only vegetative
and floral, or only vegetative. For the case of wild indi-
viduals, there were significant differences among those
that grow in D, in DE and in SE if all vegetative char-
acters are taken into account. However, if only vegetative
and floral, or only vegetative characters were considered,
then the differentiation between DF and SF was lost, but
D remains significantly different. The individuals of the
SF were the most morphologically similar to the variants
Sk and Yk concerning the anthropocentric value.

Differences between wild and cultivated plants, and
domestication tendencies—ANOVA analyses indicated
that wild plants (D, DF and SF) differ significantly (P <
0.05) from cultivated plants (SK and YK) in 30 of the
54 characters. Table 3a shows the means, coefficients of
variation, the F value and R* of these characteristics, and
indicates the domestication tendency shown by the cul-
tivated plants.

All the vegetative characters were significantly differ-
ent. Cultivated plants have a greater quantity and length
of fiber, and their leaves also have fewer teeth. These
characters are obviously of great anthropocentric interest
(Table 3a). Other differences in vegetative characters
were observed in the teeth and thorns, larger in absolute
value, which we consider to be related to the gigantism
present in the cultivated plants. In relation to the inflo-
rescence, the cultivated plants had more robust peduncles
and longer panicles. These characters also appeared to be
associated with the gigantism of the cultivated plants.

With respect to the flower, the most significant differ-
ences were found in the length of the body and neck of
the ovary. The former is related to smailer fruit and, sub-
sequently, a reduced reproductive capacity of the culti-
vated plants. In the case of the fruit. we found that the
cultivated plants presented smaller capsules with a small-
er absolute quantity of normal seeds and more of abnor-
mal, as well as a relatively smaller amount of normal
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Dendrograms of wild and cultivated Agave populations in Yucatan, Mexico. A. angustifolia (wild): 1 = Coastal Dunes (D), 2 = Tropical

Deciduous Forest (DF), 3 = Tropical Subdeciduous Forest (SF), 4 = Chelem Green (CHG), 5 = Chelem White (CHW). Henequén (cultivated): 7
= Sac Ki (Sk), 8 = Yaax Ki (YK), 9 = Kitam Ki (Kk). (a) Grouping of 23 populations based on 54 characters, vegetative, floral, inflorescence and
fruit. (b) Grouping of 27 populations based on 34 vegetative and floral characters.

seeds compared to the total. These characters were clearly
related to the reduced reproductive capacity of the cul-
tivated plants.

Finally, other characteristics were significantly differ-
ent, such as leaves with a base proportionately narrower
compared to the middle part of the leaf, relatively wider
thorns, larger panicles in relation to the total inflorescence
size, and wider fruits and seeds than the wild plants.
These differences, associated with the shape of the struc-
tures, are difficult to interpret within the evolutionary
process by artificial selection.

Another characteristic of particular importance is that
the majority of the significantly different characters (19
to 30) had coefficients of variation larger in the wild than
in the cultivated plants (1.5 times or more). The majority

of the characters that were equally variable or more vari-
able in the cultivated than in the wild plants corresponded
to flower and fruit characteristics (nine out of 11).

Table 4 shows the 20 most important characters in the
first canonical discriminant function, which accounted for
100% of the variation. With the exception of two char-
acters, these 20 were also the 20 characters with the high-
est F values in the univariate analysis. They included
characters associated with increased quantity and length
of the fiber in the cultivated plants, gigantism, the re-
duced reproductive capacity and reduced thorniness of
leaves. as well as differences in the shape of the panicle
compared to the wild plants.

The discrimination model obtained with the stepwise
procedure, using as a mean of entry and exit a partial R
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Means and coefficient of variation for the morphological characters that distinguish (P < 0.05) between the A. angustifolia wild

populations in Dunes (D), Deciduous Forest (DF), and Subdeciduous Forest (SF) and the cultivated variants of henequén. The domestication
tendency that these differences represent, as well as the F and R-squared values from a one-way ANOVA, are presented. (a) Differences with
Sae Ki (Sk) and Yaax Ki (Yk). b. Differences with Kiram Ki (KK).

Coelliciem

Morphological character Domestication endency Caegory Mean ol variation F R
a) Differences with Sk and Yk
Dry fiber mass (g) More absolute quantity of fiber Wild 3.23 71 1.532 (.87
Cultivated 27.55 25
Dry fiber mass/fresh leaf mass More relative quantity of fiber Wild (L02 59 321 .58
Cultivated .04 16
Leal mass (g) Heavier leaves, more fiber Wild 223 61 567 0.71
Cultivated 764 27
Leal width at middle (cm) Wider leaves, more fiber Wild 7 25 569 0.71
Cultivated 12 12
Leaf width at base (cm) Wider leaves, more fiber Wild 10 27 353 0.61
Cultivated 17 10
Leaf length/leaf width at middle Wider leaves shape, more fiber Wild 13 27 54 0.19
Cultivated 10 17
Leaf length (cm) Longer leaves, longer fibers Wild 92 35 77 0.25
Cultivated 124 11
Leaf length/stem length Longer leaves in relation to the stem, Wild 0.8 29 24 0.09
longer fibers Cultivated I 24
Number of teeth Less teeth, less thorniness Wild 117 40 26 0.1
Cultivated 90 12
Distance between teeth (cm) More distance between teeth, Wild 1.29 37 51 0.18
less thorniness Cultivated 1.75 25
Number of teeth/leal length Relatively fewer teeth, less thorni- Wild ) 26 233 (0.5
ness Cultivated 0.7 11
Teeth length (cm) Longer teeth, gigantism Wild 0.23 24 71 0.24
Cultivated 0.3 25
Teeth width at base (cm) Wider teeth. gigantism Wild 0.33 42 608 0.73
Cultivated 0.94 26
Spine length (cm) Longer spines. gigantism Wild 2.02 22 355 0.61
Cultivated 3.1 12
Spine width at base (cm) Wider spines. gigantism Wild 0.34 25 922 0.8
Cultivated 0.67 10
Peduncle perimeter at base (cm) Thicker peduncle, gigantism Wild 20 37 49 0.2
Cultivated 29 25
Panicle length (¢m) Larger panicles, gigantism Wild 177 55 19 0.09
Cultivated 248 43
Ovary body length (cm) Smaller fruits, less reproductive Wild 2.24 13 19 0.08
capacity Cultivated 2.05 11
Neck of ovary length (¢m) Larger neck Wild 0.48 24 118 0.37
Cultivated 0.72 27
Capsule length (cm) Smaller fruits, less reproductive Wild 4.58 11 29 0.14
capacity Cultivated 4.02 11
Number of normal seeds Less normal seeds. less reproductive Wild 122 35 152 0.46
capacity Cultivated 21 55
Number of abnormal seeds More abnormal seeds, less Wild 133 32 103 0.37
reproductive capacity Cultivated 224 23
Number of normal seeds/number of Relatively less normal seeds, Wild 0.5 29 224 0.56
seeds less reproductive capacity Cultivated 0.1 48
Leaf width at base/leaf width at middle  Leaves with narrower bases Wild 1.6 19 21 0.08
Cultivated 1.4 15
Teeth arew/leaf width at middle Relatively wider teeth in relation to Wild 0.007 165 16 0.07
the leaf width Cultivated 0.012 39
Teeth area Bigger weeth Wild 0.04 149 133 0.37
Cultivated 0.14 39
Spine length/spine width Wider spines Wild 6.2 27 63 0.21
Cultivated 4.6 16
Panicle length/inflorescence total length  Larger panicles in relation to the Wild 0.4 34 24 0.11
inflorescence total length Cultivated 0.5 25
Ovary body length/ovary body width Wider ovary body shape Wild 2.7 14 15 0.07
Cultivated 2:5 9
Seed length/seed width Wider seed shape Wild 1.4 5 94 0.35
Cultivated 1.3 1
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TaBLE 3. Continued.
Coefficient
Morphological character Domestication tendency Category Mean of vanation F L
b) Differences with Kk
Stem length (cm) Shorter stem Wild 123 45 29 0.15
Kk 54 27
Spine length (cm)/spine width (cm) Shorter spine Wild 6 27 10 0.06
Kk 5 17
Teeth length (cm) Longer teeth Wild 0.23 24 11 0.06
Kk 0.27 20
Leaf width at middle (cm) Wider leaves Wild 6.8 25 11 0.06
Kk 8.2 13
Leaf length/stem length Longer leaves in relation to the stem Wild 0.8 29 148 0.47
Kk 1.9 46

of 0.2, only selects one variable, fiber mass. This char-
acter had an F value and a coefficient in the first canon-
ical discriminant function much higher than the rest of
the characters. This is also the characteristic of most in-
terest for man.

Of the 20 most important characters in the first canon-
ical discriminant function, there are three that summa-
rized the principal differences between the cultivated
plants and the wild (Figs. 4-6). These characteristics
were: index of fibrosity (dry fiber mass per fresh leaf
mass), index of thorniness (number of teeth per leaf
length), and index of reproductive capacity (number of
normal seeds per number of total seeds).

The slope of the line that describes the relation be-
tween the fresh mass of the leat and the dry mass of the
fiber was 4 times greater for the cultivated than for the
wild plants (Fig. 4). This indicated that the same increase
in leaf mass signifies 4 times more fiber in a cultivated
plant than in a wild plant. In Fig. 5, an opposite result is
found. The slope of the line that described the relation
between the leaf length and the number of teeth is 1.7

TasLe 4. Total-sample standardized canonical coefficients of the 20
morphological characters with greater weight in the first canonical
discriminant function between A. angustifolia wild populations,
Dunes (D), Deciduous Forest (D) and Subdeciduous Forest (SF).
and the cultivated variant of henequén, Sac Ki (Sk).

Coetlicwem Morphological character
0.97 Dry fiber mass
(.83 Fresh leal mass

0.8 Spine width at base

0.77 Teeth width at base
~(.7 Number of normal seeds/number of seeds
0.69 Leat width at middle
0.64 Leaf width at base
0.64 Neck of ovary length
0.64 Spine length
-(1.62 Number of normal sceds

0.6 Dry fiber mass/fresh leaf mass

—0.55 Seed length/seed width

(1L.54 Number of abnormal seeds
—=0.52 Number ol teeth/leal length

.44 Peduncle perimeter at base

(1.38 Leaf length

(137 Distance between teeth

0.33 Panicle length/inflorescence total length
=0.32 Capsule length

0.31 Teeth area

times greater in the wild than in cultivated plants. Finally,
in Fig. 6 the relation between the total number of seeds
and the number of normal seeds is presented. The range
in variation of the number of seeds was practically the
same between the cultivated and the wild plants, but the
range of the number of normal seeds was much lower in
the cultivated plants. The same increase in the total num-
ber of seeds represented 5.4 times more normal seeds in
the wild than in the cultivated plants.

With respect to differences between Kk and wild plants
(D, DE and SF), the multivariate analysis of variance
used only the 23 vegetative characters of leaves, indicat-
ing the existence of significant differences between the
two groups (P = 0.0001). The univariate analysis showed
that Kk differs significantly (P < 0.05) from the wild in
that it had a shorter stem and spine, longer teeth, and
leaves that are wider in the middle part of the leaf and
longer in relation to the length of the stem compared with
the wild plants. These last three characteristics are similar
to the other cultivated variants (Table 3). It is important
to note that the two syndromes of major anthropocentric
importance, greater quantity of fiber and less thorniness,
were not present in KKk, although, on the other hand, it is
the cultivated variant with less reproductive capacity. We
have never observed any production of fruit in this vari-
ant. In the case of the coefficient of variation of those
characteristics, all the coefficients of the wild plants were
greater than those of Kk, with the exception of the stem
length.

Differences among the three cultivated variants (Sk,
Yk, and Kk)—The multivariate analysis of variance of
the 24 vegetative characters of these variants also showed
significant differences among the same (2 = 0.0001). The
LSD test indicated that the distinguishing characters (P
< 0.05) among the three variants were: stem length (Sk
> Yk > Kk), leaf length (Sk > Yk > Kk). leaf fresh
mass (Sk > Yk > Kk). fiber dry mass (Sk > Yk > Kk),
the width of the leaf in the middle part (Yk > Sk > Kk),
the teeth area (Yk > Sk > KKk). and the proportion length
of spine per length of leaf (Yk > Sk > Kk). The char-
acteristics that would indicate a greater degree of domes-
tication tended from more to less: Sk > Yk > Kk. These
characteristics were gigantism (length of stem). longer
fiber (length of leaf), and greater quantity of fiber (dry
mass of fiber). According to this tendency, the coefficient
of variation of the same characteristics went from less to
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Figs. 4-6. Principal morphological differences between the culti-

vated and wild populations of Agave in Yucatan, Mexico. A. angusti-
Jolia (wild): 1 = Coastal Dunes (D), 2 = Tropical Deciduous Forest
(DF), 3 = Tropical Subdeciduous Forest (SF). Henequén (cultivated):
7 = Sac Ki (8k), 8 = Yaax Ki (YK), 9 = Kitam Ki (Kk). 4. Index of
fibrosity, dry mass of the fiber as a function of the fresh mass of the
leaf. 5. Index of thorniness. i.e., number of teeth as a function the length
of the leaf. 6. Index of reproductive capacily, i.e., number of normal
seeds as a function of the total number of seeds.

more, Sk < Yk < Kk, which suggested a lower genetic
variation in Sk (Table 5a).

Differences among wild populations (D, DF, and
SF)—Comparison of means indicated that the most im-
portant differences (P < 0.05) among the populations
were: leaf length, total length of the inflorescence, perim-
eter of peduncle base. and panicle length. all of which
showed a tendency from more to less SF > DF > D.
The coefficient of variation of these characteristics was
practically the same for SF and DF variants, but greater
in the case of the D variant (Table 5b).

DISCUSSION

Significant discontinuations were found in the mor-
phological variation pattern of the Agave populations
studied, corresponding to the cultivated variants tradi-
tionally recognized: Sac ki, Yaax ki, and Kitam ki. They
also correspond with the wild variants that could repre-
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sent three ecotypes of the wild species A. angustifolia:
the populations that grow on the Dune, those found in
Deciduous Forest, and those found in Subdeciduous For-
est. Due to the small sizes of samples, it is not possible
to affirm the same in the case of the SF variants recog-
nized as different by the artisans, as statistical tests were
not carried out. However, the cluster analysis showed a
difference between these populations and the other wild
populations.

When using the PCA technique, significant differences
were not found between Yk and Sk, possibly due to the
lack of sufficient Yk fruit data, and/or because such char-
acteristics as the color of the leaf or physical properties
of the fiber were not considered. Another reason could
be the scarcity of data on the flower; only seven individ-
uals of Yk were compared to 50 individuals of Sk. How-
ever, a difference could be found when a cluster analysis
was carried out based on the means of the sampling areas.
Kk was also impossible to differentiate in the PCA from
DF and SF wild individuals, probably because only veg-
etative data were available. Data on the color of the leaf
and the physical characteristics of the fiber were not in-
cluded either, although they are very distinctive. How-
ever, in the cluster analysis, a difference was observed.

The cluster pattern indicates that the cultivated variants
Sk and Yk differ morphologically in a similar way from
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the wild variants. Kk, instead, differs in a different di-
rection and magnitude from the wild variants. It is the
wild variant of the SF that presents the morphological
characteristics most similar to the domesticated. This fact
suggests that it is most likely the cultivated variants orig-
inated from it, if these characteristics of SF have a genetic
base and are not only a result of the better soil conditions
in which they grow.

The characteristics that differentiate the cultivated var-
iants Sk and Yk from the wild variants can be grouped
into four syndromes of domestication (by syndrome of
domestication we mean a combination of characters that
result in a characteristic of anthropocentric interest or re-
lated to the process of artificial selection): gigantism,
greater fibrosity, lower thorniness, and lower reproduc-
tive capacity. These syndromes clearly correspond to the
history of selection carried out on the populations dedi-
cated to cordage production and have been guiding the
process of artificial evolution, as the preference has been
for plants with a greater quantity of fiber per leaf, longer
fibers, and less thorny leaves. The selection of these char-
acteristics has led to a general gigantism of the plant and,
as the propagation has been exclusively vegetative, it has
also led to a dramatic decrease in the reproductive ca-
pacity.

The main difference between wild and domesticated
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variants is the dry mass of fiber per leat. Human selection
has produced a plant that can be efficiently harvested
with minimal effort, since it does produce much more
fiber per leat. The domestication process seems to have
changed the physiological strategy of the plant’s resource
allocation. The same increase in the fresh mass of the
leaf leads to 4 times more fiber in the cultivated than in
the wild variant. In the same way, a similar increase in
leaf length signifies 1.7 times more teeth in the wild than
in the cultivated variant, and the same increase in the total
number of seeds leads to 5.4 times more normal seeds in
the wild than in the cultivated variant.

Most of the differentiating characters between culti-
vated and wild plants have a coefficient of variation that
is greater for the wild (1.5 times or more) than for the
cultivated populations. This suggests a greater genetic di-
versity in the wild variants. D is the more variable vari-
ant, probably because it grows in a more heterogeneous
environment than DF and SE Future study of the genetic
diversity of the wild populations will be of great impor-
tance for an eventual recovery of the cultivated variant’s
diversity. This diversity has substantially decreased from
the beginning of this century. This decrease has not only
been because the number of varieties had decreased from
seven to three, because of the narrow selection criteria
for plants for the cordage production. but also because
propagation has been exclusively vegetative. This fact
has not permitted introgressive hybridization between
wild populations and cultivated variants and the same
genotype has been continuously reproduced. This species
is probably one of the cultivated plants whose diversity
has been most reduced in this century.

The majority of the characters that were equally vari-
able or more variable in the cultivated than in the wild
plants corresponded to flower and fruit characteristics,
probably because there had been no direct human selec-
tion in these characteristics. The cultivated variant Sk
presents a coefficient of variation of the fiber dry mass
(19.95) greater than the coefficient of variation of the leaf
length (7.81). This can be associated with the fact that
the process of mechanized defibration imposed very nar-
row standards to the length of the leaves of cultivated
plants. Modern selection processes. such as clone in vitro
propagation of elite materials, could permit a change in
the selection criteria of the mother plant. One could select
not only the length of the leaf (and thereby the length of
the fiber) but also the fiber dry mass per leal and the
relation between this characteristic and the fresh leaf
mass. These selection criteria could lead to a greater pro-
ductivity.

With the cultivated variant Kk, we find that it is more
similar morphologically to the wild forms than the other
cultivated variants. Although the multivariate analysis
showed that significant differences exist between this
variant and the group of wild variants, these differences
do not correspond to the main tendencies of domestica-
tion found in the other cultivated variants. This fact, in
conjunction with the ethnobotanical evidence that this
variant is not well known among the Yucatecan farmers,
and is very often confused with the wild ones (Colunga-
GarciaMarin and May-Pat, 1993), could suggest: (1) that
it is a variant introduced recently to the Peninsula (the
coefficient of variation of its characters is also less than
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Means and coefficient of variation for the morphological characters that distinguish (P < 0.05) among (a) the cultivated variants of

henequén, Sac Ki (Sk), Yaax Ki (Yk), and Kitam Ki (Kk) and (b) the A. angustifolia wild populations from Dunes (D), Deciduous Forest (DF),
and Subdeciduous Forest (SF). The ¥ and R* values from a one-way ANOVA are provided.

Coefficient
Morphological character Variant Mean of variation E R
a) Differences among Sk, Yk and Kk
Stem length (sm) Sk 151 11 199 0.8
Yk 106 21
Kk 54 27
Leaf length (cm) Sk 130 8 89 0.64
Yk 114 10
Kk 93 12
Leaf fresh mass (cm) Sk 823 20 75 0.6
Yk 674 36
Kk 230 29
Dry fiber mass (g) Sk 30.11 20 135 0.73
Yk 23.67 28
Kk 4.57 G
Leaf width at middle (ecm) Sk 11 8 122 0.71
Yk 13 16
Kk 8 13
Teeth length/teeth width Sk 0.12 29 40 0.45
Yk 0.17 40
Kk 0.05 41
Spine length/leaf length Sk 0.024 18 21 03
Yk 0.027 16
Kk 0.02 14
b) Differences among D, DF, and SF
Leaf length (cm) D 61 40 90 0.55
DF 97 19
SF 118 19
Inflorescence total length (cm) D 285 40 107 0.59
DF 483 19
SF 589 19
Peduncle perimeter at base (cm) D 14 39 63 0.46
DF 22 26
SF 26 22
Panicle length (cm) D 90 70 66 0.47
DF 191 36
SF 251 33

that of the wild plants) and (2) that, if it has suffered a
process of artificial selection in its center of origin, then
this selection was not in the same direction or intensity
as that imposed on the cultivated variants Sk and Yk.

A marked tendency from more to less is observed for
characteristics indicating degree of domestication: Sk >
Yk > Kk. These characteristics are the length of the stem
and leaf, dry mass of the fiber, and coefficient of variation
for these characters.

Differences among the wild populations that could rep-
resent three ecotypes of the species A. angustifolia are
found in the magnitude of certain structures. This fact
may be correlated to the superior conditions of soil and
precipitation existing in the gradient: SF > DF > D. Such
a possibility will be examined in future studies.
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CAPITULO 5

VARIACION MORFOLOGICA, BAJO CONDICIONES HOMOGENEAS DE
CRECIMIENTO, DEL GERMOPLASMA DE HENEQUEN (Agave fourcroydes
LEM.) Y SU ANCESTRO SILVESTRE (A. angustifolia HAW.): DIVERSIDAD Y

DOMESTICACION.
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MORPHOLOGICAL VARIATION OF HENEQUEN GERMPLASM AND ITS WILD
ANCESTOR UNDER UNIFORM GROWTH CONDITIONS: DIVERSITY AND DO-
MESTICATION '

Patricia Colunga-GarciaMarin' and Filogonio May Pat’
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ABSTRACT

Extant variants of henequén (Agave fourcroydes Lem.) and wild populations of its
putative ancestor A. angustifolia Haw. were grown in the Mexican state of Yucatan for
10 yr under homogeneous conditions. A statistical and numerical analysis of their pat-
terns of morphological variation was performed as part of broader research to provide
evidence of its genetic diversity, evolutionary relationships and changes under human
selection. A comparison with results of a similar analysis under natural growing condi-
tions, was also made. The study indicated the following. (1) Under natural growth con-
ditions, the three putative wild ecotypes are morphologically distinct, but under uniform
conditions only populations growing in Tropical Subdeciduous Forest may be distin-
guished from the other two, thus indicating the probable existence of only two ecotypes:
one growing in Dunes and Tropical Subdeciduous Forest, and other growing in Tropical
Deciduous Forest. (2) This last ecotype is the most similar to cultivated variants. Within
its populations, the most similar to the cultivated is that known as Chelem White, recog-
nized and appreciated by artisans for its fiber quality. (3) The cultivated Sac ki and
Yaax ki differ from wild populations in four syndromes of domestication: gigantism,
greater fibrosity, less thorniness, and less reproductive capacity. The lower coefficient
of variation of their characteristics compared with those of wild populations suggest
less genetic diversity. (4) Kitam Ki is probably a cultivated variant of recent introduction
in which the artificial selection process has had different direction and intensity. (5) Im-
proved growth conditions in the botanic garden resulted in a decreased of global coeffi-
cient of variation, of an increase in size, fiber content, and a reduction of thorniness for
both wild and cultivated variants. Given that wild populations with desirable character-
istics exist and that these characteristics are highly plastic and respond positively to
cultivation, then selection and cultivation of populations as those from Tropical Decidu-
ous Forest may well have been the path taken by the ancient Maya during henequén
domestication.

Key words: Agave; domestication; genetic erosion; germplasm; henequén,
morphological variation.



Henequén plants are native to the
Yucatan Peninsula and are known
worldwide for their fiber. Presently, it is
the only species of Agave to be grown
commercially in this region. Results of
previous research (Colunga-
GarciaMarin and May-Pat, 1993) indi-
cate that, out of seven variants of
henequén described in agronomy
manuals from the late 19th and early
20th centuries, only three are currently
found: Sac Ki (SK), Yaax Ki (YK), and
Kitam Ki (KK). The first two form very
small populations. Three possible eco-
types were found for the putative wild
ancestor of henequén, each corre-
sponding to one of the following vege-
tation types: Coastal Dunes (D),
Tropical Deciduous Forest (DF), and
Tropical Subdeciduous Forest (SF).
Present henequén varieties may have
originated from one or several of these
putative ecotypes . Within the SF, arti-
sans who work both with cultivated and
wild fibers recognize three variants ac-
cording to the quality of their fiber.
These are, from better to worst: Che-
lem White (CHW), Chelem Green
(CHG), and Chelem Yellow (CHY).
This ethnobotanical evidence suggests
that these SF populations may be
closer relatives to the cultivated vari-
ants than the D and DF populations.

The most abundant cultivated vari-
ety in the Yucatan Peninsula is SK,
which corresponds with Gentry's
(1982) diagnosis of A. fourcroydes.
Since the early 20th century, this vari-
ant was preferred by the cordage in-
dustry. Due to this preference,
cultivation of SK expanded at the ex-
pense of the other two variants. Since
there is a lack of adequate taxonomic

and agronomic descriptions for YK and
KK, in this paper we refer to them with
their horticultural Mayan names. Of
these two, the rarest is KK, which is
also the least known by farmers. Even
though it is only found under cultiva-
tion, they are often confused with the
wild A. angustifolia populations.
Numerical and statistical analyses
of the patterns of morphologic variation
of these variants, when growing in their
usual environment showed the follow-
ing. (1) There is a significant disconti-
nuity which corresponds to the three
cultivated varieties presently recog-
nized and to the three possible wild
ecotypes of A. angustifolia. Although
statistical analysis could not be per-
formed on the SF variants favored for
their fiber quality, there are indications
that these are morphologically distinct
among wild populations. (2) The differ-
ences between the wild populations
and variants SK and YK follow a com-
mon direction and magnitude, which
may be summed up in four domestica-
tion syndromes (combination of char-
acters that result in a characteristic of
anthropocentric interest or related to
the process of artificial selection): gi-
gantism, greater fibrosity, decreased
thorniness, and decreased reproduc-
tive capacity. (3) Variety KK is more
similar to wild plants than the other va-
rieties. Both ethnobotanical information
and the specific morphological differ-
ences between varieties suggest a re-
cent introduction of KK to the Yucatan
Peninsula and a selection process dif-
fering from those employed with the
other variants. (4) Those characteris-
tics pertaining to domestication show a
trend from more to less in the order



SK-YK-KK. (5) The lower variation co-
efficient of all characteristics in culti-
vated plants with respect to wild plants
suggests diminished genetic variation
in the former. This fact, and the disap-
pearance of four of the seven varieties
cultivated in the early 20th century in-
dicate that substantial genetic erosion
has occurred in this crop. (6) Among
wild varieties, SF is the most similar to
cultivated plants. This and ethnobo-
tanical data suggest that the cultivated
variants may have originated from
populations of SF. (7) Differences be-
tween the three putative wild ecotypes
are mainly in the dimensions of the
leaves and inflorescences, which show
the following relation. SF > DF > D.
This suggests that these differences
are correlated with the conditions of
soil and precipitation in which they
grow.

In order to provide evidence for
these two last hypotheses and to de-
termine whether relations inferred from
results obtained in situ could have
been influenced by growth conditions,
a working collection was grown in uni-
form conditions, using the germplasm
found in the region. Studies under uni-
form growth conditions have been
widely used. Since Anderson (1949),
this approach was applied to studies of
origin, variation, and evolution of culti-
vated plants. Its advantage is that it al-
lows one to characterize study
populations without the intervention of
environmental variation present in their
natural growing places.

This paper presents the numerical
and statistical analyses of morphologi-
cal variation patterns of extant hene-
quén germplasm and of populations in

Yucatan of its putative wild ancestor A.
angustifolia, comparing these results
with those obtained under natural
growth conditions. The objectives of
this study were: (a) to provide statisti-
cal definition of any discontinuity in
growth patterns existing between culti-
vated and wild populations, (b) to ana-
lyze the clustering pattern of these
populations, (c) to determine which
morphological characteristics are most
appropriate to identify variants, (d) to
disclose morphological trends associ-
ated with domestication in cultivated
populations, and (e) to compare mor-
phological characteristics of studied
variants growing under natural and
uniform conditions.

MATERIALS AND METHODS

Establishing the collection -- A
collection of germplasm samples previ-
ously studied in their natural growing
places (Colunga-GarciaMarin,
Estrada-Loera, and May-Pat, 1996)
was established during 1985-1987, in
the Jardin Botanico Regional of the
Centro de Investigacion Cientifica de
Yucatan (JBR). The JBR is localized
north of the city of Merida in the Mexi-
can State of Yucatan, at an altitude of
8 m above sea level. The ground is flat
and with a complex microrelief, soils
are young, and very rocky, according
to the FAO/UNESCO classification,
corresponding to Litosols and Rendzi-
nes (FAO/UNESCO, 1972). The cli-
mate in this zone is warm subhumid
with an annual average temperature of
26° C and an annual rainfall of 940
mm, distributed from May to Decem-
ber. Two dry periods occur: the first



during winter with a duration of 4 mo;
the other, in the middle of the rainy
season with a duration of 15 d. May is
the warmest month and mean monthly
temperature varies between 5° and 7°
C (Garcia, 1973). The original vegeta-
tion corresponds to a DF (Colunga-
GarciaMarin, Campos-Rios  and
Escalante-Rebolledo, 1990).

The germplasm collected, repre-
senting all nine variants studied, com-
prised 136 suckers, measuring about
50 cm in height. The collection sites
are a subset of those studied previ-
ously under natural growth conditions,
and their distribution is seen in Fig. 1.
Table 1 contains the number of sites
studied for each variant, and the num-
ber of suckers per site that were estab-
lished in the garden. This same table
shows the number of plants from which
data were obtained from leaves, flow-
ers and fruit, respectively. Suckers
were collected from each site at a mini-
mum distance of 200 m from each
other, in order to avoid, as much as
possible, the collection of plants stem-
ming from the same clone. These
suckers were planted in rows on a 1
000 m? field where attempts were
made to keep them free from pests and
disease whenever these occurred.
Weeding ocurred approximately every
3 mo.

Data gathering -- Data from 55
vegetative characters, flowers, inflo-
rescences, and fruits (Table 2), were
gathered between January 1989, when
the first flowers appeared in plants of
the wild variants, and August 1995,
when these had completed fruiting.
The life cycle of wild plants had an

average duration of 5.5 yr. Cultivated

“variants, instead, will average 14 yr.

So, to this date, complete data have
been gathered for wild variants, but for
cultivated ones only vegetative charac-
ters are available (except for the total
number of leaves produced, stem
length, and leaf-stem length ratio,
which have not been evaluated due to
the incompleteness of plant
development).

Data gathering followed the same
procedures as that for in situ morpho-
logical variation analysis (Colunga-
GarciaMarin, Estrada-Loera, and May-
Pat, 1996). Vegetative data of A. an-
gustifolia were obtained from plants
about to flower during that year, during
the onset of inflorescence peduncle
growth. Those of cultivated henequén
varieties were gathered in 1995, 8 yr
after SK and YK had been trans-
planted in the garden and when KK
was 6 yr old. Leaf data were taken
from one mature leaf per plant, which
were selected among those that would
have been cut by farmers for fiber ex-
traction. This leaf was between the
37th and the 43th leaf counting from
the bud. Length and width of marginal
thorns (teeth) and distance between
them correspond to the average of the
five central teeth. Flower and inflores-
cence characters were gathered during
anthesis, and those of fruits, when ma-
ture. Data of five flowers and five fruits
were averaged per plant. Length and
width of seeds were the average of ten
seeds per fruit.

Numerical and statistical analy-
ses -- All analyses were performed us-
ing the Statistical Analysis System,



version 6.04 (SAS, 1988). Before ana-
lyzing variables, normality tests were
made on residuals using the SAS pro-
cedure UNIVARIATE, with residuals of
all samples together. All variates re-
siduals were found to be normal at the
level P < 0.0001. However, when P <
0.05, residuals were transformed either
In, log, or square root, in order to ap-
proximate the residuals distribution to
the ideal normal distribution.
Discontinuities in variation and clus-
tering patterns--Analyses were per-
formed as follows: (a) Principal
Components Analysis (PCA) of the
correlation matrix using procedure
PRINCOMP, followed by visual inspec-
tion of clustering patterns in graphs of
the first two to three standardized com-
ponents. In order to include data from
both wild and cultivated variants, an
analysis was made using only the 21
leaf characters. A second analysis was
made using all 55 characters to study
clustering patterns in wild variants. (b)
Analysis of variance (ANOVA) for un-
balanced design of principal compo-
nent values, adjusting to general linear
models by the minimum squares
method. This was done using the GLM
procedure. Differences between more
than two means were made by the
Tukey-Kramer method, at a signifi-
cance level of 0.05 (SAS, 1988).
Characters discriminating between
variants or groups of variants, and do-
mestication trends -- The following
analyses were done. (a) PCA for find-
ing those characters with more weight
in group separation. Functions consid-
ered were the first, second, and third
principal components of the analysis
described previously. (b) ANOVA for

unbalanced designs, adjusting to gen-
eral linear models by the minimum
squares method, using the GLM proce-
dure. Level of significance o = 0.05
was adjusted to the number of simulta-
neous comparisons made, using the
Bonferroni inequality (Miller, 1981).
Differences between more than two
means were analyzed by the Tukey-
Kramer method. (c) Comparison of co-
efficients of variation coefficients of
characters studied. These coefficients
were calculated using the procedure
MEANS. (d) Stepwise discriminant
analysis using procedure STEPDISC
to detect those variables most useful to
discriminate between wild and domes-
ticated varieties. Variables were cho-
sen to enter or leave the model, when
the partial square correlation for pre-
dicting the variable under considera-
tion, from the classificatory variable,
and controlling the effect of variables
already selected for the model, were
greater or equal to 0.2. (e) Linear re-
gression by the minimum square
method using procedure REG, in order
to analyze the relation between certain
characters that are relevant in the do-
mestication process.

Differences in morphological varia-
tion of each variant under natural and
uniform conditions -- (a) For this analy-
sis, normality of variables was tested
pooling data obtained in situ and ex
situ. Out of 53 variables included in the
comparison  (leaf number and
length/width of teeth were not meas-
ured in situ), nine were not normal, but
could be normalized by a In, log,
square root or inverse square root
transformation. Variables with P < 0.05
were also transformed in order to



optimize their distribution. This was
also made using the procedure UNI-
VARIATE. (b) Mean comparison was
made using ANOVA for unbalanced
designs, adjusting to general linear
models by the minimum squares
method, using the GLM procedure.
Significance level was adjusted ac-
cording to the number of simultaneous
comparisons made. (¢) Comparison of
average coefficients of variation per
variant (global coefficient of variation).

RESULTS

Discontinuities in total variation
and clustering patterns -- PCA for all
variants studied (136 individuals, 21
leaf characters) is shown in Fig. 2. Two
well-defined groups are observed
along the first principal component
axis: that of cultivated variants SK (7)
and YK (8), and a group containing all
wild variants. It is important to note that
the cultivated variant KK (9) associate
with wild variants. The first principal
component accounts for 38% of the
variation, and the second for 20%. Ta-
ble 3 (column one) shows those char-
acters with higher weighting. It may be
appreciated that, essentially, what dis-
tinguishes the group formed by vari-
ants SK and YK from the others, is that
these plants have more fiber, both in
absolute measure and in relation to
leaf fresh mass, less thorny in relation
to leaf length, with broader teeth and
leaves, with longer and wider spines.

Differences between wild and
cultivated plants, domestication
trends -- To understand the differ-
ences between wild and those

cultivated plants that are believed to
have segregated from them [SK (7)
and YK (8)], a second PCA was made
excluding KK (9), and those variants
distinguished by farmers by the quality
of the fiber [CHY (4), CHW (5), CHG
(6)]. Once more, the graph of the first
and second principal components
clearly indicates a difference between
wild and cultivated variants along the
first component axis. In the graph of
the first and third principal components
(Fig. 3), a differentiation is also appar-
ent between SK (7) and YK (8) along
the third component axis. Multiple
mean comparison test of values of the
first and third principal component,
grouping individuals by variant, indi-
cated, for the first principal component
scores, that SK(7) = YK(8) > D(1) =
DF(2) = SF(3), while in the third com-
ponent SK(7) > YK(8) .

The characters with increased
weighting in the first and third princi-
pal components (Table 3) account for
43 and 12% of the variation, respec-
tively. Characters with more weight in
the first principal component also indi-
cate that cultivated plants differ from
wild plants mainly in their larger fiber
content, both in absolute amount, and
in relation to total leaf fresh mass, and
in that they have longer and wider
leaves. The two latter characters result
in longer, more abundant fibers. On
the other hand, these are less thorny
plants, due to the fact that they have
fewer teeth relative to leaf length, but
the teeth are wider, and the spines are
longer and broader. This last charac-
teristic is related to plant gigantism.
Also, characters with more weight
along the third principal component



indicate that SK(7) differentiates from
YK(8) mainly in that the plants have
less teeth, with more separation be-
tween them, both in absolute terms as
in relation to leaf length, and in having
narrower leaves.

ANOVA indicated that, as a group,
wild plants (D, DF, and SF) signifi-
cantly differ (P_< 0.05) from the group
formed by cultivated variants (SK and
YK) in 15 out of 21 characters ana-
lyzed. Table 4a shows the values of
the mean, coefficient of variation, F , R
square, and P for these characteristics.
It also indicates the domestication
trend displayed by cultivated plants. It
is important to notice that the ten char-
acteristics with larger F values are the
same characteristics with larger weight
along the first principal component in
the previous analysis. Thus, results
are similar. Yet, it must be added that,
in the ANOVA, cultivated variants have
longer teeth in absolute terms (related
with plant gigantism), but they are
wider than those in wild plants (which
makes them less thorny), and their
leaves have a narrower base in rela-
tion to the median section. This last
difference is not easy to interpret in the
light of evolution under human
selection.

Another noteworthy characteristic is
that, except for fresh mass of leaves,
all characters that differ significantly
have larger coefficients of variation in
wild plants than those in cultivated
plants, and that for most characteris-
tics (nine out of 15), this difference is
of 1.5 times greater (Table 4a). These
data suggest greater genetic variation
in wild plants.

The stepwise discriminant model
selected only two out of 21 variables:
fiber dry mass and width of spine base.
These two characters have the largest
coefficients of variation in the first prin-
cipal component and the largest F val-
ues in the ANOVA. Their partial
R-square values in the a priori defined
groups (i.e., wild and domesticated),
are 0.82 and 0.36, respectively. On the
other hand, fiber dry mass has been
the character of greatest interest to
people.

From the 15 characters that differ
significantly, two summarize the main
differences between cultivated and
wild plants. In the study under natural
growth conditions, we designated
these as index of fibrosity (dry fiber
mass per fresh leaf mass) and index of
thorniness (number of teeth/leaf
length). A third index used in that study
could not be applied in this because of
lack of data, the index of reproductive
capacity (number of normal seeds/total
ovule number). Figs. 8-9 show the be-
havior of these indices.

The slope of the linear relation be-
tween the log leaf fresh mass plus one,
and the square root of the fiber dry
mass is 1.9 times larger for cultivated
plants than wild plants (Fig.8). Another
interesting aspect is that the range in
variation of both characters is much
larger in cultivated than in wild plants.

In Fig. 9, the inverse may be ob-
served. The slope of the linear relation
between leaf length and teeth number
is 1.6 times greater in wild plants than
cultivated plants. This means that a
given increase in leaf length repre-
sents 1.6 times more teeth in wild
plants than in cultivated plants. Also,



as opposed to the former relation, the
range in variation for both characters is
much smaller in cultivated plants.

Another PCA was made to explore
the differences between cultivated
variant KK (9) and those wild variants
with which it is grouped. Mean com-
parison for the values of the first, sec-
ond, and third principal components,
made by pooling cultivated and wild in-
dividuals, shows significant differences
only in the third component (FE = 57; P
< 0.0001), which accounts for 13% of
variation. In the graph of the first (ac-
counted for variation of 25%) and the
third principal component (Fig. 4), the
group formed by the KK (9) individuals
is seen segregated in the upper part of
the plot. Table 3 (column four) con-
tains those variables with greater
weight in the third principal compo-
nent. These variables indicated that
KK (9) differs from wild plants mainly in
that they have more teeth in absolute
terms, theeth are closer between them
with respect to leaf length, teeth and
spines are broader, and leaves have
more fiber, both in absolute terms and
in relation to fresh leaf mass.

ANOVA indicated that these two
groups differ only in that KK has more
fiber relative to fresh leaf mass and
has broader leaves (P < 0.05) (Table
4b). From these results it may be seen
that the syndrome of more fiber con-
tent, which is the most interesting an-
thropocentrically, is also present in KK;
yet, in absolute terms, when compared
with the cultivated variants SK and YK,
the fiber content is not much greater
than in wild variants (Table 2). With re-
spect to the syndrome of reduced
thorniness a contrary situation is

evident, because this variant is more
thorny than the wild variants. Finally, in
relation to the syndrome of reduced re-
productive capacity, the cultivated vari-
ant has less reproductive capacity, we
have yet to see this variety produce
fruit. These characteristics also have
smaller coefficients of variation in the
cultivated rather than wild variants,
again suggesting greater genetic varia-
tion in the wild plants.

Differences between the three
cultivated variants (SK, YK, and KK)
-- Fig. 8 represents the results of a
PCA including only the three cultivated
variants. The multiple mean compari-
son test for the first principal compo-
nent values indicated that: SK (7) =
YK(8) > KK(9), while for the second
principal component scores, SK(7) >
KK(9) > YK(8). The first component ac-
counts for 42% of the variation, while
the second accounts for 29%. Table 3,
columns five and six, respectively,
shows those characters with greater
weight for both components. Results
from the first principal component indi-
cate that SK(7) and YK(8) differ from
KK(9) in that these are the variants
with longer, broader leaves with larger
fiber contents, being also the ones with
lesser teeth in relation to leaf length,
but these teeth are wider and with
larger spines. The second principal
component shows that SK(7) is the
variant with longer leaves, with wider
bases with respect to the median sec-
tion, and with more separation be-
tween teeth, both in absolute terms
and in relation to leaf length. It is also
the variant with the shortest and



narrowest teeth, and with the longest
spines.

The ANOVA and the Tukey-Kramer
test indicated that these three variants
are significantly (P < 0.05) different in
only three characteristics: the ratio of
number of teeth and leaf length (KK >
YK > SK), the median section leaf
width (YK > SK > KK), and the width of
the teeth base (YK > SK > KK) (Table
5). No clear trend is evident between
the coefficient of variation, which sug-
gests genetic differences between
these variants (Table 5). Global coeffi-
cients of variation for the three variants
are virtually equal (Table 6).

Differences between all wild vari-
ants (D, DF, SF, CHW, CHG, and
CHY) -- Inspection of clustering pat-
terns among all wild variants was
made with PCA for the 46 individuals
that had complete data sets for all 55
vegetative, flower, inflorescence, and
fruit characters. The graph of the first
and second principal components (Fig.
6) shows three groups: variant
CHW(5) in the lower left corner; SF(3)
in the upper right corner; and CHG(6)
in the lower portion of the plot. The
multiple mean comparison test indi-
cated that in the first component
CHW(5) differs significantly from all
variants, while SF(3) differs from D(1),
CHW(5), and CHG(6). In the second
principal component, SF(3) differs from
all the others, and CHW(5) and
CHG(6) differ significantly from D(1),
DF(2), and SF(3).

Table 3 (columns seven and eight)
show the characters with greater
weighting in the first and second princi-
pal components. These components

account for 18 and 14% of the stan-
dardized variance, respectively. The
results obtained for the first component
indicate that CHW(5) differs from the
rest of the wild variants, mainly, be-
cause of its stronger peduncles, longer
leaves with a more elongated shape,
and its larger fiber content. This vari-
ant has more teeth in absolute terms
(it also has the longest leaves) and it
has the smallest teeth in relation to
leaf length. These characteristics
makes this wild variant the most similar
to the cultivated variants in those char-
acters most important to humans:
longer, more abundant fibers. Results
of the second principal component in-
dicate that SF(3) is the less thorny wild
variant and has the largest reproduc-
tive capability. It is interesting to note
that, despite that in the first principal
component CHW(5) and SF(3) show
the same trend, they have contrasting
characteristics in the second principal
component , mainly because CHW(5)
has more teeth, although these are
smaller. The results from this analysis
are coincident with the following ap-
praisals from artisans: (1) CH variants
may be distinguished from average
wild populations [CHW(5) and CHG(6)
were differentiated from these in the
second principal component], (2) the
variant that most resembles wild plants
is CHY(4) [which was only different
from SF(3) in the second principal
component], and (3) the variant most
similar to SK(7) is CHW(5).

Differences between the three
putative ecotypes (D, DF, and SF) --
The analysis of differences between
the three putative ecotypes is shown in



Fig. 7. The graph of the first and the
second principal components indicates
that SF(3) differs from the other two
variants only along the first principal
component axis, which accounts for
20% of the variation. In this principal
component, the variables with more
weight are presented in Table 3 (col-
umn nine). Results indicate that,
among the three putative ecotypes,
SF(3) has the longest, most abundant
fibers, and the longest inflorescences.
This makes SF(3) the most similar to
the cultivated variants. In summary, the
wild populations that most resemble
the cultivated ones are SF(3), and
within these, the most similar variant is
CHW(5). The multiple mean compari-
son test indicated that, for the first prin-
cipal component, SF(3) > D(1) =
DF(2). No significant differences exist
in the second and third principal
components.

The ANOVA and the Tukey-Kramer
test indicated that there is no character
that distinguishes between the three
putative ecotypes. Populations of SF
and D may only be distinguished by
the greater amount of fiber and more
numerous normal seeds observed in
the former, and between DF and D, by
the larger number of leaves in the lat-
ter. Coefficients of variation for these
characters are virtually identical, ex-
cept for the number of normal seeds,
which is much more variable in D. The
global coefficient of variation is practi-
cally the same in the three variants
(Table 6).

Differences in morphological
variation of each variant, compared
between natural and uniform growth
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conditions -- Global coefficients of
variation for both wild and cultivated
variants, were smaller under uniform
growth conditions compared with natu-
ral growth conditions. As in natural
conditions, wild variants coefficients of
variation were greater with respect to
the cultivated variants coefficients. The
average global coefficient of variation
of wild variants is 1.4 times greater
than in the cultivated plants. The char-
acters whose means were significantly
different between data sets (natural
and uniform growth conditions) are
seen in Table 2. These differences in-
clude the following: (a) Variant D had
more differing characters (17 out of
53). The changes were mainly related
to an increase in size of nearly all
structures: stem, leaf, teeth, spines, fi-
ber, and inflorescence. It is interesting
to note three significant changes in
flower structure: filament and tube
length (which, as we will see, were
also different for variants DF and SF),
and the ratio between tepal length and
tube length. Another interesting
change is the increase of abnormal
seeds formed under the conditions at
the JBR. (b) The changes of variant
DF were limited to four flower charac-
ters among all 53 characteristics com-
pared. (c) Variant SF showed changes
in five out of 53 characters compared.
Besides the change in filament and
tube length, it is very interesting to
note that there was an increase in fiber
content, both in absolute and relative
terms, and a decrease in the relative
number of teeth. (d) For SK, six out of
20 leaf characters compared were sig-
nificantly different. These differences
are related to longer leaves and



narrower spines and teeth. (e) For YK,
nine of 20 characters differed. The
changes were in the same direction as
those in SK: longer, heavier leaves,
and smaller spines and teeth, both in
absolute and relative terms. (f) In KK
only one character changed: it had a
larger fiber dry mass.

DISCUSSION

As with the analysis made under
natural growing conditions, under uni-
form conditions at the JBR significant
discontinuities were found in the mor-
phological pattern of variation in the
three cultivated varieties of henequén:
Sac ki (Sk), Yaax ki (YK), and Kitam ki
(Kk). This was evident from PCA as
well as ANOVA, despite only vegeta-
tive characters being used.

With the three putative wild eco-
types, results differ, indicating that
while under natural growth conditions,
all three can be differentiated morpho-
logically. Under uniform conditions
only the ecotype growing in Tropical
Subdeciduous Forest (SF) may be dis-
tinguished from the other two. This
suggests that the difference between
Coastal Dunes (D) and Tropical De-
ciduous Forest (DF) in natural growing
conditions is due to environmental fac-
tors. Variant D had the largest size in-
crease in the largest number of
morphological structures due to grow-
ing at JBR. This is probably due to the
fact that for this variant, the conditions
in the JBR were more drastically differ-
ent from those in their natural growing
site, both in the reduced environmental
heterogeneity, and in the improved soil
and rainfall conditions. On the other

1

hand, variant DF had less morphologi-
cal changes with respect to the other
two, probably because soil and rainfall
conditions at the JBR are nearly the
same as those found in the places
were it naturally occurs. Individuals of
SF, despite being moved to poorer soil
and rainfall conditions, continued be-
ing taller than the other two variants,
and were still significantly different
from those in the multivariate hyper-
space. This may indicate that there are
only two ecotypes: one growing in D
and DF, the other growing in SF. How-
ever, measurements were taken in
only one environment and genotype x
environment interactions could not be
studied. A genetic analysis of popula-
tions of these variants, together with
growth experiments in D and SF condi-
tions, could further clarify this
hypothesis.

With respect to the SF variants,
distinguished by farmers because of
their fiber quality, and of which statisti-
cal analysis under natural growing
conditions was not possible, under
JBR conditions, two could be differenti-
ated from wild ecotypes [Chelem White
(CHW) and Chelem Green (CHG)].
This coincides with handcrafters ap-
preciation that Chelem Yellow (CHY)
(which is the variant that cannot be
distinguished from the ecotypes) is the
common wild type. However, it is im-
portant to note that a complete data
set could only be obtained from three
individuals belonging to this variant.

As in the in situ study, in the wild
ecotypes, the SF ecotype is the one
with morphological characters most
similar to domesticated plants: longer,
more abundant fibers, and larger




inflorescences. In populations of SF,
those belonging to the CHW variant
are even more similar to cultivated
variants, because this variant has the
longest and most abundant fibers of all
wild variants. This result agrees with
ethnobotanical evidence gathered, in
that artisans believe that among all
wild variants, it is CHW that more
closely resembles cultivated plants.
The fact that the differential characters
were maintained under uniform growth
conditions suggests that these have a
genetic basis. These results also sup-
port previously inferred ethnobotany-
and morphology-based hypotheses
(Colunga-GarciaMarin, Estrada-Loera,
and May-Pat, 1993; Colunga-
GarciaMarin and May-Pat, 1993;
Colunga-GarciaMarin, Estrada-Loera,
and May-Pat, 1996): (1) that SF popu-
lations could have given rise to culti-
vated variants, (2) that CHW may
represent ancestral populations, or (3)
CHW is a relic of wild populations,
which, according to historical evidence
began to be cultivated during the early
20th century in Yucatan, after being
selected because of the quality of its
fiber.

Results of the analysis of the differ-
ences between cultivated variants SK
and YK, and the group formed by wild
populations D, DF, and SF, were simi-
lar to those obtained in the in situ
study. The morphology of both culti-
vated variants differs from that of wild
plants in a similar way, which may be
summarized in three domestication
syndromes: gigantism, increased fi-
brosity, and less thorniness (because
this plants are monocarpic, the results
for the measurement of the
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reproductive capacity syndrome under
uniform conditions will be done when
cultivated plants will finish their life cy-
cle). As previously discussed for the
results from the in situ study, these
syndromes correspond with anthropo-
centric interests, the same interest that
at least during the present century,
guided the process of evolution under
artificial selection. Selective pressures
involved in this process were strongly
influenced by the history of cultivation
under plantation conditions, for the
cordage industry. This required select-
ing plants with a larger fiber content
per leaf, longer fibers, and less thorny
leaves. Gigantism of plants, in general,
has resulted from selection for these
characters, and because they have
mostly been vegetatively propagated, it
has also led to a marked decrease in
sexual reproduction capability.

Once again, the largest difference
between wild and domesticated types
was in fiber dry mass per leaf. Human
selection has created a plant that can
be harvested more efficiently, appar-
ently, by changing the physiological re-
source allocation strategy compared
with wild plants. The same amount of
leaf fresh mass increase produces
twice as much fiber in cultivated plants.
Under natural growth conditions, this
difference was further apparent (there
being four times more fiber in culti-
vated rather than in wild plants). This
as an obvious result of the fact that,
under natural conditions, wild plants
grow in worse conditions than found at
the JBR, where the field was periodi-
cally weeded. Another change in their
resource allocation lies in the fact that
in the same increase in leaf length,



wild plants have 1.6 times more teeth
than cultivated plants. This result was
nearly the same as that found in natu-
ral conditions, where it was of 1.7
times. Fiber dry mass per leaf is the
only one character that appears
among the characteristic with the high-
est weights in all principal component
analyses. This demonstrates that this
is a character with great importance in
variant discrimination at all levels
studied.

As in the in situ study, the global
coefficient of variation is greater in wild
rather .than in cultivated variants,
where it is 1.4 times larger. This sug-
gests that there is more genetic varia-
tion in wild populations and points to
the importance of studying the genet-
ics of wild populations as a basis from
which cultivated populations may be
eventually recovered. The narrow se-
lection that has occurred for cordage
since the late 19th century, and the
practice of exclusively vegetative
propagation have led to a severe loss
of diversity in the crop: one of the most
drastic diversity losses suffered by any
crop during the past century.

Cultivated variants SK and YK have
a coefficient of variation of fiber dry
mass that is 3.3 times larger than that
of leaf length. This is probably due to
the fact that the fiber extraction proce-
dure presently used applies a very
strict standard to leaf length, while fi-
ber mass gets less attention. This dif-
ference was further accentuated under
JBR conditions. Modern sefection pro-
grams will have to consider not only
leaf length, but also fiber dry mass and
the relation between fiber dry mass
and leaf fresh mass, as pointed out by
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Colunga-GarciaMarin, 'Estrada-Loera,
and May-Pat (1996).

Cultivated variant KK, as in the in
situ study, turned out to be morphologi-
cally more similar to wild than other
cultivated variants. However, there
were characters distinguishing it from
wild variants, although it is important to
consider that out of the five characters
found to be significantly different in
natural conditions, two have not yet
been evaluated under uniform condi-
tions (stem length and leaf length/stem
length ratio). The most important differ-
ence is that under JBR conditions. KK
had a larger fiber content than wild
variants, both in absolute terms and
relative to leaf fresh mass. Thus, KK
shows two of the four domestication
syndromes: less reproductive capacity
and larger fibrosity (although this last
in @ much lesser degree than is ob-
served in all other cultivated variants).
The syndrome of thorniness shows an
inverse trend compared with the other
cultivated variants since KK is more
thorny than wild variants. These re-
sults, and the ethnobotanical evidence
relating to the scarcity of knowledge of
this variant among farmers, suggest
that: (1) it is a variant of recent intro-
duction to the Peninsula, and/or (2) ar-
tificial selection pressure acting on it
did not have the magnitude nor the di-
rection that it pressure had on SK and
YK.

The characteristics that best distin-
guish the three cultivated varieties are
thorniness and fibrosity, since SK and
YK are less thorny and have longer,
more abundant fibers than KK. It is
noteworthy that, in contrast to natural
conditions, in the JBR, no significant
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TABLE 1. Number of populations and suckers per population used in the establishment of the ex situ germplasm
collection of six A. angustifolia wild variants and three henequen cultivated variants studied in Yucatan,

Mexico. The number of plants in which leaves, flowers, and fruits were analyzed is also shown.

Number of Number of suckers Number of plants with data on

Variant populations per population Leaf Flower Fruit
A. angustifolia (wild)

Coastal Dunes (D) ] 3,9,2,8,5 20 10 9
Deciduous Forest (DF) 2 2,8 10 6 6
Subdeciduous Forest (SF) 2 5,16 21 14 12
Chelem Yellow (CHY) 1 9 9 5 3
Chelem White (CHW) 1 14 14 14 12

Chelem Green (CHG) 1 13 13 9 7



TABLE 1. Continued

Henequen (cultivated)

Sac Ki (Sk)

Yaax Ki (YK)

Kitam Ki (KK)

Total

525,45
71,1156

6,7

21

15

13

136

58

49




TABLE 2. Means % 1 SD for the 55 morphological characters measured ex situ of six wild and three cultivated variants of Agave from Yucatan,

Mexico and comparison of values significantly different (in parenthesis) obtained under naturally grown conditions. A. angustifolia:

D= Dunes, DF= Deciduous Forest, SF= Subdeciduous Forest, CHY= Chelem Yellow, CHW=Chelem White, CHG=Chelem Green,

Henequén: SK= Sac Ki, YK= Yaax Ki, KK= Kitam Ki. Missing values because plants are yet to produce flowers and fruits.

A. angustifolia (wild) Henequén (cultivated)

Morphological character D DF SF CHY? CcHw? CHG? Sk Yk Kk

Stem length (cm) 105£32** 119+ 31 1291 37 84120 103 £ 11 92+ 22
(72 £ 39)

Numberofleavesb 89 + 33 154 £ 53 117 £ 38 68+ 18 101 £ 15 86+ 15

Leaf length (cm) 95+15* 113+23 11517 95110 137+ 14 102+ 25 147 £ 13** 136+ 11** 10119
(61  24) (130£10) (1141 12)

Leaf width at middle (cm) 71 81 812 9+1 811 812 122 15+2 9+1
52

Leaf width at base (cm) 12 £ 3** 13+3 13+3 13+2 121 12+3 17+2 172 13+2
(8+3)

Number of teeth (one side) 118 £30*™* 133134 115+ 19 94 +12 184 £+ 31 134 + 43 98+8 108 £ 11** 125+ 17
(87 £ 32) (88 t 14)

Teeth length (cm) 026+0.05"0.27+009 0.25+0.05 0.27+007 023+004 025+0.07 029+004 033+0.04 0.30+0.04
(0.20 £ 0.05)

Teeth width at base (cm) 033+0.09 0361014 0.31+0.08 0.37+017 031+005 039+0.16 0.54+009* 069+0.15* 0.40+0.03

(0.88+0.23) (1.04 £ 0.23)



TABLE 2. Continued

Distance between teeth (cm)

Spine length (cm)

Spine width at base (cm)

Fresh leaf mass (g)

Dry fiber mass (g)

Peduncle length (cm)

Panicle length (cm)

Inflorescence total length (cm)

Inflorescence branches

Peduncle perimeter at base (cm)

Anther length (cm)

Filament length (cm)

1.41+063 1.33+0.59

1.83+043 2.07+0.29

0.33+0.03**0.39 + 0.06

(0.27 £ 0.06)

296 + 102** 383 + 190
(87 + 64)

3.87+1.53*593+2.36
(1.82+1.98)

307 + 76*
(195 £ 67)

306 + 54

144 + 56 199 + 48

451 + 93**
(285 £ 114)

505+70

1612 215

21 4™
(14 £ 5)

29+7
217+028 208 +0.25"
(2.46 £ 0.20)

5.56 + 0.90** 5.54 + 0.75™
(4.31+£0.68 (4.41+0.56

170+ 066 164+030 1.18+0.31

1.73+053 202+028 1.97+0.28

0.34+0.05 0.33+0.08 0.39+0.05

381+147 287 +67 394 + 80

6.951+ 2.70** 4.64 + 2.32
(3.71 £ 2.06)

6.24 + 1.20

311174 336 + 38 375162

24178 179 £ 50 272+ 82

551+ 83 515+ 87 647 + 106

15+3

30+2
232+024 212+ 019 1.89+0.07

5.68 + 0.63*5.23  0.61
(4.67 + 0.69)

5.07+£0.79

1.21+0.56

1.93+0.51

0.31+0.04

302 £ 213

4.05+248

384 + 87

195+ 76

579 + 81

18t4

26+6

225+0.18

446+0.78

224 +0.38" 1.36+0.46
(1.90 + 0.36)

1.20+0.33

297+037 2.67+0.28"

(3.10 £ 0.29)

1.69+0.29

0.58 + 0.04*
(0.67 £ 0.07)

0.58+0.09* 0.39 + 0.04

(0.68 + 0.06)

908 * 325 1019 £ 216" 313+ 69

(674 + 239)

2974+953 26.13:+6.84 7.761% 1.44*
(4.57 £ 2.60)
229 + 46

317 £ 45

556 + 86

22+1

36+1

2.45+0.08

5.44+0.30




TABLE 2. Continued

Tepal length (cm)

Tepal width (cm)

Filament insertion height (cm)

Tube length (cm)

Ovary body length (cm)
Neck of ovary length (cm)
Ovary body width (cm)
Capsule length (cm)
Capsule width (cm)
Carpel leaf length (cm)
Carpel leaf width (cm)
Pedicel length (cm)
Pedicel width (cm)
Seed length (cm)
Seed width (cm)

Number of normal seeds

1.90+£031 166+0.13

1.79+0.16

1.61+0.14

1.40+0.11

062+ 0.05 0.57 £0.02* 0.57+0.05 0.51+0.04 0.52+0.04

(0.67 +0.07)

0.85+0.09 074+009 0.71+0.06 060+ 0.13

1.16 £0.15* 1.01 £ 0.15* 1.05+0.09* 0.76 + 0.11

(1.40+£0.20 (1.28+0.17 (1.29+0.22)

228+034 222+025 231+027 1.9110.06

0.56+0.12 0.48 +0.14

0.77+0.10 0.75+0.08
458+0.54 437%057
2.09+0.10 2.06+0.18
3.93+052 3.93+0.36
222+011 209+0.19
068+0.09 0.66+0.11
0.33+0.05 0.30+0.04
0.78+0.05 0.79+0.06
0.55+0.04 0.53+0.04

74 + 47 102 + 40

0.44+0.13

0.76 £ 0.05

4.88 +0.52

230+0.25

4.29 £ 0.51

2.30+0.25

0.72+0.15

0.33+0.05

0.86 + 0.09

0.30+£0.05

155 + 31

0.30+ 0.05

0.63 +0.01

479+0.19

2.04+0.32

4.39+0.26

222+0.17

061+0.10

0.30 £ 0.06

0.84 + 0.07

0.58 + 0.06

110 £ 62

0.53+0.04

0.79+0.09

230+0.28

0.34+0.06

0.79+0.06

3.98+0.29

2.16+£0.11

3491024

2.21+0.09

0.60+0.11

0.28 + 0.06

0.88 +£ 0.05

0.61 £ 0.02

95+ 34

1.78+0.19

0.59+0.14

0.63+0.25

0.97 £ 0.27

1.98 £ 0.21
0.29+0.53
0.72+0.12
438 +0.38
213+0.22
3.81+044
220+0.14
0.68+0.10
0.33+0.07
0.82 +0.07
0.58 £ 0.05

83+27

1.82+0.07

0.67 + 0.02

0.80 + 0.02

1.11+£0.07

221+0.08

0.70 £ 0.06

0.78 + 0.04




TABLE 2. Continued
Number of abnormal seeds

Number of ovules

Leaf length/width

Leaf base width/leaf middle width
Leaf length/stem length

Dry fiber mass/fresh leaf mass

Teeth length/width b

Distance between teeth/leaf length
Spine length/width

Spine length/leaf length

Panicle length/ inflorescence

total length

Tepals length/tube length

Ovary body length/width

Carpel leaf length/width

169 + 43**
(119 £ 38)

243 + 31
133

1.7+04
1.0+£0.2

0.01+0.01

0.82+0.16
0.02 + 0.01

56+15

165 51

267 + 38

152

1.6+0.3

0.8+0.2

140 + 31

295+ 33

15+3

1.6+03

09+0.2

195 + 66

306 + 29

11+£2

14+02

12+02

0.02 + 0.004 0.02 + 0.01**0.02 + 0.01

(0.01 % 0.01)

0.85+0.37 0.84+0.17 0.80+0.25

0.01+£0.01

506

0.01+0.0

51+£1.3

0.02 £ 0.01* 0.02+0.005 0.02 +0.01

(0.04 £ 0.02)

0.3+0.1

1.7+0.39"™ 1681028

(1.2+0.19)
29102

1.8+02

04+01

3004

19102

0.4+0.1

1.72+0.20

31+03

19101

0.02+0.0

65+22

0.02+0.0

0300

217 +£0.49

3.0+01

1.9+0.0

187 + 21

283 + 37

18+3

16+03

1.3+£0.1

0.02+0.00

0.74 £+ 0.13

0.01£0.00

48+13

0.01+0.0

0.4+0.1

1.8+0.20

29+0.2

1.6+0.1

147 + 25

230+ 41

134

16+04

111202

0.01+0.01

0.66 + 0.17

0.01+£0.01

6.2+16

0.02 £ 0.01

0.3+0.1

1.95+0.52

28+03

17201

12+2

1.4+0.2

0.03+0.01

0.55+0.09

0.02+0.0

52107

0.02+0.0

0.7+0.0

1.65+0.11

29+0.1

911

1.2+02

0.03 + 0.00*
(0.04 £ 0.01)

0.49+0.12
0.01+£0.00
4605

0.02 + 0.0*
(0.03+0.0)

111

1.5+02

0.03 £ 0.01

0.76 £ 0.07

0.01+£0.00

4407

0.02+0.0



TABLE 2. Continued

Seed length/width

Number of teeth/leaf length

Teeth length/leaf length

Teeth arealleaf width

Number of normal seeds/

number of seeds

1.4+0.1 1.5+0.1 1.4+01 1.4+00 14101 1.4+0.1

12+03 12+04 10+03* 09+01 13+02 13:02 07400 0.8+0.1 12101
(1.310.3)

0.003 + 0.00 0.002 + 0.00 0.002 + 0.00 0.003 + 0.00 0.002+ 0.0010.002 + 0.00 0.002+ 0.000 0.002 + 0.000 0.003 + 0.001

(0.003+ 0.001)
0.006 + 0.00 0.007 + 0.00 0.005 + 0.00 0.006 + 0.00 0.004 + 0.00 0.006 + 0.00 0.006+ 0.001* 0.008 + 0.001 0.007 + 0.001

(0.011+ 0.005 (0.013+ 0.004)

03+0.2 04+0.2 0501 04102 032+0.1 036%0.1

** Significantly (P < 0.05) greater than the resuilt obtained in situ (see Colunga-GarciaMarin, Estrada-Loera and May-Pat. 1996).
* Significantly (P < 0.05) smaller than the result obtained in situ (see Colunga-GarciaMarin, Estrada-Loera and May-Pat. 1996).
Comparisons for these variants were not performed because of the small sample size under natural conditions.
Cbmparisons for these characters were not performed because they were not obtained in situ.



TABLE 3. Coefficients of variables with greatest weighting in the principal components that were significant for the differentiation of groups in the six distinct analyses
of morphological variation in wild and cultivated populations of Agave in Yucatan, Mexico. The different analyses include: A: All variants with 21 vegetative
variables, B: SK, YK, D, DF, SF with 21 vegetative variables, C: KK, D, DF, SF with 21 vegetative variables, D: SK, YK, KK with 21 vegetative variables,

E: D, DF, SF, CHW, CHG, CHY with 55 vegetative, floral and fruit variables, F: D, DF, SF with 55 vegetative, floral, and fruit variables.

Number of the principal component and analysis type

A B Cc D E F

First First Third Third First Second First Second First
Variance explained 38% 43% 12% 13% 42% 29% 18% 14% 20%
Variable
Dry fiber mass 0.33 0.31 0.28 0.31 0.23 0.28
Leaf width at middle 0.31 03 026 -03
Spine width at base 0.31 0.3 03 0.28
Number of teeth/leaf length -0.29 -028 03 -0.31 -0.26
Teeth width at base 0.29 0.28 03 023 -024
Fresh leaf mass 0.28 0.29 0.3
Spine length 0.27 0.27 0.29
Dry fiber massffresh leaf mass 0.24 0.25 0.28
Leaf width at base 0.24 0.25 0.26
Leaf length 0.27 0.3 0.29 0.27
Distance between teeth/leaf length 0.53 -0.41 0.34

Distance between teeth 0.53 -0.33 0.31



TABLE 3. Continued

Number of teeth

Leaf base widthfleaf middle width
Teeth lengthiteeth width
Leaf length/leaf width
Teeth length

Spine length/spine width
Peduncle perimeter at base
Teeth length/leaf length
Capsule length

Panicle length
Inflorescence total length
Number of normal seeds

Number of normal seeds/number
of seeds

-0.36
0.25

0.24

0.33

-0.29

0.34
0.41

-0.25
-0.31

0.25

0.23

0.24

-0.24

0.23

0.23

0.23

0.24

0.23




TABLE 4. Means and coefficient of variation for the morphological characters that distinguish (P < 0.05) between the
A. angustifolia wild populations in Dunes (D), Deciduous Forest (DF), and Subdeciduous Forest (SF), and the

the cultivated variants of henequén in Yucatan, Mexico. The domestication tendency that these differences

represent, as well as the F, R-squared, and P values from a one-way ANOVA, are presented. A. Differences with

Sac Ki (SK) and Yaax Ki (YK). B. Differences with Kitam Ki (KK).

Coefficient

Morphological character Domestication tendency Category Mean of variation F R-squared |

A. Differences with Sk and Yk

Dry fiber mass (g) More absolute quantity of fiber ~ Wild 5.53 47 400 0.82 0.002
Cultivated 28.23 30

Dry fiber mass/fresh leaf mass More relative quantity of fiber Wild 0.02 37 92 0.52 0.002
Cultivated  0.03 21

Leaf mass (g) Heavier leaves, more fiber Wild 348 29 160 0.65 0.002
Cultivated 954 30 .

Leaf width at middle (cm) Wider leaves, more fiber Wild 7 18 223 0.72 0.002

Cultivated 13 15



TABLE 4. Continued

Leaf width at base (cm)

Leaf length/leaf width at middle

Leaf length (cm)

Number of teeth

Number of teeth/leaf length

Teeth length (cm)

Teeth width at base (cm)

Wider leaves, more fiber

Wider leaf shape, more fiber

Longer leaves, longer fibers

Less teeth, less thorniness

Relatively fewer teeth,

less thorniness

Longer teeth, gigantism

Wider teeth, gigantism

Wild
Cultivated
Wild
Cultivated
Wild
Cultivated
Wild
Cultivated
Wild
Cultivated
Wild

Cultivated

Wild

Cultivated

17

13

11

106

142

119

102

1.2

0.7

0.26

0.3

0.32

0.59

22

11

19

17

18

23

10

26

13

22

14

29

23

71

33

20

14

82

15

109

0.46

0.28

0.51

0.14

0.5

0.15

0.56

0.002

0.002

0.002

0.006

0.002

0.004

0.002



TABLE 4. Continued

Spine length (cm)

Spine width at base (cm)

Leaf width at base/

leaf width at middle

Teeth length/teeth width

B. Differences with Kk

Dry fiber mass/fresh leaf mass

Leaf length/leaf width at middle

Longer spines, gigantism

Wider spines, gigantism

Leaves with narrower bases

Wider teeth shape

More relative quantity of fiber

Wider leaf shape, more fiber

Wild

Cultivated

Wild

Cultivated

Wild

Cultivated

Wild

Cultivated

Wild

Cultivated

Wild

Cultivated

1.83
2.84
0.35
0.58

1.6

1.3
0.83

0.52

0.02

0.03

14

11

23

13

14

11

21

16

26

21

37

27

19

11

132

370

26

63

19

12

0.61

0.81

0.23

0.43

0.24

0.16

0.002

0.002

0.002

0.002

0.002

0.002




TABLE 5. Means and coefficient of variation for the morphological characters that
distinguish (P < 0.05) among the cultivated variants of henequen, Sac Ki
(Sk),Yaax Ki (Yk), and Kitam Ki (Kk ). The F and R-squared values from a

one-way ANOVA are provided.

Coefficient
Morphological character Variant Mean of variation F value R-squared
Number of teeth/leaf length Sk 0.7 6 21 0.9
Yk 0.8 12
Kk 1.2 8
Leaf width at middle Sk 12 14 46 0.67
Yk 15 12
Kk 9 10
Teeth width at base Sk 0.54 16 36 0.61
Yk 0.69 22

Kk 0.4 12




TABLE 6. In situ and ex situ global coefficients of variation for the
three supposed wild ecotypes of A. angustifolia and
the three cultivated variants of henequén studied in

Yucatan, Mexico.

Growth condition
Variant In situ Ex situ
A. angustifolia (wild)
Coastal Dunes (D) 33 22
Deciduous Forest (DF) 22 21
Subdeciduous Forest (SF) 22 21
Henequén (cultivated)
Sac Ki (Sk) 7 15
Yaax Ki (Yk) 19 16

Kitam Ki (KK) 24 15




FIGURE LEGENDS

Fig. 1. Areas sampled in the morphological variation analysis of the six A. an-
gustifolia wild variants and the three henequén cultivated variants studied in Yucatan,
Mexico and location of the Regional Botanic Garden where they were grown under ho-
mogeneous conditions.

Fig. 2-7. Principal components analysis plots of the morphological variation of
wild and cultivated Agave populations in Yucatan, Mexico. A. angustifolia (wild): 1 =
Coastal Dunes (D), 2 = Tropical Deciduous Forest (DF), 3 = Tropical Subdeciduous
Forest (SF), 4 = Chelem Yellow (CHY), 5 = Chelem White (CHW), 6 = Chelem Green
(CHG). Henequén (cultivated): 7 = Sac Ki, 8 = Yaax Ki, 9 = Kitam Ki. 2. First and sec-
ond principal components of the analysis of 136 individuals belonging to all variants
and using 21 vegetative characters. The first and second principal components ac.  .nt
for 38 and 20% of the total variation, respectively. 3. First and third principal cc' oo-
nents of the analysis of 51 individuals of the three putative A. angustifolia wild ecotypes
(D, DF, and SF) and 36 individuals of the henequén cultivated variants (Sk, Yk, and
Kk), using 21 vegetative characters. The first and third principal components account
for 43 and 12% of the total variation, respectively. 4. First and third principal compo-
nents of the analysis of 51 individuals of the A. angustifolia three putative wild ecotypes
( D, DF, and SF) and 13 individuals of the cultivated variant Kk, using 21 vegetative
characters. The first and third principal components account for 25 and 13% of the total
variation, respectively. 5. First and second principal components of the analysis of 49
cultivated individuals of the three cultivated variants Sk, Yk, and Kk, using 21 vegeta-
tive characters. The first and second principal components account for 42 and 20% of
the total variation, respectively. 6. First and second principal components of the analy-
sis of 46 individuals belonging to all wild variants and using 55 vegetative, inflores-
cence, flower and fruit characters. The first and second principal components account
for 18 and 14% of the total variation, respectively. 7. First and second principal compo-
nents of the analysis of 25 individuals of the three putative A. angustifolia wild ecotypes
(D, DF, and SF) using 55 vegetative, inflorescence, flower, and fruit characters. The
first and second principal components account for 20 and 14% of the total variation, re-
spectively.

Fig. 8-9. Principal morphological differences between the cultivated variants of
henequén, 7 = Sac Ki (Sk) and 8 = Yaax Ki (Yk), and the wild populations of A. angusti-
folia in Yucatan, Mexico, 1 = Coastal Dunes (D), 2 = Tropical Deciduous Forest (DF), 3
= Tropical Subdeciduous Forest (SF). 8. Index of fibrosity, square root of the fiber dry
mass as a function of log (leaf fresh mass + 1). 9. Index of thorniness, number of teeth
as a function of the leaf length.
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CAPITULO 6

VARIACION Y RELACIONES FILOGENETICAS DE HENEQUEN Agave
fourcroydes LEM. Y SU ANCESTRO SILVESTRE A. angustifolia HAW.:
EVIDENCIA ISOENZIMATICA Y MORFOLOGICA.



VARIACION Y RELACIONES FILOGENETICAS DE HENEQUEN Agave four-
croydes LEM. Y SU ANCESTRO SILVESTRE A. angustifolia HAW.: EVIDEN-
CIA ISOENZIMATICA Y MORFOLOGICA

P. Colunga-GarciaMarin', J. Coello-Coello’, L. E. Eguiarte? y D. Pifiero?.

' Centro de Investigacion Cientifica de Yucatan, A.C. Apartado Postal 87. Cordemex. Mérida Yucatén,
México 97310. 2 Centro de Ecologia. UNAM. Apartado Postal 70-275. Ciudad Universitaria. México, D.F.
México 04510.

RESUMEN

Se presenta evidencia isoenzimatica para estimar los niveles de variaciéon gené-
tica, y evidencia isoenzimatica y morfolégica para analizar las relaciones evolutivas del
germoplasma de henequén y las poblaciones de A. angustifolia aun disponibles en la
Peninsula de Yucatan. El analisis de tres sistemas isoenzimaticos con electroforesis
en geles de almidén, indicé que mientras las variantes de A. angustifolia tienen niveles
relativamente altos de variacion genética, ninguna variacion se observa dentro de las
tres variedades de henequén cultivadas. La extremadamente pequefia fraccion de la
variacion total contenida dentro de las variantes cultivadas es un resultado esperado
de los analisis etnobotanicos y morfologicos anteriores, los cuales sugirieron una
drastica erosion genética de la diversidad posiblemente generada y mantenida por los
mayas en el periodo prehispanico, como consecuencia de las estrategias agronémicas
seguidas en las grandes plantaciones capitalistas, que con fines cordeleros, se desar-
rollaron en Yucatan a principios de este siglo. El analisis filogenético usando parsimo-
nia indicé que el supuesto central de este trabajo, el origen del henequén a partir de
poblaciones de A. angustifolia que crecen en la Peninsula, esta apoyado por los resul-
tados del analisis que incluyé individuos externos al area. Las relaciones filogenéticas
dentro de las variantes silvestres y cultivadas que crecen en la Peninsula, inferidas de
la evidencia isoenzimatica, y de la evidencia conjunta morfologia-isoenzimas, son con-
sistentes con las evidencias etnobotanicas y morfologicas. Ambos analisis sugieren
dos grandes clados: el de las poblaciones silvestres como un grupo monoflético con
dos probables ecotipos, Dunas y Selva Mediana, y el de las variantes utilizadas por su
fibra. Dentro de este grupo se observan dos lineas separadas de domesticacion: la de
Sac kiy Yaax ki, seleccionadas para producir fibras mas gruesas y en mayor cantidad,
con fines fundamentalmente cordeleros, y la de Kitam ki, casi extinta, seleccionada
para producir fibras mas suaves con fines textiles. En esta linea posiblemente fue in-
cluido el Chelem blanco a principios de siglo y posteriormente abandonado su cultivo.
La posicién de las variantes Chelem en el filograma, sugieren su origen hibrido
silvestre-cultivado.



El henequen Agave fourcroydes
Lem. es una planta cultivada por su fibra
que, de acuerdo a las evidencias disponi-
bles, fue domesticada por los mayas en
la Peninsula de Yucatan en épocas pre-
hispanicas (de Landa, 1978). Su origen
se ha planteado a partir de Agave angus-
tifolia Haw. (sensu Gentry, 1982), la Unica
especie silvestre de Agave en el area
(Colunga-GarciaMarin y May-Pat, 1993).
Agave angustifolia es |la especie de este
género que tiene la distribucion mas am-
plia. Se le encuentra desde Sonora a
Costa Rica por el Pacifico y desde ahi a
Tamaulipas por el Atlantico, en alturas
que van desde el nivel del mar hasta los
1500 m (Gentry, 1982). En la Peninsula
de Yucatan, esta especie presenta un
rango de variacion morfolégica asociado
a su distribuciéon geografica reportado ya
por Orellana et al. (1985), y que abarca
desde ejemplares muy pequefios encon-
trados en la zona de Dunas costeras, in-
termedios en la Selva baja y de mayor
altura en la Selva mediana. Castorena-
Sanchez, Escobedo y Quiroz (1991) de-
scribieron los cariotipos de estas espe-
cies en Yucatan, encontrando que ambas
son poliploides; henequén con un
numero cromosomico de 5x = 150 y A.
angustifolia de 6x = 180.

Agave angustifolia es una especie
que crece en manchones de individuos
propagados vegetativamente, ya sea por
medio de vastagos procedentes de ri-
zoma o de bulbillos, pero también con
alta capacidad de reproduccion sexual.
La variacion morfoldgica encontrada en
toda su area de distribucion llevaron a
Gentry (1982) a suponer que se trata de
un complejo con entrecruzamiento libre,
que ha variado ampliamente por circun-
stancias de habitat, cambios de clima en
periodos largos de tiempo y por la inter-
vencion del hombre. Hasta donde
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sabemos, no han sido publicados traba-
jos sobre su biologia reproductiva. Hene-
quén, por otra parte, es un cultivo que
s6lo se ha desarrollado exitosamente en
la Peninsula de Yucatan, algunas regio-
nes de los estados de Tamaulipas y
Veracruz, y la Republica de Cuba. En es-
tos dltimos tres lugares a partir de germo-
plasma yucateco. Su propagacion es
exclusivamente vegetativa, a través de
vastagos procedentes de rizoma. Una
practica agricola importante en este cul-
tivo es la eliminacién del pedunculo de la
inflorescencia cuando comienza a
emerger, por lo que en muy raras ocasio-
nes se le encuentra floreciendo. Cuando
llega a florecer, casi nunca produce
semillas, y cuando éstas se llegan apro-
ducir, nunca se utilizan para su cultivo.
El porcentaje de germinacion de las
semillas de henequén es del 9%, mien-
tras que el de las poblaciones silvestres
de alrededor del 73% (Colunga-
GarciaMarin 'y May-Pat, datos sin
publicar). ‘

En trabajos anteriores se ha abor-
dado la investigacién etnobotanica de la
diversidad pasada y presente, tanto del
henequén como de su supuesto ancestro
silvestre (Colunga-GarciaMarin y May-
Pat, 1993; Colunga-GarciaMarin et al.,
1993), asi como el estudio de su varia-
cién morfoldégica en condiciones natu-
rales y en condiciones homogéneas de
crecimiento (Colunga-GarciaMarin,
Estrada-Loera, y May-Pat, 1996;
Colunga-GarciaMarin y May-Pat, en
prensa). Estos trabajos han indicado que
no conocemos la diversidad de henequén
generada por los mayas en la época pre-
hispanica, pero podemos suponer que
ésta era al menos igual, sino mayor, a la
registrada en los manuales agronémicos
de fines del siglo pasado y principios de
éste. En estos manuales se reportan



siete variedades de henequén y el cultivo
experimental del silvestre. De estas var-
iedades, actualmente sélo es posible en-
contrar tres: Sac Ki (Sk), Yaax Ki (Yk)y
una variedad a la que hemos llamado Ki-
tam Ki (Kk). Sk es la variedad de uso pre-
ferido para cordeleria. Desde fines del
siglo pasado existia la consigna entre los
grandes productores de eliminar las otras
variedades en favor de ésta. Yk es una
variedad morfolégicamente muy parecida
a Sk, pero con una fibra relativamente
mas suave, la cual produce en una canti-
dad ligeramente menor que el Sk. Kk es
una variante poco conocida entre los ag-
ricultores, que aunque se le encuentra
exclusivamente de forma cultivada,
muchos la confunden con el silvestre.
Morfolégicamente es muy diferente a las
dos anteriores y produce mucho menos
fibra, pero ésta es mas suave. Tanto Yk
como Kk sdélo pueden encontrarse en
poblaciones muy pequefnas, especial-
mente Kk. Cuando se cultivan es con
fines artesanales. La evidencia mor-
foldgica indico que Sk y Yk se diferencian
de las silvestres en una direccion y mag-
nitud similar que puede resumirse en
cuatro sindromes de domesticacion (por
sindrome de domesticacion nos referimos
a una combinacioén de caracteres que re-
sultan en una caracteristica de interés
antropocéntrico o relacionada al proceso
de seleccién artificial): gigantismo, mayor
fibrosidad, menor espinosidad y menor
capacidad reproductiva. Existe una corre-
spondencia obvia entre estos sindromes,
y los intereses antropocéntricos que han
guiado el proceso de seleccion artificial
del henequén, por lo menos, durante el
ultimo siglo. Kk es la variante cultivada
morfolégicamente mas parecida a las sil-
vestres. La informacion etnobotanica, y el
tipo de diferencias morfolégicas que tiene
con ellas, sugieren una introduccion
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reciente a la Peninsula y/o un proceso
de seleccion con direccion e intensidad
distinta al de las otras variantes
cultivadas.

La variante Sk corresponde clara-
mente a la diagnosis de A. fourcroydes
Lem. de Gentry (1982). Hacen falta de-
scripciones taxonémicas validas y com-
pletas de Yk y Kk, por lo que en este
trabajo nos referiremos a ellas por sus
nombres horticolas mayas. Los resulta-
dos de la investigacién etnoboténica
sugieren una fuerte erosion genética de
este cultivo, como resultado del desar-
rollo de plantaciones extensivas con fines
exclusivamente cordeleros, reforzado por
practicas de propagacion exclusivamente
vegetativas. La magnitud de los coefi-
cientes de variacion de los caracteres
morfolégicos estudiados, sugiere también
una reduccién de la diversidad genética
del cultivado con respecto al ancestro
silvestre.

En cuanto a A. angustifolia, la ex-
ploracion etnobotanica sugirié la existen-
cia de tres variantes, correspondientes a
las poblaciones que crecen en las Dunas
costeras (D), la Selva baja caducifolia
(DF), y la Selva mediana subcaducifolia
(SF). Estas tres variantes, de acuerdo a
la evidencia morfolégica, probablemente
corresponden a dos ecotipos: uno que in-
cluye las poblaciones de D y DF y otro
que corresponde a las poblaciones de
SF, en vista de que bajo condiciones ho-
mogéneas de crecimiento no se encon-
traron diferencias entre las poblaciones
de D y las de DF. Dentro de las poblacio-
nes de SF, los artesanos que trabajan la
fibora de las poblaciones silvestres re-
conocen a su vez tres variantes segun su
calidad de fibra. Al Chelem blanco
(CHW) lo consideran el mas parecido a
los cultivados, al Chelem verde (CHG) y
el Chelem amarillo (CHY) los consideran



con una calidad inferior, en ese orden.
Con base en la evidencia etnobotanica y
morfolégica se han sugerido dos hipote-
sis: !) que CHW representa poblaciones
ancestrales del henequén, y 2) que posi-
blemente sea un clon abandonado de
principios de siglo, cuando se hicieron in-
tentos de cultivar poblaciones silvestres
con fines textiles.

El trabajo que aqui se presenta,
utiliza evidencia isoenzimatica para esti-
mar los niveles de variacion genética, y
evidencia isoenzimatica y morfolégica
para analizar las relaciones filogenéticas
del germoplasma de henequén aun dis-
ponible en la Peninsula de Yucatan y las
poblaciones de A. angustifolia que crecen
en ella. Los resultados se discuten en el
contexto de las hipodtesis planteadas en
los trabajos anteriores, y en términos de
las posibilidades de conservacion del
germoplasma silvestre y cultivado.

MATERIALES Y METODOS

Procedencia del material -- El
material analizado puede dividirse en tres
grupos: (1) 146 individuos pertenecientes
a las seis variantes de A. angustifolia y
las tres de henequén encontradas en la
peninsula. Estos individuos fueron
establecidos entre 1985-1987 en el
Jardin Botanico Regional del Centro de
Investigacion Cientifica de Yucatan (JBR)
bajo condiciones homogéneas de cre-
cimiento y su variacion morfolégica fue
analizada por Colunga-GarciaMarin y
May-Pat (en prensa). El material incluido
en este trabajo fueron sus hijuelos naci-
dos de rizoma, (2) 54 individuos nacidos
de semillas de la variante de henequén
mas abundante: el SK. Las semillas
fueron colectadas en campo procedentes
de dos localidades y de dos madres de
cada localidad, fueron germinadas vy
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crecidas en laboratorio, y las plantulas
posteriormente establecidas en el JBR.
Cabe recordar que la producciéon de
semillas de Sk es un evento sumamente
raro, y cuando llega a ocurrir, las semillas
nunca son utilizadas para su cultivo, (3)
ocho individuos silvestres de A. angusti-
folia procedentes de tres estados de la
Republica externos a la Peninsula de Yu-
catan: tres individuos del estado de
Veracruz, tres individuos del estado de
Oaxaca, y dos del estado de Meéxico,
cada uno procedente de una localidad
distinta. Estos ejemplares crecian en la
coleccién del Jardin Botanico de Ia
UNAM en la ciudad de México, y fueron
aclimatados en el JBR durante un mes
antes de ser estudiados. La procedencia
de las plantas madres de todo este mate-
rial se presenta en la Fig. 1. En el Cuadro
1 se presenta el nimero de poblaciones
analizadas de cada variante y el numero
de individuos por poblacion considerados
de la Peninsula de Yucatan.

Colecta de muestras y electro-
foresis -- Todo el material utilizado pro-
cedi6 de plantas que tenian
aproximadamente dos afos de edad en
el momento en que se tomaron las mues-
tras. El tejido empleado fue el de la hoja
de mas reciente desprendimiento del co-
gollo y siempre se colectd entre las 8 y 9
de la mafnana. A esta hoja se le elimind la
espina terminal y se tomaron 100 mg del
tejido adyacente, los cuales fueron mac-
erados con 100 microlitros del buffer de
extraccion. El macerado se adsorbid en
wicks de papel filtro y éstos fueron guar-
dados a -10° C por 24 horas, cuando
fueron insertados en geles de almidén al
12% con 3% de sacarosa (Sigma Chemi-
cal Co., St. Louis. MO). Se utilizé la
técnica de electroforesis horizontal en
geles de almidén descrita por Wendel y



Weeden (1989). En un trabajo preliminar,
se probaron 24 enzimas con 11 sistemas
de corrida (Cuadro 2) y 4 buffers de ex-
traccion: el de Soltis et al.,1983 para he-
lechos, el de Stuber et al., 1988 para
maiz, uno usando 100 ml del buffer del
electrodo del Sistema B de corrida para
maiz de Stuber et al., 1988, anadiéndole
3 g de sacarosa, y el de Bennaceur et al.,
1991 para datil . Para estas pruebas se
usaron tres individuos de cada una de las
variantes de la Peninsula de Yucatan con
cinco repeticiones tomadas en diferentes
ocasiones. Sélo para tres de estas 24 en-
zimas se obtuvo buena actividad vy
resolucién de las bandas, asi como resul-
tados reproducibles, por lo que este tra-
bajo se basé en ellas (Cuadro 2). Estas
tres enzimas fueron: Fosfatasa Acida
(ACP) (E.C. 3.1.3.2) con 14 bandas,
Malato Deshidrogenasa (MDH) (E.C.
1.1.1.37) con nueve bandas, y Peroxi-
dasa catédica (PRX) (E.C. 1.11.1.7) con
cuatro bandas (Fig. 2 a, by c).

Los sistemas de corrida 6ptimos
para estas enzimas fueron: para la MDH,
el Sistema D (pH 6.5) disefiado por Stu-
ber et al. (1988) para maiz, para la ACP y
la PRX catédica, el Sistema A (pH 5.0)
disefiado también por Stuber et al. (1988)
para maiz. El mejor buffer de extraccion
fue el de Soltis et al. (1983). Los protoco-
los para el revelado de las enzimas
fueron: para la MDH el de Stuber et al.
(1988), para ACP y PRX los de Wendel y
Weeden (1989) con las siguientes modifi-
caciones: 1) Para ACP, 4 ml de acetato
de sodio 1M pH 5, 50 ml agua destilada,
100 mg de cloruro de magnesio, 20 mg
de a-naftil acido fosfato y 75 mg de sal
fast garnet GBC. 2) Para PRX, 3.5 ml de
N-N dimetilformamida, 35 ml de agua
destilada, 2.5 ml de acetato de sodio 1M
pH 5, 100 mg de cloruro de calcio, 0.5 ml

de peroxido de hidrégeno al 3% y 50 mg
de 3 amino 9 etil carbazole.

Dada la naturaleza poliploide de
las especies estudiadas, no fue posible
asignar las bandas a loci especificos, ya
que probablemente representan combi-
naciones de productos de loci en cromo-
somas homologos. Los patrones de
bandeo fueron entonces registrados en
funcién de la presencia o ausencia de
cada una de las bandas. Las bandas
fueron numeradas en orden ascendente,
comenzando con la mas cercana al ori-
gen (la banda mas lenta para migrar)
para cada uno de los sistemas
isoenzimaticos.

Analisis de la variaciéon genética
-- Dentro del conjunto de los 200 indi-
viduos de la Peninsula estudiados, se re-
conocieron 54 patrones diferentes de
presencia/ausencia de las 27 bandas
isoenzimaticas encontradas. A cada uno
de estos patrones o fenotipos isoen-
zimaticos se le asignd un numero, y fue
registrada su frecuencia en cada una de
las variantes analizadas, en el conjunto
de las variantes silvestres y en el con-
junto de las cultivadas. A partir de estas
frecuencias, se calculo el Indice de
Shannon-Weaver (H') (1949) como un
estimador de la variaciéon genética (Pi-
fero, 1982; Chakraborty y Rao, 1991,
Ashburner, en prensa).

Dado que la ecuacion original de
Shannon-Weaver es una estimacion ses-
gada de H', el valor esperado (E(H')) se
obtuvo de acuerdo a la serie desarrollada
por Hutcheson (1970), usando unica-
mente los primeros dos términos de la
ecuacion, de acuerdo con Poole (1974).
Adecuando la ecuacion al calculo de la
diversidad de fenotipos isoenzimaticos,
tenemos que:



E(H)= [-%,p Inp]-[f1/2N]

En donde: E(H') = estimacién de la diver-
sidad de fenotipos isoenzimaticos, f =
numero de fenotipos, p, = proporcién del
numero total de individuos que presentan
el i-eésimo fenotipo y N = numero total de
individuos. Siguiendo a Hutcheson
(1970), se obtuvo la varianza y el error
estandar de E(H') (usando también sélo
los primeros dos términos de su ecua-
cion), y se elaboraron las pruebas de t
para comparar la diversidad de algunas
de las variantes:

var (H) = [Z',, p;In* p, - (', p, N P)*]/N
+[f-1/ 2N3

Una vez obtenidos los indices de
Shannon-Weaver, se partio la variacion
total a diferentes niveles usando un pro-
cedimiento del tipo F,, en donde, para
una cierta comparacion F, = H,-H,/ H,,
en donde H, es la variacion total a un
nivel superior y H, es el promedio de la
variacién a niveles inferiores (Wrigth,
1978). Los valores de F,van de 0, si la
variacion es similar dentro de las uni-
dades del nivel inferior, a 1, si cada uni-
dad dentro de los niveles inferiores tiene
una variacion genética completamente
diferente. El uso del Indice de Shannon-
Weaver como estimador de la diversidad
genética ha sido discutido por Chak-
raborty y Rao, 1991. van Hintum y Elings
(1991), encontraron un alto coeficiente
de correlacion (mas de 0.98) entre el In-
dice de Gregorius (1987), (6., el cual es
una modificacion del Indice de Diversidad
Genética de Nei (1973)) y el Indice de
Shannon-Weaver. Esta alta correlacion la
encontraron calculando &; a partir de
fenotipos electroforéticos de la glutenina
0 a partir de una interpretacion genética
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del bandeo electroforético de esta
proteina de reserva en el trigo.

Con el fin de analizar graficamente
la similitud en los patrones isoenzimati-
cos de las variantes, se realizd un
analisis de conglomerados jerarquicos
con la técnica de UPGMA (unweighted
pair-group method using arithmetic aver-
ages) (Sokal y Michener, 1958) con base
en el procedimiento CLUSTER del Statis-
tical Analysis System Release 6.04
(SAS,1988), usando como indice de si-
militud al cuadrado de la distancia
euclidiana. Este analisis se realiz6 a par-
tir de una matriz de ausencia y presencia
de cada una de las 27 bandas encon-
tradas, para todos los individuos estu-
diados en la Peninsula de Yucatan.

Andlisis de las relaciones filo-
genéticas -- Se realizaron tres tipos de
analisis usando parsimonia: uno con los
datos isoenzimaticos, otro con los datos
morfolégicos y otro conjugando ambos
datos, siguiendo las ideas de Donoghue
y Sanderson (1992). Los analisis se hic-
ieron con el programa PAUP (Phyloge-
netic Analysis Using Parsimony version
3.1.1; Swofford,1993), a partir de la
matriz del Apéndice 1. La codificacion
para esta matriz se hizo de la siguiente
nanera: la de los datos isoenzimaticos, a
partir de la frecuencia de cada banda
(Apéndice 2). Cuando la frecuencia = 0,
entonces el estadio = 0; frecuencia =
0.01 a 0.25, estadio = 1; frecuencia
0.26 a 0.50, estadio = 2; frecuencia
0.51 a 0.75, estadio = 3; frecuencia
0.76 a 1.00, estadio = 4. La codificacion
de los 55 datos morfolégicos cuantita-
tivos considerados, se hizo a partir de
tres analisis de varianza (ANOVA) para
disefios desbalanceados usando el meé-
todo de minimos cuadrados para ajustar
modelos lineales generales, utilizando el
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procedimiento GLM de SAS 6.04 (SAS,
1988). Los datos utilizados para estos
analisis son aquellos cuyas medias se
presentan en el Cuadro 2 de Colunga-
GarciaMarin y May-Pat (en prensa). En el
primer analisis se probaron las diferen-
cias entre todas las variantes estudiadas,
para los 21 caracteres vegetativos de los
cuales se tenian datos para todas ellas.
En el segundo analisis, se probaron difer-
encias entre las 6 variantes silvestres y la
variante cultivada Sk, para los 17 carac-
teres de flor e inflorescencia de los
cuales se tenian datos. En el tercer
analisis se probaron las diferencias entre
las 6 variantes silvestres para las cuales
se tenian datos de los 17 caracteres de
fruto. Las diferencias entre medias se
analizaron con el método de Tukey-
Kramer (SAS, 1988). El nivel de signifi-
cancia se ajusto de acuerdo al numero de
comparaciones simultaneas que se hizo
en cada analisis de varianza, usando la
desigualdad de Bonferroni (Miller, 1981).
Antes de iniciar los analisis se probo nor-
malidad en la distribucion de los residu-
ales de las variables y éstas se
transformaron como se describié en
Colunga-GarciaMarin y May-Pat (en
prensa). Para efectos de la codificacion,
se consideraron estadios distintos de los
caracteres a aquellas medias que resul-
taron significativamente diferentes. Los
caracteres considerados y sus estadios,
se presentan en el Apéndice 3. Ademas
de estos 55 caracteres cuantitativos, se
afnadieron otros 11 caracteres cualita-
tivos los cuales también se presentan en
el Apéndice 3. De los 66 caracteres mor-
fologicos, 44 se declararon como ordena-
dos (Apéndice 3), suponiendo, a partir de
los resultados obtenidos en Colunga-
GarciaMarin, Estrada-Loera y May-Pat
(1996) y Colunga-GarciaMarin y May-Pat

(en prensa), que el estadio cero es el
ancestral.

RESULTADOS

Niveles de variacién genética --
De acuerdo al Indice de Shannon-
Weaver, la variacion genética de las vari-
antes se encuentra en un rango muy am-
plio (de 0 a 3.0561, Cuadro1), siendo el
valor mas bajo el de cada una de las var-
iedades de henequén y el mas alto el de
la especie silvestre, cuando se toman en
conjunto todas sus poblaciones.

Dentro de los individuos de cada
una de las variedades de henequén no
se encontré ninguna banda diferente, por
lo tanto, cada una de estas variedades
tiene una E(H') = 0 (Cuadro 1). En con-
traste, y de acuerdo a las pruebas
pareadas de {, los individuos de Sk deri-
vados de semilla tienen un nivel de varia-
cion tan alto como el de las poblaciones
de D (Cuadro 1).

Dentro de las variantes de A. an-
gustifolia, |a variacion mas baja se encon-
tro dentro del CHW, el cual es
considerado por los campesinos como la
variante silvestre mas semejante al Sk.
De acuerdo a la prueba pareada de t
(Cuadro 1), la variante D tiene un nivel
de variaciéon significativamente mayor
que la de DF, pero igual a la de SF,
mientras que las variantes DF y SF
tienen niveles similares.

La particion de los niveles de vari-
acion genética con un procedimiento del
tipo F,, nos muestra que al no haber di-
versidad genética dentro de cada una de
las variedades de henequén, F  para las
variedades cultivadas es 1, significando
esto que estimando la variaciéon genética
con los sistemas isoenzimaticos usados,
toda la variacion genética se encuentra
entre las poblaciones. Por otra parte, la



F, para las poblaciones silvestres de A.
angustifolia (excluyendo a las variantes
Chelem) es 0.39, significando esto que la
mayor parte de la variacion genética se
encuentra dentro de las variantes (61%),
aun cuando hay una cantidad significa-
tiva de variacion entre variantes (39%).
La particion de la variacion genética total
entre silvestres y cultivadas es dema-
siado obvia. Practicamente toda la varia-
cibn se encuentra dentro de las
silvestres. De 38 fenotipos isoenzimati-
cos encontrados en el conjunto de las
plantas estudiadas (excluyendo las plan-
tas de Sk procedentes de semilla, que no
son cultivadas), s6lo 3 de ellos se en-
cuentran en las variedades cultivadas,
mientras que 37 se encuentran en las
poblaciones silvestres. Sélo hay un feno-
tipo en las cultivadas - el del Kk - que no
se encuentra en las silvestres.

Andlisis de similitud de la varia-
cion genética -- En la Fig. 3, que nos
muestra el resultado del UPGMA, po-
demos apreciar que el fenotipo isoen-
zimatico de la variante Sk (la variante
mas ampliamente cultivada) es idéntico al
de un individuo de D y a otro de SF. El
segundo cultivar mas ampliamente culti-
vado, Yk, se encuentra cerca del grupo
de los Sk y su fenotipo es idéntico a un
individuo de CHG, justamente la variante
que los artesanos consideran como la
mas semejante a Yk. Por otra parte, la
otra variedad de henequén, el Kk, esta
lejos del grupo formado por Sk y Yk, y
cerca de un individuo de A. angustifolia
del estado de Veracruz y otro del estado
de Oaxaca. Esto se debe al hecho de
que para la MDH casi todos los indi-
viduos analizados son idénticos, con la
excepcion de dos de Veracruz (VER 1y
3), dos de Oaxaca (OAX 1 y 2) y todos

los individuos de Kk, los cuales
comparten otro patrén de MDH.

En cuanto a los fenotipos de los
54 individuos de Sk nacidos de semilla,
podemos apreciar en la Fig. 3 que 13 de
ellos tienen el fenotipo de Sk , 4 un feno-
tipo que se encuentra en D, CHG y CHW,
3 individuos un fenotipo que se encuen-
tra en CHY y las 34 plantas restantes
tienen nuevos fenotipos recombinantes.
Es importante notar que ningun individuo
presentd un fenotipo isoenzimatico de los
encontrados en DF.

Por otra parte, podemos observar
que fenotipos individuales de las tres
variantes silvestres de A. angustifolia
pueden encontrarse de forma esparcida
en todo el arbol, sin formar conglomera-
dos claros.

Relaciones filogenéticas: evi-
dencia isoenzimatica -- E| analisis de
parsimonia con una busqueda exhaus-
tiva, nos dié como resultado tres arboles
igualmente parsimoniosos. Uno de estos
tres arboles, y el arbol consenso pueden
observarse en la Fig. 4 ay b. La mayoria
de las ramas tienen relativamente un
buen soporte, como se ve del analisis
con 1000 remuestreos (Bootstrap) (Fig.
4b). En la figura 4a podemos ver dos
grandes clados: 1) el de las variantes sil-
vestres y 2) el de las variantes usadas
por el hombre por su fibra. Si observa-
mos el clado de las variantes silvestres,
podemos ver que los dos presuntos eco-
tipos (D y SF) forman un grupo monofilé-
tico, y que las poblaciones de DF son su
grupo hermano. Si observamos el
numero de cambios ocurridos entre una
variante y otra, vemos que DF se en-
cuentra en una posicion intermedia, a 8
pasos de las poblaciones de D y a 10 pa-
sos de las de SF, mientras que las pobla-
ciones de D y SF se encuentran a 12



pasos unas de otras. Si observamos
ahora el clado de las variantes usadas
por su fibra, vemos dos grupos monofilé-
ticos hermanos: el de las dos variedades
con mayor produccién de fibra (Sk y Yk),
y el de las dos variantes que producen
fibora de interés textil artesanal (Kk y
CHW). La posicién de CHG y CHY en el
filograma, es la que se esperaria si tu-
vieran un origen hibrido.

Como vemos en la Fig. 4b, el arbol
consenso nos indica que entre los ar-
boles mas parsimoniosos solo hay dis-
crepancias en la posicion de Sk. Hemos
elegido el arbol que aparece en la Fig. 4a
para discutir las relaciones filogenéticas
por estar mas acorde con el resto de las
evidencias.

Con el fin de examinar la relacion
filogenética de los individuos de Sk naci-
dos de semilla con todas las variantes
estudiadas, se realizd otro analisis in-
cluyéndolos como una va:iante mas. La
busqueda exhaustiva del arbol mas parsi-
monioso resultd en tres arboles idénticos
a los del analisis anterior, pero agru-
pando a la poblacién de semillas junto
con la de SF. El arbol consenso también
dié una topologia idéntica a la anterior,
agrupando a la poblacién de semilla con
la de SF (no se muestran las figuras).

Para explorar la hipotesis nula de
un origen de las variantes cultivadas a
partir de poblaciones de A. angustifolia
que crecen fuera de la Peninsula de Yu-
catan, hicimos un analisis de parsimonia
con la técnica de Branch and Bound in-
cluyendo individuos de tres estados de la
Republica fuera de la Peninsula. Este
analisis arrojé un soélo arbol mas parsimo-
nioso en el que la rama mas larga es la
de los individuos de Veracruz. El éarbol
enraizado con este grupo de individuos
como grupo externo, puede verse en la
Fig. 5. En este arbol podemos ver que los

individuos de Oaxaca también se man-
tienen como un grupo separado al grupo
monofilético de las poblaciones de la
Peninsula de Yucatan. Los dos indi-
viduos de A. angustifolia del estado de
México, sin embargo, aparecen como un
grupo hermano de CHW, en la rama de
los henequenes. El resto de las relacio-
nes permanecen sin cambio. La ramas
con mayor soporte en un analisis de 100
remuestreos (Bootstrap) son: la que une
a todo el grupo de la Peninsula de Yu-
catan, la que une al grupo de las vari-
antes apreciadas por su fibra, y la que
une al CHW con los individuos del
estado de México.

Relaciones filogenéticas: evi-
dencia morfolégica -- El analisis de par-
simonia de estos datos did como
resultado un sélo arbol mas parsimonioso
(Fig. 6). Este arbol es completamente dif-
erente al arbol basado en la evidencia
isoenzimatica. Basandose en la mor-
fologia podemos ver dos grandes clados:
uno que incluye al grupo monofilético for-
mado por las variedades con mayor pro-
duccion de fibra, y como su grupo
hermano a la variante SF (que es, de las
silvestres, la mas parecida morfolégica-
mente a las cultivadas), y el clado for-
mado por todas las demas variantes
silvestres, incluyendo en este clado a Kk
(la variante cultivada morfologicamente
mas semejante a las silvestres). Este
andlisis no resulté tan robusto como el
basado en datos isoenzimaticos, puesto
gue en un analisis de 100 remuestreos
(Bootstrap), el uUnico grupo con un
soporte fuerte es el de los cultivados que
producen mayor cantidad de fibra (Sk y
Yk). Estos resultados del remuestreo son
consistentes con los resultados obtenidos
en el analisis morfométrico (Colunga-
GarciaMarin y May-Pat, en prensa).



Relaciones filogenéticas: evi-
dencia conjunta -- Con el fin de resolver
las relaciones entre las variantes estu-
diadas, se realizé un analisis conjunto de
la evidencia morfoldgica e isoenzimatica.
Una busqueda exhaustiva nos da un sélo
arbol mas parsimonioso (Fig. 7), en el
cual se mantiene la topologia general del
arbol isoenzimatico. Esta topologia se
mantiene a pesar de la diferencia en el
numero de caracteres, pero de forma
consistente con el mayor soporte que
tienen la mayoria de las ramas en el
andlisis de remuestreo (Bootstrap) con la
evidencia isoenzimatica. Los valores mas
bajos resultantes del remuestreo de este
anadlisis son de esperarse, dadas las dif-
erencias entre ambos conjuntos de datos.
Dos son las diferencias entre este arbol y
el obtenido unicamente con la evidencia
isoenzimatica: 1) el agrupamiento de las
variantes DF y SF en un grupo monofilé-
tico, y 2) la union del CHW como taxa
hermano del clado de las variantes que
producen mas fibra (Sk y Yk). Sin em-
bargo, ninguno de estos dos cambios
esta fuertemente respaldado por el
analisis de remuestreo. Notese que el
valor mas alto en el remuestreo fue nue-
vamente el de la rama que une a Sky Yk.

En la Fig. 8 podemos observar el
arbol consenso de dos arboles: el ob-
tenido soélo con datos morfol6gicos (Fig.
6) y uno de los tres mas parsimoniosos
obtenidos con datos de isoenzimas (Fig.
4a). Esta estrategia de analisis da como
resultado un soélo arbol mas parsimo-
nioso, que muestra a todas las variantes
estudiadas en la Peninsula de Yucatan
como un grupo monofilético cuyas rela-
ciones internas no estan resueltas, y
como grupo hermano de ellas a la vari-
ante D.
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DISCUSION

Variacién genética en el hene-
quén -- Todas las variantes de A. angus-
tifolia silvestres tienen niveles
relativamente altos de variacion genética.
De forma contrastante, las tres varied-
ades de henequén tienen una muy pe-
quena fraccion de la variacion genética
total encontrada en el complejo, y, con
los sistemas enzimaticos usados, nin-
guna variacion se observa dentro de las
tres variedades. Esto dltimo es de es-
perarse para una especie cultivada con
propagacion exclusivamente vegetativa.
Estos resultados coinciden con Io
sugerido por los coeficientes de variacion
de los caracteres morfolégicos anali-
zados en Colunga-GarciaMarin y May-
Pat (en prensa). Un resultado similar de
correlacion positiva entre indices de di-
versidad genética y coeficientes de varia-
cion de caracteristicas morfologicas, fue
encontrado por van Hintum y Elings
(1991).

La extremadamente pequena frac-
cion de la variacion genética total con-
tenida dentro de las variedades
cultivadas, es nuestro hallazgo principal.
Este resultado podia ser esperado a par-
tir de nuestros analisis etnobotanicos
(Colunga-GarciaMarin y May-Pat, 1993)
y morfoloégicos (Colunga-GarciaMarin,
Estrada-Loera y May-Pat, 1996; Colunga-
GarciaMarin y May-Pat, en prensa), los
cuales sugirieron una drastica erosion
genética de la diversidad posiblemente
generada y mantenida por los mayas en
el periodo prehispanico. Esta probable
erosion genética parece ser una con-
secuencia de las estrategias agronémi-
cas seguidas en las grandes
plantaciones capitalistas, que con fines



cordeleros, se desarrollaron a principios
de este siglo.

La reduccion de la diversidad
genética en henequén, ha sido llevada al
extremo por el favorecimiento de una
sola variante a través de métodos de
propagacion clonal. Esta reduccion gené-
tica no ha podido compensarse con otras
fuerzas tales como la introgresion a partir
de parientes silvestres, la hibridacion con
variedades cercanas y el entrecru-
zamiento dentro de una misma variedad,
fuerzas que suelen favorecerse dentro de
la agricultura tradicional (Colunga-
GarciaMarin et al. 1986, Zizumbo-
Villarreal et al. 1988), y que se ha
demostrado que existen para otras espe-
cies como frijol (Escalante et al. 1994),
maiz, calabaza y jitomate (ver las revisio-
nes de Doebley, 1989 y Doebley, 1992),
pero que no se favorecen actualmente en
el cultivo del henequén. En otras plantas
cultivadas de propagacion vegetativa
como Opuntia spp., el cultivo ocasional
de material proveniente de semilla con el
fin de introducir variacion, ha sido obser-
vado en agricultores tradicionales
(Colunga-GarciaMarin et al. 1986).
Segun Ladizinsky (1985) y Lester (1989),
cuando ocurre flujo genético entre sil-
vestres y cultivados, este es general-
mente mas efectivo en la direccién de las
poblaciones cultivadas a las poblaciones
silvestres. Esto se debe, segun estos au-
tores, a la naturaleza generalmente rece-
siva de los caracteres cultivados, por lo
que los hibridos mostraran principal-
mente caracteristicas silvestres y tendran
por lo tanto una desventaja selectiva en
el ambiente humano. Sin embargo, esto
no es necesariamente cierto en la agri-
cultura tradicional mesoamericana
(Colunga-GarciaMarin y Zizumbo-
Villarreal, 1993), y en el caso del hene-
quén la evidencia etnobotanica indica
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que las poblaciones hibridas pudieron y
pueden aun ser de interés antro-
poceéntrico con fines textiles, y otros usos
tradicionales, toda vez que las varied-
ades prehispanicas existentes para estos
usos desaparecieron a principios de
siglo. La unica fuente adicional de varia-
cién genética bajo estas condiciones de
cultivo, tendria que ser la de las mutacio-
nes somaticas. Sin embargo, es posible
que dados los estrechos criterios de se-
leccion ejercidos en el ultimo siglo, estas
mutaciones hayan sido eliminadas cua-
ndo fueron percibidas.

La severa pérdida de variacion
genética en el henequén sugerida por las
evidencias obtenidas en este trabajo es,
hasta donde sabemos, la mas dramatica
reportada en la literatura. La reduccion
de variacion genética en cultivares es
comun, como se ve en la revision de
Doebley (1989), pero en ningun caso re-
portado, la reduccién dentro y entre var-
iedades cultivadas ha sido tan severa en
comparacion con el ancestro silvestre.
Los resultados con DNA fingerprinting
para Malus, Prunus y Rubus fallaron en
detectar variacion dentro de clones (Ny-
bom et al., 1990). Lo mismo sucedi6é con
esta técnica para platano, en donde uni-
camente fue posible encontrar diferen-
cias entre un mutante inducido y su
progenitor (Kaemer et al., 1992). Sin em-
bargo, aun cuando en estos cultivos no
se encontré variacion dentro de los
clones que conforman las distintas var-
iedades, se trata de especies cultivadas
para las cuales existen muchas varied-
ades. Este no es el caso del henequén,
para el cual el nimero de variedades cul-
tivadas se redujo en este siglo de siete a
tres, con dos de las variedades casi ex-
tintas. En el estado de Yucatan, es posi-
ble que hacia 1915, durante el mayor
auge henequenero, hayan habido



sembradas hasta 300 000 ha de hene-
quén (Lopez y Fuentes, 1984) con practi-
camente un soélo genotipo: el Sac ki
representado por unos 900 millones de
plantas.

La severa reduccion genética en-
contrada con los sistemas isoenzimaticos
analizados, pone en relieve la necesidad
de mantener una coleccién viva de este
germoplasma para preservar la poca di-
versidad de las variedades cultivadas
que aun persisten, asi como la de las
variantes silvestres recolectadas por los
artesanos. Detectar variacion genética
dentro de los clones parece sin embargo
dificil, ya que posiblemente el tiempo
transcurrido desde que aparecio el cuello
de botella ha sido demasiado corto para
permitir una acumulacién detectable de
mutaciones somaticas (Slatkin, 1985). La
bibliografia disponible en torno a varia-
cién intraespecifica de plantas cultivadas
propagadas vegetativamente, indica que
para detectar diversidad genética dentro
de clones es necesario analizar el ADNn
con técnicas como AFLP y DNA oligonu-
cleotide fingerprinting, ya que estas técni-
cas reconocen la diversidad genética a
un nivel muy sensitivo. Aun asi, como se
menciond antes, estas técnicas han fal-
lado en el caso de manzana y platano.

Otro aspecto importante para co-
adyuvar a la conservacion de la diversi-
dad, es el de fomentar un esquema mas
amplio de aprovechamientos, y no sélo el
cordelero, de modo que se propicie la
utilizacion de todas las variantes, e in-
cluso que impulse eventualmente el de-
sarrollo de mas diversidad genética. Bajo
la l6gica del cultivo tradicional del hene-
quén desarrollado por los mayas, la se-
leccion y mantenimiento de diversas
variantes estaba ligado probablemente al
aprovechamiento integral que hacian de
él, asi como a su cultivo dentro de una
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area geografica mayor a la actual
(Colunga-GarciaMarin y May-Pat, 1993).

Variacién genética en las pobla-
ciones silvestres de A. angustifolia. En
fuerte contraste con el henequén, las
poblaciones silvestres de A. angustifolia
tienen altos niveles de variacion gené-
tica, dentro y entre variantes, como ha
sido demostrado para otras especies de
la familia y el género (Eguiarte, datos sin
publicar) y como es de esperarse en el
caso de perennes de vida larga con en-
trecruzamiento y amplia distribucion
geografica (Hamrick, Godt y Sherman-
Broyles, 1992). Sus fenotipos individu-
ales pueden encontrarse de forma espar-
cida en todo el arbol obtenido por
UPGMA, sin formar conglomerados
claros, como es de esperarse en una
poblacién natural con altos niveles de
variaciéon genética, alta tasa de entrecru-
zamiento y una dispersion del polen a
grandes distancias, como se ha encon-
trado en varias Agavaceae (Eguiarte, da-
tos sin publicar). Estos niveles de
variacion genética ponen de relevancia la
importancia de conservar el germo-
plasma silvestre para un eventual incre-
mento de la diversidad del cultivado a
través de un programa cuidadoso de cru-
zas y retrocruzas, las cuales quizas ocur-
ren de vez en vez en forma natural, pero
que el hombre no fomenta, al menos ac-
tualmente, debido a la preferencia que
tiene por la propagacion vegetativa del
cultivo. Este tipo de programa requerira
del desarrollo de investigacion basica de
la biologia reproductiva de estas
especies.

El hecho de que entre los feno-
tipos de las semillas de henequén estu-
diadas, puedan encontrarse fenotipos de
las tres clases de Chelem y de Dunas y
Selva mediana, sugieren que la mayoria



de estas semillas, que rara vez se pro-
ducen, y nunca son usadas para su cul-
tivo (ver Colunga-GarciaMarin y May-Pat,
1993), son el producto de polinizaciéon
cruzada con individuos silvestres de A.
angustifolia. Ademas, estos datos apun-
tan al hecho de que las variantes Chelem
puedan tener un origen hibrido entre A.
angustifolia y A. fourcroydes, tal y como
es percibido por los artesanos (Colunga-
GarciaMarin y May-Pat, 1993).

Los altos niveles de diversidad en-
contrados en las poblaciones de A. an-
gustifolia sugieren que es necesario
hacer un estudio mas amplio para llegar
a definir los tamafios minimos de
muestreo que aseguren una buena repre-
sentacion de la diversidad del germo-
plasma para desarrollar planes de
conservacion ex situ, y para ayudar a
definir el area minima necesaria para
mantener la variacién genética y tamanos
viables de poblacién.para proyectos de
conservacion in situ, ianto en la zona de
Dunas como en la de Selva mediana.

Dado lo intenso del desarrollo
turistico en la zona de Dunas, y la gran
presion humana para convertir en areas
de cultivo las pocas zonas de vegetacion
remanentes en la Selva baja y la Selva
mediana, es urgente proponer una area
de conservacion para el mantenimiento in
situ del germoplasma silvestre de A. an-
gustifolia en la Peninsula de Yucatan.
Una medida paralela que es necesario
implementar, es la conservacion de parte
de la variacién genética en un banco de
semillas. Para ello sera necesario real-
izar estudios de longevidad de semillas
bajo almacenamiento.

Relaciones filogenéticas: evi-
dencia isoenzimatica -- Uno de los su-
puestos centrales de este trabajo, el
origen del henequén a partir de las

13

poblaciones de A. angustifolia que crecen
en la Peninsula de Yucatan - a nuestro
juicio la hipétesis de origen mas parsimo-
niosa -, parece ser apoyado por los resul-
tados del analisis que incluyé a
individuos que crecen fuera de la Penin-
sula (Fig. 5). Todas las poblaciones de la
Peninsula aparecen en este analisis
como un grupo monofilético y las pobla-
ciones de Veracruz y Oaxaca como
grupos externos a él. El agrupamiento de
la poblacion del estado de México con el
Chelem blanco parece explicarse por el
hecho de que sus individuos tienen una
MDH igual a la de todos los individuos de
la Peninsula, excepto el Kk. Esto parece
indicarnos que dado que A. angustifolia
es una especie de amplia distribucion,
existen dentro de su rango de dis-
tribucion poblaciones semejantes a algu-
nas que crecen en la Peninsula. Este
analisis, sin embargo, debe verse como
preliminar, puesto que el numero de
poblaciones externas a la Peninsula con-
sideradas, y el tamano de muestra de
cada poblacién son muy pequenros, y los
resultados probablemente estan ses-
gados. Sera necesario tener una muestra
mas grande de poblaciones de A. angus-
tifolia en todo su rango de distribucion
para definir de forma adecuada el papel
de esta especie en el origen del hene-
queén, tomando en cuenta ademas los al-
tos niveles de variacion genética
encontrados en sus poblaciones.

De hecho, consideramos que es
necesario desarrollar una investigacion
de la variacion genética de A. angustifolia
en toda su area de distribucion que
ayude a definir la existencia de posibles
subespecies dentro de este complejo.

Tenemos por otra parte, que una
hipotesis alternativa a la manejada en
esta investigacién, es la del origen del
henequén a partir de una especie de



Agave diferente a A. angustifolia. La re-
vision biosistematica del género sera un
marco necesario para explorar esta posi-
bilidad, o la de un origen hibrido, ya que
a la fecha algunas de las especies de
Agave reconocidas sélo lo son por con-
veniencia, pero no hay una base para
mantenerlas como tales (Gentry, 1982).

Las relaciones filogenéticas dentro
de las variantes silvestres y cultivadas
que crecen en la Peninsula, que pueden
inferirse del andlisis, tanto de la eviden-
cia isoenzimatica (Fig. 4a), como de la
evidencia conjunta morfologia-
isoenzimas (Fig. 7), son totalmente con-
sistentes con las evidencias etnobotani-
cas y morfolégicas presentadas con
anterioridad  (Colunga-GarciaMarin y
May-Pat, 1993; Colunga-GarciaMarin,
Estrada-Loera y May-Pat, 1996; Colunga-
GarciaMarin y May-Pat, en prensa). Am-
bos analisis sugieren dos lineas
separadas de domesticacion de las vari-
antes de henequén que pueden encon-
trarse hoy dia en Yucatan: la de Sac ki y
Yaax ki, seleccionadas para producir fi-
bras mas gruesas y en mayor cantidad,
con fines fundamentalmente cordeleros, y
la de Kitam ki, casi extinta, seleccionada
para producir fibras mas suaves con fines
textiles. En esta linea posiblemente fue
incluido el Chelem blanco a principios de
siglo y posteriormente abandonado su
cultivo. Los resultados del analisis con-
junto de la evidencia morfologia-
isoenzimas, podrian apoyar la hipotesis
de que el Chelem blanco representa
poblaciones ancestrales de Sac ki y Yaax
Ki.

La inclusién en ambos analisis de
Kitam ki dentro del grupo monofilético de
las variantes usadas por su fibra, aun
cuando tiene un fenotipo de MDH dif-
erente al de todas las plantas de Yu-
catan; nos hace pensar que es originaria
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de esta drea y no una introduccion re-
ciente como habiamos sugerido con an-
terioridad (Colunga-GarciaMarin y
May-Pat, en prensa).

La posicion que ocupan el Chelem
verde y el Chelem amarillo en ambos filo-
gramas, sugiere su origen hibrido a partir
de poblaciones silvestres y cultivadas. El
analisis de los fenotipos isoenzimaticos
de los individuos de Sac ki nacidos de
semilla, refuerzan esta hipotesis del
origen hibrido de los Chelem. Estudios
posteriores de las posibilidades de entre-
cruzamiento entre poblaciones silvestres
y cultivadas, seran de gran importancia
para entender el papel que ha tenido
este fendmeno en la evolucién del cul-
tivo, quizas a través del fomento o toler-
ancia de materiales hibridos procedentes
de semilla por parte de los campesinos.
También seran importantes para estable-
cer posibilidades de incrementar su vari-
acién genética.

Las poblaciones silvestres inclui-
das en el estudio se mantienen como un
grupo monofilético. La posicién interme-
dia de la poblaciones de Selva baja en
cuanto al numero de cambios evolutivos
ocurridos entre un taxa y otro, parece
apoyar la hipétesis de dos ecotipos: Du-
nas y Selva mediana, y las poblaciones
de Selva baja como una poblacion gené-
ticamente intermedia entre ellas.

Los resultados obtenidos en esta
investigacion se ajustan a las prediccio-
nes que segun Doebley (1989) podemos
hacer en un estudio isoenzimatico de
variacion genética, si la forma silvestre
estudiada es ancestral al cultivo: (1) el
cultivo cae dentro del rango de variacion
de su supuesto progenitor (los fenotipos
de las variantes cultivadas son iguales a
algunos individuos silvestres), (2) el cul-
tivo posee un subconjunto de la diversi-
dad alélica encontrada dentro de su



progenitor (sélo un fenotipo por cultivar),
(3) ademas de que el cultivo tiene menos
variacion que el progenitor, la variacion
esta distribuida de forma diferente. Para
el caso de las cultivadas hay mas varia-
cion entre variedades que dentro de las
variedades, mientras que en el caso de
las silvestres es al revés.

Finalmente, tenemos que aun cua-
ndo a nivel poblacional encontramos una
diferenciacion genética de las variedades
cultivadas de las poblaciones silvestres,
a nivel de fenotipos isoenzimaticos, con
los sistemas usados, no se encontraron
diferencias entre las variedades Sac ki y
Yaax ki, y los individuos silvestres. Doe-
bley (1992) sefiala que la base genética
de los cambios morfolégicos inducidos
por la seleccidon humana es un aspecto
que ha recibido muy poca atencién, pero
gue la unién de la biologia molecular y la
genética cuantitativa ofrece a los evolu-
cionistas de cultivos una c»ortunidad
poderosa para investigar el control gene-
tico de la evolucion morfolégica de las
especies cultivadas. A través del uso de
marcadores moleculares para localizar
los loci de las caracteristicas cuantitati-
vas, puede discernirse el numero minimo
de genes que controlan una carac-
teristica y la ubicacion cromosdmica de
estos genes. Harlan (1975) sugirié que el
numero de genes que controlan las difer-
encias entre la morfologia silvestre y la
domesticada puede ser a menudo
pequena.

Relaciones filogenéticas: evi-
dencia morfolégica -- Las diferencias
mas importantes entre los resultados ob-
tenidos con la evidencia morfolégica y los
obtenidos con la evidencia isoenzimatica
son: (1) aun cuando Kitam ki es una var-
iedad cultivada, que no puede encon-
trarse en condiciones silvestres, si soélo
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se analizan sus caracteres morfologicos
queda agrupada con los silvestres, por el
hecho de que su seleccion se ha cen-
trado en caracteres silvestres (por ejem-
plo la suavidad de la fibra), a diferencia
de Sac ki y Yaax ki que han sido selec-
cionadas para una fibra mas gruesa y en
mayor cantidad. Sin embargo, si se anali-
zan sus caracteres isoenzimaticos queda
agrupada con las otras variedades do-
mesticadas, (2) la variante de Selva me-
diana queda como un grupo hermano de
las cultivadas Sac ki y Yaax ki, probable-
mente por su parecido morfolégico, pero
si se analizan sus caracteristicas isoen-
zimaticas, queda dentro del grupo mon-
ofilético de las silvestres. Estas
diferencias pueden explicarse por lo di-
cho por Gepts (1995) en el sentido de
que los resultados de los marcadores
moleculares o bioquimicos y los estudios
sobre caracteristicas morfolégicas no si-
empre estan correlacionados. Las dis-
crepancias pueden atribuirse a posibles
efectos selectivos mas factiblemente aso-
ciados con caracteristicas morfologicas
que con marcadores moleculares.

Relaciones filogenéticas: evi-
dencia conjunta -- Donoghue y Sander-
son (1992), basandose en argumentos
tedricos y en una revision de trabajos filo-
genéticos, consideran que en la mayoria
de los casos es mejor la combinacion de
los datos morfologicos y moleculares,
que la obtencidon de resultados por
separado. Por otra parte, sefalan que
Barrett et al. (1991) han indicado que los
arboles consenso pueden ser incongru-
entes con los arboles obtenidos en un
analisis de los datos en conjunto. Sin em-
bargo, sefalan estos autores, existen dos
problemas comunes para poder combinar
datos moleculares y morfologicos. Por un
lado, el hecho de que generalmente un



conjunto de datos tiene mas caracteres
(usualmente los moleculares) y se teme
que predominen sobre el conjunto de da-
tos con menos caracteres (usualmente
los morfolégicos), por lo cual se piensa
que es necesario ponderarlos de forma
diferencial en un analisis combinado. Por
otra parte, el hecho de que generalmente
en los estudios morfologicos los estadios
de los caracteres asignados a un taxoén
terminal estan basados en informacion de
muchos organismos, mientras que en los
estudios moleculares generalmente estan
basados en informacidn de unos pocos
organismos. En el trabajo que aqui se
presenta fueron incluidos un mayor
numero de caracteres morfolégicos que
isoenzimaticos, y los estadios de ambos
tipos de caracteres estan basados en el
mismo numero de individuos. A pesar de
ello, el arbol obtenido al conjugar la evi-
dencia morfolégica y la isoenzimatica es
mas parecido al obtenido solo con la evi-
dencia isoenzimatica. Posiblemente esto
se deba a que existe una mayor cor-
relacion entre los caracteres isoenzimati-
cos que entre los morfolégicos. En el
arbol que resulta del consenso de los ar-
boles obtenidos por separado, se pierde
la resolucion de la relacion entre las vari-
antes, por lo que con base en los resulta-
dos de este estudio, consideramos que
es mejor alternativa analizar cada con-
junto de datos por separado e interpretar-
los de acuerdo a su naturaleza, de esta
forma la integracion posterior de las evi-
dencias en un nuevo analisis hace que
los resultados puedan ser mas informa-
tivos. En un articulo posterior, usaremos
los filogramas obtenidos con base en la
evidencia isoenzimatica y con base en
morfologia e isoenzimas, para graficar la
evolucion de los caracteres bajo selec-
cion artificial.
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CUADRO 1. Numero de poblaciones e individuos por poblacién analizados por variante. Numero de fenotipos isoenzimdticos encontrados por individuo y valores esperados del Indice de

Shannon-Weaver E{H') calculades segiin Hutcheson (1 Sm)ﬁs.e. Resultados de las pruebas de t (de acuerdo a Hutcheson, 1970) para la comparacién de algunas variantes.

VARIANTE No. POBLACIONES No. INDIVIDUOS/ No. TOTAL DE FENOTIPOS! E(H)Ese
POBLACION No. TOTAL DE INDIVIDUOS

A angustifolia 11 7 70 3.0561 £0.1160°

(todas las silvestres)

Dunas costeras (D) 5 3,5.3,4. 4 14 19 2.1646 £ 0.1858 /€

Selva baja (DF} 2 2,8 6 10 1.4981 40,1808 ©

Selva mediana (SF) 3 1,5.12 12 18 1.9686 + 0.2082

Chelem blanco (CHW) 1 10 2 10 0.2751 £ 0.2201

Chelem amarifio (CHY) 1 5 4 5 1.0321 ¢ 0.2882

Chelem verde (CHG) 1 8 6 8 1.4204 £ 0.2325

Henegquén 6 3 76 0.1578 + 0.0976

(todas las cultivadas)

Sak ki (Sk) 5 5.55.5,7 1 27 cero

Yaax ki (Yk) 5 7T.7.2.45 1 25 cero

Kitam ki (KK) 3 2,7.15 1 24 cero

Sac ki de semilla (Sks) 2 549 19 54 217 £ 0.184 4

a Significativamente mayor (P << 0.001) a la diversidad del henequén
b significativamente mayor (P < 0.02) a la diversidad de DF
€ Mo significativamente diferente (P > 0.05) a la diversidad de SF

Mo significativamente diferente (P > 0.05) a la diversidad de D



CUADRO 2. Sistemas isoenzimaticos probados para actividad y resolucién de las bandas en tres variedades de henequén y poblaciones silvestres de A. angustifolia Haw.,

con 11 sistemas de corrida.

Abreviatura Enzima Numero Actividad enzimatica/resolucion de las bandasa
. b b b_ b c c . e e

Sistema A Sistema B Sistema C Sistema D Sistema7 Sistema8 Sistema R Histidina  Poulik PC
ACP Fosfatasa acida 3.1.3.2 B/B B/M B/M N/N B/R B/M B/M
ALP Fosfatasa alcalina 3.1.31 N/N N/N
ADH Alcohol deshidrogenasa 1.1.141 N/N N/N N/N
ADK Adelinato quinasa 2743 PIM N/N B/M B/M B/M B/M
AMP Aminopeptidasa 34111 P/M N/N B/R N/N N/N
AMY Amilasa 3.211 N/N
CAT Catalasa 1.11.1.6 N/N
DIA Diaforasa 1.6.22 N/N N/N
END Endopeptidasa 3.4. N/N N/N N/N
EST Esterasa 3111 B/M R/R PM R/R N/N
FBA Fructosa-bifosfato aldolasa 41.213 P/M P/M N/N
GDH Glutamato deshidrogenasa 1.4.1.2 N/N N/N P/M P/M P/M N/N PM
GOT Glutamato oxaloacetato transaminasa 2.6.1.1 B/M R/M B/M P/M N/N B/M
G6PDH Glucosa 6-fosfato deshidrogenasa 1.1.1.49 N/N B/M N/N N/N B/M
GS Glutamino sintetasa 6.3.1.2 N/N N/N
HEX Hexoquinasa 2711 N/N N/N N/N N/N N/N
IDH Isocitrato deshidrogenasa 1.1.1.42 N/N P/M N/N B/M N/N N/N
MDH Malato deshidrogenasa 1.1.1.37 B/R B/R B/R B/B B/M B/R B/M B/B
PGI Fosfoglucosa isomerasa 53.1.9 R/M B/M B/R B/M R/M B/M B/M
PGM Fosfoglucomutasa 5422 N/N N/N N/N B/R N/N N/N
PPO Polifenol oxidasa 1.103.2 N/N
PRX Peroxidasa anédica 11117 N/N B/R B/M B/R B/R N/N N/N B/R
PRX Peroxidasa catédica 11117 BB B/R R/M B/R N/N B/R N/N
RBC Ribulosa-bifosfato carboxilasa 4.1.1.39 N/N B/R B/M
SKD Shikimato deshidrogenasa 11125 N/N N/N N/N B/R N/N

aB = buena, R = regular, P = poca, M = mala, N= ninguna
b Stuber et al., 1988
€ Soltis et al., 1983

May, 1992

€ Hakim-Elahi, 1981

f Buffer del electrodo: 0.065 M de L-Histidina ajustando a pH = 8 con LiOH. Buffer del gel: una parte de buffer del electrodo y tres de agua.
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Figura 1. Procedencia de las plantas madres de los individuos analizados isoenzimati-

camente en este estudio, y crecidos en el Jardin Botanico Regional del CICY
en Mérida, Yucatan, México.

Figura 2. Patrones de bandeo de los sistemas enzimaticos analizados. a. ACP. b PRX.
c. MDH.

Figura 3. Dendrograma construido por un analisis de conglomerados jerarquicos UP
GMA, de una matriz de similitud calculada a partir de una matriz de presencia
0 ausencia de 27 bandas isoenzimaticas en 146 individuos pertenecientes a
las variedades actuales de henequén, las poblaciones silvestres de A. angus-
tifolia en la Peninsula de Yucatan, y 10 individuos silvestres de A. angustifolia
externos a la Peninsula. D = Dunas, DF = Selva baja caducifolia; SF = Selva
mediana subcaducifolia, CHG = Chelem verde, CHY = Chelem amarillo, CHW
= Chelem blanco, Sk = Sak ki, Yk = Yaax ki, Kk = Kitam ki. Los numeros entre
paréntesis indican el numero de individuos que son idénticos en ese grupo.

Figura 4. Relaciones filogenéticas de las variedades actuales de henequén y las
poblaciones silvestres de A. angustifolia en la Peninsula de Yucatan, basadas
en la evidencia de 27 bandas isoenzimaticas. a . Uno de los tres arboles mas
parsimoniosos encontrados con una busqueda exhaustiva. El arbol fue enrai-
zado con el grupo de D, SF y DF como grupo externo. Longitud = 45 pasos;
Cl =0.911 (Cl = 0.867 excluyendo caracteres no informativos); Hl = 0.089 (HI
= 0.133 excluyendo caracteres no informativos); Rl = 0.826. La longitud se
muestra arriba de las ramas. b. Arbol consenso segun la regla de mayoria al
50% de los tres arboles mas parsimoniosos. Arbol enraizado con el grupo de
D, SF y DF como grupo externo. El porcentaje de soporte de las ramas se
muestra arriba de ellas. Los valores del analisis de remuestreo (Bootstrap)
por arriba de 50 se muestran entre paréntesis abajo de las ramas.

Figura 5. Relaciones filogenéticas de las variedades actuales de henequen, las pobla-
ciones silvestres de A. angustifolia en la Peninsula de Yucatan, e individuos
procedentes de tres estados de la Republica externos a la Peninsula, ba-
sadas en la evidencia de 27 bandas isoenzimaticas. Unico arbol mas parsi-
monioso encontrado con la técnica Branch and Bound. Arbol enraizado con
los individuos del estado de Veracruz como grupo externo. Longitud = 72 pa-
sos; Cl = 0.792 (Cl = 0.779 excluyendo caracteres no informativos); HI =
0.208 (HI = 0.221 excluyendo caracteres no informativos); Rl = 0.634. La lon-
gitud se muestra arriba de las ramas.



Figura 6. Relaciones filogenéticas de las variedades actuales de henequén y las

Figura 7.

Figura 8.

poblaciones silvestres de A. angustifolia en la Peninsula de Yucatan, basadas
en 66 caracteres morfologicos. Unico arbol mas parsimonioso encontrado con
una busqueda exhaustiva. Arbol enraizado con la técnica Midpoint. Longitud
= 112 pasos; Cl = 0.804 (Cl = 0.716 excluyendo caracteres no informativos);
HI = 0.295 (HI = 0.314 excluyendo caracteres no informativos); Rl = 0.639. La
longitud se muestra arriba de las ramas. Los valores del analisis de
remuestreo (Bootstrap) por arriba de 50, se muestran entre paréntesis abajo
de las ramas.

Relaciones filogenéticas de las variedades actuales de henequén y las
poblaciones silvestres de A. angustifolia en la Peninsula de Yucatan, basadas
en la evidencia conjunta de 27 bandas isoenzimaticas y 66 caracteres mor-
foldgicos. Unico arbol mas parsimonioso encontrado con una busqueda ex-
haustiva. Arbol enraizado usando al grupo de D, DF y SF como grupo
externo. Longitud = 164 pasos; Cl = 0.799 (Cl = 0.712 excluyendo caracteres
no informativos); HI = 0.268 (HI = 0.310 excluyendo caracteres no informa-
tivos); Rl = 0.607. La longitud se muestra arriba de las ramas. Los valores del
andlisis de remuestreo (Bootstrap) por arriba de 50 se muestran entre
paréntesis abajo de las ramas.

Arbol consenso segun la regla de mayoria al 50% de uno de los tres arboles
mas parsimoniosos obtenidos con la evidencia isoenzimatica (Fig. 4a), y el
unico arbol mas parsimonioso obtenido con la evidencia morfolégica (Fig. 6).
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APENDICE 1.  Matriz de estadios de los caracteres por variante. Los primeros 27 caracteres corresponden a
las bandas isoenzimaticas de los sistemas: ACP = fosfatasa acida, MDH = malato deshidrogenasa
y PRX = peroxidasa catodica. Los otros 66 caracteres corresponden a los caracteres morfolégicos
que se describen en el Apéndice 3. Los codigos de las poblaciones de Yucatan estan descritos
en el Cuadro 1. VER = Veracruz, OAX = Oaxaca, MEX = Estado de México. El significado de la
codificacion puede consultarse en la metodologia . Datos faltantes porque las plantas adn no
florecen.
Variante
Caracter D DF SF  CHY CHW CHG Sk Yk Kk Sks VER OAX MEX
ACP-1 1 0 0 0 0 0 0 0 0 0 0 0 0
ACP-2 0 0 1 1 0 0 0 0 0 0 0 0 0
ACP-3 1 0 0 0 0 0 0 0 4 0 2 0 2
ACP-4 2 2 2 2 0 0 0 0 4 0 0 0 0
ACP-5 2 1 1 0 4 1 0 0 0 1 3 0 4
ACP-6 4 4 3 4 1 4 4 4 4 ] 2 2 0
ACP-7 2 2 2 0 4 2 0 0 0 1 3 0 4
ACP-8 4 4 4 4 1 2 4 4 4 4 2 3 0
ACP-9 2 1 2 0 4 2 0 0 0 1 3 2 4
ACP-10 4 4 4 4 1 4 4 4 4 4 2 4 0
ACP-11 1 0 2 0 0 0 0 0 0 1 3 2 4
ACP-12 3 4 4 4 0 3 4 4 0 4 0 4 0
ACP-13 1 0 1 0 0 0 0 0 0 1 3 0 2
ACP-14 2 2 3 1 0 1 4 4 0 4 0 3 0
MDH-1 4 4 4 4 4 4 4 4 4 4 4 4 4
MDH-2 4 4 4 4 4 4 4 4 0 4 2 2 4
MDH-3 4 4 4 4 4 4 4 4 4 4 4 4 4
MDH-4 4 4 4 4 4 4 4 4 0 4 2 2 4
MDH-5 4 4 4 4 4 4 4 4 4 4 4 4 4
MDH-6 4 4 4 4 4 4 4 4 4 4 4 4 4
MDH-7 4 4 4 4 4 4 4 4 4 4 4 4 4
MDH-8 4 4 4 4 4 4 4 4 4 4 4 4 4
MDH-9 4 4 4 4 4 4 4 4 4 4 4 4 4
PRX-1 2 2 2 1 0 1 0 0 0 0 0 2 0
PRX-2 4 4 3 2 1 4 4 4 4 3 2 4 4
PRX-3 4 3 2 2 1 4 4 4 4 3 2 3 4
PRX-4 2 2 1 2 0 2 0 4 0 1 2 2 4
N1 1 1 2 0 1 1
N2 0 1 1 0 2 0 2 2 0
N3 0 0 0 0 0 0 2 1 0
N4 0 0 0 0 0 0 1 1 0
N5 1 1 1 1 0 1 1 1 1
N6 1 1 1 1 0 1 1 2 1
N7 0 0 0 0 0 1 2 2 1
N8 0 0 1 1 0 0 2 1 0
N9 0 0 0 0 0 0 1 1 0
N10 0 0 0 0 0 0 1 1 0
N11 0 0 0 0 0 0 1 1 0
N12 0 0 0 0 0 0 1 1 0
N13 0 0 0 0 0 0 0
N14 0 1 1 1 2 1 1
N15 0 0 0 0 0 0 0
N16 0 1 1 1 2 1 1
N17 1 1 2 1 0 2 2
N18 0 0 0 0 0 0 0
N19 2 1 2 i 0 2 1
N20 0 0 0 0 0 0 0
N21 2 1 1 1 0 1 1
N22 2 1 2 0 0 1 1
N23 0 0 0 0 0 0 0
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APENDICE 2. Frecuencia en la que se encontraron las distintas bandas isoenzimaticas en cada variante estudiada.
ACP = fosfatasa acida, MDH = malato deshidrogenasa, PRX = peroxidasa catédica. Los cédigos
de las poblaciones de Yucatan estan descritos en el Cuadro 1. VER = Veracruz, OAX = Oaxaca,
MEX = Estado de México.

Variante
Caracter D DF SF CHY CHW CHG Sk Yk Kk Sks VER OAX MEX
ACP-1 0.11 0 0 0 0 0 0 0 0 0 0 0 0
ACP-2 0 0 022 0.2 0 0 0 0 0 0 0 0 0
ACP-3 0.16 0 0 0 0 0 0 0 1 0 033 0 05
ACP-4 042 04 039 04 0 0 0 0 1 0 0 0 0
ACP-5 037 02 022 0 09 0.13 0 0 0 0.05 066 0 1
ACP-6 0.89 1 0.72 1 0.1 0.88 1 1 1 067 0.33 0.33 0
ACP-7 037 04 033 0 09 0.38 0 0 0 0.09 0.66 0 1
ACP-8 0.89 1 0.78 1 0.1 0.38 1 1 1 093 0.33 0.66 0
ACP-9 037 02 0.39 0 09 038 0 0 0 009 066 0.33 1
ACP-10 0.89 1 0.78 1 01 088 1 1 1 096 0.33 1 0
ACP-11 0.21 0 0.28 0 0 0 0 0 0 0.04 066 0.33 1
ACP-12 0.58 1 078 0.8 0 063 1 1 0 0.91 0 1 0
ACP-13 0.21 0 0.17 0 0 0 0 0 0 0.02 0.66 0 033
ACP-14 032 05 067 0.2 0 0.25 1 1 0 08 0 0.66 0
MDH-1 1 1 1 1 1 1 1 1 1 1 1 1 1
MDH-2 1 1 1 1 1 1 1 1 0 1 033 0.33 1
MDH-3 1 1 1 1 1 1 1 1 1 1 1 1 1
MDH-4 1 1 1 1 1 1 1 1 0 1 033 0.33 1
MDH-5 1 1 1 1 1 1 1 1 1 1 1 1 1
MDH-6 1 1 1 1 1 1 1 1 1 1 1 1 1
MDH-7 1 1 1 1 1 1 1 1 1 1 1 1 1
MDH-8 1 1 1 1 1 1 1 1 1 1 1 1 1
MDH-9 1 1 1 1 1 1 1 1 1 1 1 1 1
PRX-1 047 04 033 02 0 0.13 0 0 0 0 0 0.33 0
PRX-2 0.95 1 061 04 0.2 1 1 1 1 0.53 033 1 1
PRX-3 1 07 039 04 02 088 1 1 1 055 033 066 1
PRX-4 037 03 017 04 0 0.38 0 1 0 0.09 033 0.33 1




APENDICE 3. Caracteres morfologicos y sus estadios usados en el analisis
filogenético. Los valores numéricos que pueden tomar los estadios de
los primeros 55 caracteres pueden verse consultando el Apéndice 1 de
este trabajo y el Cuadro 2 de Colunga-GarciaMarin y May-Pat (En
prensa). Los caracteres en cursivas no se declararon como ordenados.
Para los que si se usaron como ordenados, el 0 es ancestral.

CARACTER ESTADIOS ORDEN
TALLO

N1 Largo tallo 0,12 menos a mas
HOJA

N2 Largo hoja 01,2 menos a mas
N3 Ancho hoja parte media 01,2 menos a mas
N4 Ancho base hoja - 0,1 menos a mas
N5 Numero de dientes 0,1 mas a menos
N6 Largo dientes 01,2 menos a mas
N7 Ancho base dientes 01,2 menos a mas
N8 Distancia entre dientes 0,1,2 menos a mas
N9 Largo espina 0,1 menos a mas
N10 Ancho base espina 0,1 menos a mas
N11 Peso hoja 0,1 menos a mas
N12 Peso fibra 0,1 menos a mas
INFLORESCENCIA

N13 Largo pedunculo 0

N14 Largo total inflorescencia 01,2 menos a mas
N15 Numero ramificaciones laterales 0

N16 Perimetro base pedunculo 01.2 menos a mas
FLOR

N17 Largo anteras 01,2

N18 Largo filamentos 0

N19 Largo tépalos 01,2

N20 Ancho tépalos 0

N21 Profundidad insercién filamentos 0,1, 2
N22 Largo tubo 0.1,.2



N23 Largo cuerpo del ovario
N24 Largo cuello del ovario
N25 Ancho cuerpo ovario

FRUTO

N26 Largo capsula

N27 Ancho capsula

N28 Largo hoja carpelar
N29 Ancho hoja carpelar
N30 Largo pedicelo

N31 Ancho pedicelo
N32 Largo semilla

N33 Ancho semilla

N34 Semillas normales por capsula
N35 Semillas anormales por capsula

HOJA

N36 Largo hoja/ancho hoja

N37 Ancho base hoja/ancho hoja

N38 Largo hoja/largo tallo
N39 Peso fibra/peso hoja

N40 Largo dientes/ancho dientes
N41 Distancia entre dientes/largo hoja
N42 Largo espina/ancho espina

N43 Largo espina/largo hoja
INFLORESCENCIA

N44 Largo panicula
N45 Largo panicula/largo total

FLOR

N46 Largo tépalos/largo tubo

N47 Largo/ancho cuerpo del ovario

FRUTO

N48 Largo/ancho hoja carpelar

N49 Largo/ancho semilla

0
01,23
01,2
0.2
0

0,1,2
0

0

0

0

0

01,2
0

0,1, 2,3
01,2
9 %y [
01,2
0,123 4
01,2
0,12
0
0,1,2
0

0

0

01,2
0

menos a mas
menos a mas

mas a menos

mas a menos

mas a menos
menos a mas

mas a menos
mas a menos
menos a mas
menos a mas
mas a menos
menos a mas
mas a menos
menos a mas

menos a mas

menos a mas

menos a mas

menos a mas



HOJA

N50 Num. total hojas

FRUTO

N51 Num. total ovulos

HOJA

N52 Num. dientes/largo hoja
N53 Largo dientes/largo hoja
N54 Superficie diente/ancho hoja
FRUTO

N55 Num.semillas normales/no.total
ovulos

HOJA

C1 Forma margen hoja
C2 Forma base hoja
C3 Forma punta hoja
C4 Forma hoja

C5 Forma dientes

C6 Textura base espina
C7 Forma punta espina
FRUTO

C8 Presencia estipite
FLOR

C9 Color filamentos

HOJA
C10 Color hoja

C11 Color margen hoja

0,12 menos a mas
0

0,12 3 mas a menos
0,1 mas a menos
0 menos a mas
01,2 mas a menos

0 ondulado, 1 recto

0 convexa,1 plana, 2 concava
0 convexa,1 plana, 2 concava
O lanceolada,1 linear

0 rectos, 1 curvos

0 estriada, 2 lisa

0 no decurrente, 1 decurrente

0 presente,1 ausente

0 café con verde,1 verde con café
2 verde-amarillento

0 verde-amarillento,1 verde oscuro,
2 glauco

0 verde-amarillento, 1verde-verde,
2 verde-rojizo




CAPITULO 7

DISCUSION GENERAL



DISCUSION GENERAL

Los resultados alcanzados en este
trabajo han sido discutidos de forma
detallada y amplia en cada uno de los
capitulos anteriores. A continuaciéon pre-
sentamos un resumen de estas discusio-
nes y una perspectiva general de los
principales hallazgos obtenidos. Hemos
evitado en este resumen las referencias
bibliograficas, pero si el lector lo desea
podra consultar mas detalles en cada
una de las discusiones de los capitulos
anteriores.

EVIDENCIA ETNOBOTANICA

La evidencia etnobotanica aqui
proporcionada, indica que la diversidad
de agaves cultivados en Yucatan se ha
ido perdiendo paulatinamente como re-
sultado de la intensificacion de su cultivo
con fines exclusivamente cordeleros. No
contamos con referencias acerca de la
diversidad generada por los mayas en el
periodo prehispanico, pero suponemos
que al menos era la misma, sino es que
mayor, que la mencionada en los manu-
ales agronomicos de fines del siglo XIX y
principios del XX. De ocho variantes culti-
vadas descritas en estos manuales (una
ya entonces apenas conocida), solo se
podian encontrar seis en 1940, y unica-
mente tres a fines de los ochentas, una
de las variedades en poblaciones muy
pequenas.

Las descripciones agronémicas
encontradas en estos manuales, sugieren
que en el seno de la agricultura tradi-
cional maya hubo una seleccion hacia
distintos tipos de fibra, destinada a dif-
erentes usos, y hacia la adaptacion de
las variedades cultivadas a diferentes
condiciones de suelo y precipitacion.

Esta seleccion redund6 en variedades
con caracteristicas diferenciales
agronomicas, morfolégicas y en ciclo de
vida. A partir de fines del siglo pasado, la
I6gica de la produccion capitalista, inten-
siva, con fines unicamente cordeleros,
desarrollada para atender las necesi-
dades del mercado norteamericano, llevo
a una drastica erosion genética de este
cultivo, favoreciendo soélo a la variedad
mas apropiada al uso cordelero: el Sak
ki, la cual produce mejor en los suelos
pedregosos del noroeste del estado de
Yucatan. Hacia 1915, durante el mayor
auge henequenero, 300 000 ha del
estado estaban cubiertas practicamente
con este genotipo de henequén, repre-
sentado por unos 900 millones de plan-
tas. Esta circunstancia cancel6
practicamente las lineas evolutivas dirigi-
das a caracteristicas de fibra y adaptacio-
nes ecoldgicas que no fueran la de fibra
para cordel, y los suelos pedregosos del
noroeste de Yucatan.

Actualmente sbélo pueden encon-
trarse tres variedades de henequén: Sac
ki, Yaax ki y una variedad a la que hemos
llamado Kitam ki. Sac ki es la variedad de
uso preferido para cordeleria. Yaax ki y
Kitam ki sélo pueden encontrarse en
poblaciones muy pequenas y cultivadas
principalmente con fines artesanales, ya
que tienen una fibra relativamente mas
suave, especialmente Kitam ki. Esta var-
iedad es poco conocida entre los agricul-
tores y, aunque se le encuentra
exclusivamente de forma cultivada,
muchos la confunden con el silvestre. El
Sac ki se corresponde claramente con la
diagnosis de A. fourcroydes Lem. de
Gentry (1982). Hacen falta descripciones
taxonémicas validas y completas de Yaax

kiy Kitam Ki.
Las caracteristicas diferenciales
de las variedades cultivadas aun



existentes, en cuanto a calidad de fibra,
caracteristicas biolégicas, y adaptacion al
medio, nos indican que es necesario
evaluar este material en relacién a su po-
tencial en mejoramiento genético y utili-
zacion en nuevos productos que
pudieran ser de interés para la agroin-
dustria henequenera, ya que la variedad
favorecida en el ultimo siglo para la pro-
duccion de hilo agricola, no es necesaria-
mente la mas adecuada para otros usos
potenciales como la produccion de celu-
losa quimica, los diferentes tipos de
saponinas u otros materiales derivados
de fibra.

En cuanto al ancestro silvestre, A.
angustifolia, los resultados de la ex-
ploracién etnobotanica sugirieron tres
variantes: las poblaciones que crecen en
la vegetacién de Dunas costeras y las de
la Selva baja caducifolia, y las de la
Selva mediana subcaducifolia. Dentro de
las poblaciones de la Selva mediana, los
artesanos que trabajan la fibra reconocen

tres variantes de acuerdo a su calidad.
En orden de mejor a menor. Chelem
blanco, Chelem verde, y Chelem amar-
illo. EI Chelem blanco es considerado el
mas semejante al Sac ki y el Chelem
verde al Yaax ki. Las evidencias etno-
histéricas sugieren que estas variantes
podrian representar clones en desuso de
la época en que se cultivé el silvestre con
fines textiles. Es conveniente desarrollar
estudios que permitan definir la importan-
cia de utilizar este material en un pro-
grama de mejoramiento genético.

La exploracion etnobotéanica in-
dico, por otra parte, que el uso especiali-
zado de un solo producto del henequeén,
la fibora, es un esquema de
aprovechamiento de la agroindustria
henequenera y no de su utilizacion tradi-
cional. Este uso especializado ha favore-
cido la fuerte crisis del cultivo al

desplomarse la demanda cordelera. Bajo
agricultura tradicional, se encontraron 41
maneras de utilizacién, siendo el uso me-
dicinal el que tiene mas variedad de for-
mas de uso. Es necesario emular esta
manera integral de aprovechamiento del
henequén bajo nuevos desarrollos tec-
nolégicos. Su amplia gama de usos
medicinales nos indican la posibilidad de
encontrar otros principios activos de in-
terés para la industria farmaceutica,
ademas de las sapogeninas como fuente
de esteroides. Los contenidos de
azucares y de fibra del tronco y del
pedunculo floral, abren perspectivas de
utilizacion de estas estructuras actual-
mente desaprovechadas, que se pudren
0 son quemadas cuando termina el
aprovechamiento de las hojas de la
planta.

Aun cuando actualmente el uso de
la fibra es definitivamente el uso central
en el cultivo del henequén, otros usos
como el de combustible, material de con-
struccion y medicinal, son de gran impor-
tancia en la economia campesina. Uno
de los usos mas interesantes encontra-
dos, es el aprovechamiento del tronco y
el pedunculo floral como alimento hu-
mano en épocas de escasez. Este uso
pudo haber jugado un papel importante
en los inicios del cultivo y domesticacion
de la especie, como en el caso de otros
agaves mesoamericanos. El pedunculo
floral del silvestre presenta caracteristi-
cas agradables al gusto semejantes a las
del cultivado, esto pudo haber sido, junto
con el interés por la fibra, otra motivacion
para iniciar su cultivo y seleccién. La pos-
terior prevalencia de especies anuales en
la agricultura de la regién, posiblemente
dejo atras la importancia de henequén en
la dieta del area, por lo que no se detec-
tan diferencias significativas entre el



domesticado y el silvestre en relaciéon a
su valor bromatolégico y azucares
totales.

Las fuentes etnohistéricas repor-
tan muy pocos usos del henequén. Dada
la gran diversidad de usos encontrados
en la actualidad, pensamos que esto se
debe a la escasez de fuentes y a la
probreza de sus datos, y no al hecho de
que estos usos no existieran desde la
época prehispanica.

EVIDENCIA MORFOLOGICA

El analisis de la variaciéon mor-
fologica, tanto en condiciones naturales
de crecimiento, como en condiciones ho-
mogeéneas, indicé que dentro de las tres
variantes silvestres encontradas po-
driamos hablar de dos posibles ecotipos:
uno formado por las poblaciones que cre-
cen en las dunas costeras y la Selva baja
caducifolia, y otro por las poblaciones
gue crecen en la selva mediana subca-
ducifolia. El ecotipo de la Selva mediana
es el que presenta las caracteristicas
morfolégicas mas parecidas a los domes-
ticados: fibras mas largas y en mayor
cantidad, asi como inflorescencias mas
grandes. De las poblaciones de la Selva
mediana, las que pertenecen a la vari-
ante Chelem blanco son las que se pare-
cen todavia mas a las cultivadas, ya que
de todas las variantes silvestres, es la
que tiene la fibora mas larga y en mayor
cantidad. Este resultado, coincide con la
preciacion de los artesanos.

En las caracteristicas indicadoras
de domesticacion, se observa una ten-
dencia de mayor a menor en el sentido
Sac ki = Yaax ki > Kitam ki. Sac kiy Yaax
ki se diferencian de las silvestres en una
direccion y magnitud similar que puede
resumirse en cuatro sindromes de do-
mesticacion (por sindrome de

domesticacion nos referimos a una com-
binacion de caracteres que resultan en
una caracteristica de interés antro-
pocéntrico o relacionada al proceso de
seleccion artificial): gigantismo, mayor fi-
brosidad, menor espinosidad y menor ca-
pacidad reproductiva.  Existe una
correspondencia obvia entre estos sin-
dromes y los intereses antropocéntricos
que han guiado el proceso de seleccion
artificial, por lo menos, durante el ultimo
siglo.

La seleccién humana ha cambiado
aparentemente la estrategia fisiologica
de asignaciéon de recursos de las culti-
vadas Sac ki y Yaax ki, ya que un mismo
aumento de peso en la hoja esta correla-
cionado con dos veces mas fibra en las
cultivadas que en las silvestres, un
mismo aumento en la longitud de la hoja
con 1.6 veces mas dientes en el silvestre
que en el cultivado, y un mismo incre-
mento en el nur: ero total de semillas con
5.3 veces mas semillas normales en el
silvestre que en el cultivado.

La mayoria de los caracteres que
diferencian entre plantas cultivadas y sil-
vestres presentan un coeficiente de vari-
acion mas grande en las silvestres,
sugiriendo esto su mayor diversidad
genética. Los caracteres que fueron igual
de variables, o mas variables en el culti-
vado, corresponden a los caracteres de
flor y fruto, probablemente por la ausen-
cia de seleccion artificial sobre ellos. La
variante cultivada Sac ki prsentd un coefi-
ciente de variacion mayor en el peso de
la fibra que en el largo de la hoja, esto
puede estar asociado al hecho de que la
desfibracion mecanizada ha impuesto
estandares muy estrechos en esta
caracteristica.

Kitam ki es la variante cultivada
mas parecida a las silvestres. La informa-
cion etnobotanica, y el tipo de diferencias



morfolégicas que tiene con ellas,
sugieren un proceso de seleccion con di-
reccion e intensidad distinta al de las
otras varizntes cultivadas.

Las mejores condiciones de cre-
cimiento en el Jardin Botanico Regional
del Centro de Investigacion Cientifica de
Yucatan (JBR-CICY) repercutieron, para
todas las variantes, en un decremento
del coeficiente de variacién promedio de
todos los caracteres morfoldégicos estu-
diados, un incremento en talla (especial-
mente en el largo de las hojas), una
mayor cantidad de fibra, y una menor es-
pinosidad. Esta respuesta positiva al cul-
tivo pudo haber sido de gran importancia
en las fases iniciales de la domesticacion
del henequén, ya que si por un lado ex-
istian poblaciones con caracteristicas de-
seables para el hombre (en este caso las
poblaciones de SF), y por otro lado los
caracteres deseables (menor espinosi-
dad, hojas mas largas y mayor cantidad
de fibra) presentaban alta plasticidad y
respuesta positiva al cultivo, entonces la
seleccidén de estas variantes y su cultivo,
pudieron haber sido el camino seguido
por los antiguos mayas para la obtencion
del Sac ki y el Yaax ki.

EVIDENCIA ISOENZIMATICA

La evidencia isoenzimatica indico
que todas las variantes de A. angustifolia
silvestres tienen niveles relativamente al-
tos de variacion genética. De forma con-
trastante, las tres variedades de
henequén tienen una muy pequena frac-
cion de la variacion genética total encon-
trada en el complejo y, con los sistemas
enzimaticos usados, ninguna variacion se
observa dentro de las tres variedades.
Estos resultados coinciden con lo
sugerido por los coeficientes de variacion
de los caracteres morfolégicos.

La extremadamente pequena frac-
ciéon de la variacion genética total con-
tenida dentro de las variedades
cultivadas es nuestro hallazgo principal.
Este resultado podia ser esperado a par-
tir de los analisis etnobotanicos y mor-
folégicos, los cuales sugirieron una
drastica erosion genética de la diversidad
posiblemente generada y mantenida por
los mayas en el periodo prehispanico.

La reduccion de la diversidad
genética en henequén, ha sido llevada al
extremo por el favorecimiento de una
sola variante a través de métodos de
propagacion clonal. Esta reduccién gené-
tica no ha podido compensarse con otras
fuerzas tales como la introgresion a partir
de parientes silvestres, |la hibridacion con
variedades cercanas y el entrecru-
zamiento dentro de una misma variedad,
fuerzas que suelen favorecerse dentro de
la agricultura tradicional mesoamericana,
pero que no se favorecen actualmente en
el cultivo del henequén. La unica fuente
adicional de variacion genética bajo es-
tas condiciones de cultivo tendria que ser
la de las mutaciones somaticas. Sin em-
bargo, es posible que dados los estre-
chos criterios de seleccion imperantes en
el ultimo siglo, estas mutaciones hayan
sido eliminadas cuando fueron
percibidas

La severa pérdida de variacion
genética en el henequén sugerida por las
evidencias obtenidas en este trabajo es,
hasta donde sabemos, la mas dramatica
reportada en la literatura. Para otras es-
pecies de propagacion clonal como man-
zana y platano, tampoco se ha
encontrado variacion dentro de clones,
incluso usando técnicas como DNA oli-
gonucleotide fingerprinting, las cuales re-
conocen la diversidad genética a un nivel
muy sensitivo. Sin embargo, aun cuando
en estos cultivos no se encontrd



variacion dentro de los clones que con-
forman las distintas variedades, se trata
de especies cultivadas para las cuales
existen muchas variedades. Este no es el
caso del henequén, para el cual el
numero de variedades cultivadas se re-
dujo en este siglo de siete a tres, con dos
de las variedades casi extintas.

En fuerte contraste con el hene-
quén, las poblaciones silvestres de A. an-
gustifolia tienen altos niveles de variacion
genética, dentro y entre variantes. Sus
fenotipos individuales pueden encon-
trarse de forma esparcida en todo el ar-
bol obtenido por UPGMA, sin formar
conglomerados claros, como es de es-
perarse en una poblacion natural con al-
tos niveles de variacion genética, alta
tasa de entrecruzamiento y una disper-
sion del polen a grandes distancias,
como se ha encontrado en varias Agava-
ceae (Eguiarte, datos sin publicar).

El tipo de fenotipos encontrados
en las semillas de henequén estudiadas
(las cuales rara vez se producen, y nunca
son usadas para su cultivo), sugieren que
la mayoria de estas semillas son el pro-
ducto de polinizacion cruzada con indi-
viduos silvestres de A. angustifolia.
Ademas, estos datos apuntan al hecho
de que las variantes Chelem puedan te-
ner un origen hibrido entre A. angustifolia
y A. fourcroydes, tal y como es percibido
por los artesanos.

Uno de los supuestos centrales de
este trabajo, el origen del henequén a
partir de las poblaciones de A. angustifo-
lia que crecen en la Peninsula de Yu-
catan - a nuestro juicio la hipotesis de
origen mas parsimoniosa -, parece ser
apoyado por los resultados del analisis
que incluy6 a individuos que crecen fuera
de la Peninsula. Todas las poblaciones
de la Peninsula aparecen en este
analisis como un grupo monofilético y las

poblaciones de Veracruz y Oaxaca como
grupos externos a él. El agrupamiento de
la poblaciéon del estado de México con el
Chelem blanco parece indicarnos que
dado que A. angustifolia es una especie
de amplia distribucion, existen dentro de
su rango de distribucién poblaciones se-
mejantes a algunas que crecen en la
Peninsula. Este analisis, sin embargo,
debe verse como preliminar, puesto que
el numero de poblaciones externas a la
Peninsula consideradas, y el tamafno de
muestra de cada poblacion son muy pe-
quenos, y los resultados probablemente
estan sesgados. Serd necesario tener
una muestra mas grande de poblaciones
de A. angustifolia en todo su rango de
distribucidon para definir de forma
adecuada el papel de esta especie en el
origen del henequén, tomando en cuenta
ademas los altos niveles de variacion
genética encontrados en sus
poblaciones.

Una hipdtesis alternativa a la ma-
nejada en esta investigacion, es la del
origen del henequén a partir de una es-
pecie de Agave diferente a A. angustifo-
lia. La revisién biosistematica del género
sera un marco necesario para explorar
esta posibilidad, o la de un origen
hibrido, ya que a la fecha algunas de las
especies de Agave reconocidas solo lo
son por conveniencia, pero no hay una
base para mantenerlas como tales (Gen-
try, 1982).

Las relaciones filogenéticas dentro
de las variantes silvestres y cultivadas de
la Peninsula, que pueden inferirse del
analisis, tanto de la evidencia isoen-
zimatica, como de la evidencia conjunta
morfologia-isoenzimas, son consistentes
con las evidencias etnobotanicas y mor-
fologicas presentadas con anterioridad.
Ambos anadlisis sugieren dos lineas
separadas de domesticacion de las



variantes de henequén que pueden en-
contrarse hoy dia en Yucatan: la de Sac
ki'y Yaax ki, seleccionadas para producir
fibras mas gruesas y en mayor cantidad,
con fines fundamentalmente cordeleros, y
la de Kitam ki, casi extinta, seleccionada
para producir fibras mas suaves con fines
textiles. En esta linea posiblemente fue
incluido el Chelem blanco a principios de
siglo y posteriormente abandonado su
cultivo.

La inclusion en ambos analisis de
Kitam ki dentro del grupo monofilético de
las variantes usadas por su fibra, aun
cuando tiene un fenotipo de MDH dif-
erente al de todas las plantas de Yu-
catan; nos hace pensar que es originaria
de esta area y no una introduccion re-
ciente como habiamos sugerido con
anterioridad.

La posiciéon que ocupan el Chelem
verde y el Chelem amarillo en ambos filo-
gramas, sugiere su origen hibrido a partir
ce poblaciones silvestres y cultivadas.
En otras plantas cultivadas de propaga-
cion vegetativa, el cultivo ocasional de
material proveniente de semilla ha sido
observado en agricultores tradicionales.
En el caso del henequén la evidencia et-
nobotanica indica que las poblaciones
hibridas pudieron y pueden aun ser de
interés antropocéntrico con fines textiles,
y otros usos tradicionales, toda vez que
las variedades prehispanicas existentes
para estos usos desaparecieron a prin-
cipios de siglo. Estudios posteriores de
las posibilidades de entrecruzamiento en-
tre poblaciones silvestres y cultivadas,
seran de gran importancia para entender
el papel que ha tenido este fenédmeno en
la evolucion del cultivo, quizas a través
del fomento o tolerancia de materiales
hibridos procedentes de semilla por parte
de los campesinos. También seran im-

6

portantes para establecer posibilidades
de incrementar su variacion genética.

Las poblaciones silvestres inclui-
das en el estudio se mantienen como un
grupo monofilético. La posicion interme-
dia de la poblaciones de Selva baja en
cuanto al numero de cambios evolutivos
ocurridos entre un taxa y otro, parece
apoyar la hipétesis de dos ecotipos: Du-
nas y Selva mediana, y las poblaciones
de Selva baja como una poblaciéon gené-
ticamente intermedia entre ellas.

Los resultados obtenidos en esta
investigacion se ajustan a las prediccio-
nes que segun Doebley (1989) podemos
hacer en un estudio isoenzimatico de
variacion genética, si la forma silvestre
estudiada es ancestral al cultivo: (1) el
cultivo cae dentro del rango de variacion
de su supuesto progenitor (los fenotipos
de las variantes cultivadas son iguales a
algunos individuos silvestres), (2) el cul-
tivo posee un subconjunto de la diversi-
dad alélica encontrada dentro de su
progenitor (sélo un fenotipo por cultivar),
(3) ademas de que el cultivo tiene menos
variacién que el progenitor, la variacion
esta distribuida de forma diferente. Para
el caso de las cultivadas hay mas varia-
cion entre variedades que dentro de las
variedades, mientras que en el caso de
las silvestres es al revés.

Las diferencias mas importantes
entre los resultados obtenidos con la evi-
dencia morfolégica y los obtenidos con la
evidencia isoenzimatica son: (1) aun cua-
ndo Kitam ki es una variedad cultivada,
que no puede encontrarse en condicio-
nes silvestres, si sbélo se analizan sus
caracteres morfolégicos queda agrupada
con los silvestres, por el hecho de que su
seleccién se ha centrado en caracteres
silvestres (por ejemplo la suavidad de la
fibra), a diferencia de Sac ki y Yaax ki
que han sido seleccionadas para una



fibora mas gruesa y en mayor cantidad.
Sin embargo, si se analizan sus carac-
teres isoenzimaticos queda agrupada con
las otras variedades domesticadas, (2) la
variante de Selva mediana queda como
un grupo hermano de las cultivadas Sac
ki y Yaax ki, probablemente por su pare-
cido morfologico, pero si se analizan sus
caracteristicas isoenzimaticas, queda
dentro del grupo monofilético de las sil-
vestres. Estas diferencias pueden ex-
plicarse por lo dicho por Gepts (1995) en
el sentido de que los resultados de los
marcadores moleculares o bioquimicos y
los estudios sobre caracteristicas mor-
folégicas no siempre estan correlaciona-
dos. Las discrepancias pueden atribuirse
a posibles efectos selectivos mas facti-
blemente asociados con caracteristicas

morfolégicas que con marcadores
moleculares.
Al conjugar la evidencia mor-

folégica y la evide:.cia isoenzimatica en
el analisis filogenético, los resultados son
mas parecidos a los obtenidos sélo con
la evidencia isoenzimatica. Posiblemente
esto se deba a que existe una mayor cor-
relacion entre los caracteres isoenzimati-
cos que entre los morfolégicos. En el
arbol que resulta del consenso de los ar-
boles obtenidos por separado, se pierde
la resolucion de la relacién entre las vari-
antes, por lo que con base en los resulta-
dos de este estudio, consideramos que
es mejor alternativa analizar cada con-
junto de datos por separado e interpretar-
los de acuerdo a su naturaleza, de esta
forma la integracion posterior de las evi-
dencias en un nuevo analisis hace que
los resultados puedan ser mas
informativos.

Finalmente, podemos decir que el
caso de henequén es un caso extremo de
pérdida de variacion genética de un cul-
tivo tradicional al incorporarse a una

economia de mercado. La diversidad
generada bajo el sistema agricola tradi-
cional maya, como resultado de un uso
integral y de la incorporacion de su cul-
tivo a sistemas agricolas diversos, y den-
tro de una area geografica mas amplia,
se perdi®6 con un cambio en la ori-
entacion, intensidad y racionalidad de su
cultivo. Por estas mismas razones, prob-
ablemente se rompié la liga con su an-
cestro silvestre.

PERSPECTIVAS

La poca variacién genética encon-
trada dentro de las variedades -culti-
vadas, con los sistemas isoenzimaticos
analizados, pone en relieve la necesidad
de mantener una coleccion viva de este
germoplasma para preservar la poca di-
versidad aun existente, asi como la de
las variantes silvestres recolectadas por
su fibra por los artesanos. La busqueda
de variacion genética dentro de los
clones de henequén cultivados actual-
mente, sera un aspecto de gran relevan-
cia para el futuro mejoramiento del
cultivo. Detectar variacion genética den-
tro de los clones parece sin embargo
dificil, ya que posiblemente el tiempo
transcurrido desde que aparecio el cuello
de botella podria ser demasiado corto
para permitir una acumulacion detectable
de mutaciones somaticas. Probablemente
se requeriran técnicas de analisis de re-
giones hipervariables del genoma (VNTR
fingerprints) para poder encontrar vari-
antes somaclonales que puedan ser rele-
vantes desde el punto de vista
productivo.

Otro aspecto importante para bus-
car la conservacion de la diversidad, sera
el de fomentar un esquema mas amplio
de aprovechamientos, y no sélo el cordel-
ero, de modo que se propicie la



utilizacion de todas las variantes, e in-
cluso que impulse eventualmente el de-
sarrollo de mas diversidad genética. Bajo
la légica de la agricultura tradicional del
henequén desarrollada por los mayas, la
seleccidon y mantenimiento de diversas
variantes estaba ligado probablemente al
aprovechamiento integral que hacian de
él, asi como a su cultivo dentro de una
area geografica mayor a la actual.

Los contrastantemente altos nive-
les de variacion genética encontrados en
A. angustifolia, también ponen de rele-
vancia la importancia de conservar este
germoplasma para un eventual incre-
mento de la diversidad del cultivado a
través de un programa cuidadoso de cru-
zas y retrocruzas, las cuales quizas ocur-
ren de vez en vez en forma natural, pero
que el hombre actualmente no fomenta,
debido a la preferencia que tiene por la
propagacion vegetativa del cultivo. Este
tipo de programa requerira del desarrollo
de investigacion basica de la biologia re-
productiva de estas especies. Hibridos
de interés productivo podrian micro-
propagarse con técnicas actualmente ya
desarrolladas en el Departamento de Bio-
tecnologia del CICY.

Los altos niveles de diversidad en-
contrados en las poblaciones de A. an-
gustifolia sugieren que es necesario
hacer un estudio mas amplio para llegar
a definir los tamafios minimos de
muestreo que aseguren una buena repre-
sentacion de la diversidad del germo-
plasma para desarrollar planes de
conservacion ex situ, y para ayudar a
definir el area minima necesaria para
mantener la variacion genética y tamanos
viables de poblacién para proyectos de
conservacion in situ, tanto en la zona de
Dunas como en la de Selva mediana.

Dado lo intenso del desarrollo
turistico en la zona de Dunas, y la gran
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presion humana para convertir en areas
de cultivo las pocas zonas de vegetacion
remanentes en la Selva baja y la Selva
mediana, es urgente proponer una area
de conservacion para el mantenimiento in
situ del germoplasma silvestre de A. an-
gustifolia en la Peninsula de Yucatan.
Una medida paralela que es necesario
implementar, es la conservacion de parte
de la variacién genética en un banco de
semillas. Para ello sera necesario real-
izar estudios de longevidad de semillas
bajo almacenamiento.

Las diferencias en las propiedades
fisicas de la fibra, entre las variedades
domesticadas y las poblaciones sil-
vestres, es una aspecto de gran interés
para el entendimiento de las tendencias
evolutivas de este cultivo y sus usos po-
tenciales. Este trabajo se encuentra actu-
almente en curso en una colaboracion
con la Division de Materiales del CICY.

Diferentes aspectos de la me-
todologia desarrollada en este trabajo
pueden usarse como una herramienta de
analisis de otros problemas del género
Agave, e incluso de la familia Agavaceae.
El analisis estadistico de la variacién
morfologica aqui presentado, puede ayu-
dar a la estandarizacion de otros estu-
dios comparativos. La definicion de los
caracteres estadisticamente Uutiles en la
diferenciacion de las variantes anali-
zadas, puede ser aplicada en otras areas
y a otras poblaciones. Los indices de do-
mesticaciéon aqui desarrollados, se estan
aplicando para seleccionar material elite
en un programa de mejoramiento por me-
dio de propagacion clonal in vitro, en una
colaboracion con el Departamento de
Biotecnologia del CICY, seleccionando
no solo el largo de la hoja, como tradi-
cionalmente se ha hecho, sino también el
peso seco de la fibra y la relacion entre
esta caracteristica y el peso fresco de la



hoja, lo cual puede llevar a una mayor
productividad.

Agave angustifolia, la especie an-
cestral del henequén, es la especie de
mas amplia distribuciéon del género
Agave. Esta formada por un complejo de
poblaciones del cual no han podido
establecerse subdivisiones con base en
los criterios taxonomicos clasicos. La me-
todologia de analisis de la variacion mor-
folégica e isoenzimatica seguida en este
trabajo, podria usarse para aportar evi-
dencias en torno a la hipétesis de la exis-
tencia, dentro de este complejo, de varias
especies o0 subespecies. Esto a su vez
ayudara a esclarecer el papel de esta es-
pecie en el origen del henequén.

Relacionado con la problematica
anterior, tenemos el hecho de que otras
tres especies del género Agave de impor-
tancia econdmica como bebidas alcoholi-
cas, como son el tequila (A. tequilana), el
mezcal (~ angustifolia) y el bacanora (A.
angustifc »\, parecen haberse derivado
del mismo complejo genético que el
henequén, es decir, del gran complejo de
poblaciones incluidas en la especie A.
angustifolia. La metodologia aplicada
para el caso de henequén podria usarse
con objetivos analogos para el caso de
estas tres especies.

El tipo de variacion observada en
la enzima Malato Deshidrogenasa,
sugiere que esta enzima podria usarse
como un marcador genético para diluci-
dar algunos problemas en la filogenia de
la familia Agavaceae.
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RESUMEN

Se recopilaron evidencias etnobotanicas, morfologicas e isoenzimaticas, con el fin de: 1) discutir el
proceso de origen y evolucion del henequén bajo la seleccion del hombre, 2) caracterizar la diversidad del
germoplasma disponible de este cultivo y de las poblaciones silvestres de las que pudo originarse, 3) apor-
tar informacion basica para una estrategia de conservacion y aprovechamiento integral del germoplasma
silvestre y cultivado. Presumiblemente domesticado por los mayas a partir de Agave angustifolia Haw , el
henequén ha mantenido gran relevancia economica y cultural en el estado de Yucatan. La evidencia etno-
botanica indico que de ocho variedades cultivadas registradas a principios de siglo, ya solo pueden encon-
trarse tres, una en poblaciones muy pequeiias. Para la especie silvestre la exploracion reveld tres variantes
de acuerdo al tipo de vegetacion en que crecen y, dentro de las poblaciones de Selva mediana subcaducifo-
lia, tres variantes apreciadas por los artesanos por su calidad de fibra. Aunque su uso pasado y presente
mas documentados es el de fibra, tanto poblaciones silvestres como cultivadas reciben mas de 40 formas de
uso tradicional. Su uso alimenticio, casi extinto, pudo haber tenido importancia en fases historicamente in-
cipientes de su evolucion bajo seleccion del hombre. El analisis de la variacion morfologica bajo condicio-
nes naturales de crecimiento, y bajo condiciones homogéneas durante 10 afios en el Jardin Botanico
Regional del CICY, indicaron que: 1) las poblaciones silvestres probablemente corresponden a dos eco-
tipos: uno que incluye a las poblaciones de Dunas y Selva baja caducifolia, y otro que corresponde a las
poblaciones de Selva mediana, 2) El segundo ecotipo es el mas parecido morfologicamente a las variantes
cultivadas, y dentro de sus poblaciones, las mas parecidas a ellas son las del Chelem blanco, reconocidas y
apreciadas por los artesanos por la calidad de su fibra, 3) las variedades cultivadas Sac ki y Yaax ki se dif-
erencian de las silvestres en una direccion y magnitud similar que puede resumirse en cuatro sindromes de
domesticacion: gigantismo, mayor fibrosidad, menor espinosidad y menor capacidad reproductiva. Existe
una correspondencia obvia entre estos sindromes y los intereses antropocéntricos que han guiado el proceso
de seleccion artificial, por lo menos, durante el ultimo siglo, 4) Kk es la variante cultivada morfologica-
mente mas parecida a las silvestres. El analisis de tres sistemas isoenzimaticos con electroforesis en geles
de almidon, indicé que mientras las variantes silvestres tienen niveles relativamente altos de variacion gené-
tica, ninguna variacion se observa dentro de las tres variedades de henequén cultivadas. La extremadamente
pequeiia fraccion de la variacion total contenida dentro de las variedades cultivadas es un resultado esper-
ado de los analisis etnobotanicos y morfolégicos, los cuales sugirieron una drastica erosion genética de la
diversidad posiblemente generada y mantenida por los mayas en el periodo prehispanico, como consecuen-
cia de las estrategias agronomicas seguidas en las grandes plantaciones capitalistas, que con fines cordele-
ros, se desarrollaron en Yucatan a principios de este siglo. El analisis filogenético usando parsimonia
indico que el supuesto central de este trabajo, el origen del henequén a partir de poblaciones de A. angusti-
folia que crecen en la Peninsula, esta apoyado por los resultados del analisis que incluy6 individuos exter-
nos al area. Las relaciones filogenéticas dentro de las variantes silvestres y cultivadas que crecen en la
Peninsula, inferidas de la evidencia isoenzimatica, y de la evidencia conjunta morfologia-isoenzimas, son
consistentes con las evidencias etnobotanicas y morfologicas. Ambos analisis sugieren dos grandes clados:
el de las poblaciones silvestres como un grupo monofilético con dos probables ecotipos, Dunas y Selva Me-
diana, y el de las variantes utilizadas por su fibra. Dentro de este grupo se observan dos lineas separadas de
domesticacion: la de Sac ki y Yaax ki, seleccionadas para producir fibras mas gruesas y en mayor cantidad,
con fines fundamentalmente cordeleros, y la de Kitam ki, casi extinta, seleccionada para producir fibras
mas suaves con fines textiles. En esta linea posiblemente fue incluido el Chelem blanco a principios de
siglo y posteriormente abandonado su cultivo. La posicién de las variantes Chelem en el filograma,
sugieren su origen hibrido silvestre-cultivado.



ABSTRACT

Ethnobotanical, morphological and 1sozyme evidence were compiled with the view to: 1) discuss
the origin and evolution of henequen by human selection; 2) characterize the germplasm diversity available
in the cultivated populations as well as the wild populations from which it could have arisen; and 3) pro-
vide basic information for an integrated conservation and utilization strategy for cultivated and wild germ-
plasm. Presumably domesticated by the Maya people from Agave angustifolia Haw., henequen has
maintained great economic and cultural relevance in the state of Yucatan. Ethnobotanic evidence indicated
that of the eight cultivated varieties registered at the beginning of the century, only three can now be found,
one in very small populations. In the wild species, a survey revealed three variants consistent with the vege-
tation type in which they grow. Within the populations of the Tropical Subdeciduous Forest, three further
variants were determined by the value of their fibers to artisans. Even though their most documented past
and present use is for fiber, as the wild as well as domesticated populations have more than 40 forms of
traditional usage. Its use as a foodstuff, presently very rare, could have had importance in the initial phases
of its evolution under human selection. Analysis of morphological variation under natural conditions and
for 10 years under homogenous conditions at the Regional Botanic Garden of CICY, indicated the follow-
ing. 1) The wild populations probably correspond to two ecotypes; one that includes the Dune and Tropical
Deciduous Forest populations, and the other that corresponds to the Tropical Subdeciduous Forest popula-
tions. 2) This last ecotype is the most similar to cultivated variants. Within its populations, the most similar
to the cultivated is that known as Chelem White, recognized and appreciated by artisans for its fiber qual-
ity. (3) The cultivated Sac ki and Yaax ki differ from wild populations in four syndromes of domestication:
gigantism, greater fibrosity, less thominess, and less reproductive capacity. There exists an obvious corre-
spondence between these syndromes and the anthropocentric interests that have guided the process of artifi-
cial selection, at least during the last century. 4) Kitam ki is the cultivated variety most similar to the wild
populations. The analysis of three enzyme systems by starch gel electrophoresis indicated that while the
wild variants had relatively high genetic variation, no variation was observed within the three cultivated
henequen varieties. The extremely small fraction of the total variation contained within the cultivated varie-
ties is expected from the ethnobotanical and morphological analyses, which suggested a drastic genetic ero-
sion of the probable diversity generated and maintained by the Maya in the pre-hispanic period. This
erosion is a consequence of the agronomic practices followed in the large private plantations that were es-
tablished at the beginning of this century for the cordage industry. Phylogenetic analysis using parsimony
indicated that the supposed base of this work, the origin of henequen from populations of 4. angustifolia
that grew in the Yucatan Peninsula, is supported by the results of the analysis that included individuals ex-
ternal to the area. The phylogenetic relationships within the wild and cultivated variants that grow in the
Peninsula that were inferred by the isozyme and combined morphological and isozyme evidence were con-
sistent with the ethnobotanical and morphological evidence. Both analyses suggested two large clades: that
of the wild populations as a monophyletic group with two probable ecotypes, Dunes and Tropical Subde-
ciduous Forest; and that of the variants used for their fiber. Within this group, two separate lines of domes-
tication were observed: that of Sac ki and Yaax ki, selected to produce more and thicker fibers,
fundamentally for cordage; and that of the almost extinct Kitam ki, selected to produce softer fibers for tex-
tile production. Probably Chelem White was included in this line, as it was may be cultivated at the begin-
ning of the century and was later abandoned. The position of the Chelem variants in the phylogram
suggested their origin as being a hybrid between the wild and cultivated variants.
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