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Resumen. La marchitez y pudricion seca del
cogollo del agave (Agave tequilana var. azul) son
enfermedades de alto impacto econdmico para este
cultivo. En este trabajo se planted determinar la im-
plicacion de Fusarium spp. en ambas enfermedades
bajo un enfoque regional. Se colectaron muestras
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Abstract. Wilt and dry bud rot of the agave (4Agave
tequilana var. azul) are diseases of high economic
impact for this crop. The implication of Fusarium
spp. in both diseases at a regional context was
determined in this research. Root and soil samples
were collected from 40 commercial plantations
located in 13 counties at Los Altos, Jalisco an
important cultivation region of agave azul in
Mexico; Inoculum charge, as a Fusarium Index was
obtained base on colony units (Fusarium vs total
fungi)anditsrelationship with pH and organic matter
were estimated from each sampling plantation.
A total of 109 isolates were morphologically
characterized as Fusarium spp. of which 25 were
selected for molecular identification with ITS and
EF-1a. The selection considered symptomatology,
macro and microscopic characters and prevalence
of colony types observed in vitro in Komada,
Sabouraud, SNA and CLA media. The cultural and
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de raiz y suelo en 40 plantaciones comerciales ubi-
cadas en 13 municipios de Los Altos Jalisco, im-
portante region de cultivo de agave azul en México.
De cada plantacion de colecta se estimo carga de
indculo mediante un indice de Fusarium obtenido
de unidades formadoras de colonias (Fusarium vs
hongos totales) y se analizé su relacién con pH y
materia organica. Se obtuvieron 109 aislados ca-
racterizados morfoloégicamente como Fusarium
spp. de los cuales se seleccionaron 25 para identi-
ficacién molecular con ITS y EF-1a. La seleccion
considerd sintomatologia, caracteres macro y mi-
croscopicos y prevalencia de tipologias de colonia
observadas in vitro en medios Komada, Sabouraud,
SNA y CLA. Los caracteres culturales y morfolo-
gicos evaluados fueron: coloracion micelial, tama-
flo, forma y septacion de macro y microconidios, y
longitud y niimero de fidlides. Se asociaron cinco
especies con marchitez y/o pudricion seca ubica-
das en tres complejos filogenéticos: F. oxysporum
del complejo de especies Fusarium oxysporum
(FOSC) con 56% (46.2% suelo y 66.7% raiz) de
representatividad regional; F. solani, F. falcifor-
me 'y Fusarium sp. del complejo Fusarium solani
(FSSC) (40%); y Fusarium sp. del complejo Fu-
sarium fujikuroi (FFSC) (4%). MO y pH tuvieron
correlacién inversamente proporcional con Indice
de Fusarium (r* = 0.68-0.70). Se postula que la
marchitez y pudricion seca del cogollo de agave
azul constituyen un sindrome en el cual se asocian
y especializan parasiticamente diversas especies de
Fusarium. Se encontrd un aislado de los tres com-
plejos de Fusarium asociados especificamente a
cada tipo de sintoma y la combinacion de ellos. La
mayoria se asociaron a marchitez con predominan-
cia de F. oxysporum.

Palabras clave: Agave azul, suelo, raiz, prevalen-
cia, EF-1a.
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morphological characters evaluated were mycelial
coloration, size, shape and septation of macro and
microconidia, and length and number of phialides.
Five species were associated with wilt and/or dry
bud rot within three phylogenetic complexes: F.
oxysporum of the Fusarium oxysporum species
complex (FOSC) with 56% (46.2 % soil y 66.7 %
root) regional representation; £ solani, F. falciforme
and Fusarium sp. of Fusarium solani complex
(FSSC) (40%); and Fusarium sp. of Fusarium
Sfujikuroi complex (FFSC) (4%). MO and pH
correlated inversely with Fusarium Index (+*=0.68-
0.70). It is postulated that wilt and dry bud rot of
blue agave constitute a syndrome in which several
Fusarium species are associated and parasitically
specialized. A single isolate per each species
complex was found associated specifically to each
or both symptoms. Most isolates were associated to
wilting with prevalence of F oxysporum.

Key words: Blue agave, soil, root, prevalence,
EF-1a.

Mexico holds the Tequila Designation of Origin
(DOT) since 1997, consisting of 181 counties
distributed in the states of Nayarit (8), Guanajuato
(7), Tamaulipas (11), Michoacan (30) and Jalisco
with 125, of which 21 are at Los Altos region (CRT,
2017). In 2018, the primary production of blue
agave (Agave tequilana var. azul) as prime product
for tequila processing involved 64,582.76 has
equivalent to 206.6 million plants, with 57% of the
production concentrated at Los Altos (SIAP, 2018).

In the last 20 years blue agave production has
been primarily affected by wilting and dry bud rot
(Rubio, 2007; Goémez-Ortiz et al., 2011). Vascular
wilt begins with curled tip leaved due to obstruction
and plugging of wvascular bundles that cause
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México ostenta la Denominacion de Origen del
Tequila (DOT) desde 1997, conformada por 181
municipios distribuidos en los estados de Nayarit
(8), Guanajuato (7), Tamaulipas (11), Michoacan
(30) y Jalisco con 125 municipios, de los cuales
21 se encuentran en la region de Los Altos (CRT,
2017). En 2018, la produccion primaria de agave
azul (Agave tequilana var. azul) como materia pri-
ma para elaboracion de tequila implicé 64,582.76
ha equivalente a 206.6 millones de plantas, con-
centrandose en Los Altos el 57% de la produccion
(SIAP, 2018).

En los ultimos 20 afos, la produccion de agave
azul ha sido afectada primariamente por marchitez
y pudricion seca del cogollo (Rubio, 2007; Gémez-
Ortiz et al., 2011). La marchitez vascular inicia con
enrollamiento de punta de hojas por obstruccion y
taponamiento de haces vasculares que provocan
deshidratacion y muerte progresiva de tejidos, se-
guido de cambio de coloracion de azul turquesa a
verde opaco; en etapa avanzada de enfermedad,
las plantas muestran enrollamiento foliar firme,
y eventualmente coriaceo, mayor al 50% del area
foliar; en la mayoria de casos se pierde anclaje
por reduccion o destruccion total del sistema raiz
(Jiménez-Gonzalez et al., 2017). Etiologicamente
se ha reportado la asociacién de diversos organis-
mos entre ellos, F. oxysporum y F. solani (Rubio,
2007; Vega-Ramos et al., 2013; Ramirez-Ramirez
et al., 2017). En contraparte, plantas con pudri-
cion seca del cogollo se caracterizan por lesiones
corrugadas de color negro y amarillo-palido que
descienden desde la punta a base del cogollo. Ini-
cialmente, la pudricion se restringe al apice interno
del cogollo. A diferencia de mancha gris por Cer-
cospora (Coria-Contreras et al., 2019) o pudricion
blanda, el cogollo mantiene su textura rigida, sin
colapso, y no presenta olor fétido. El agente causal
de pudricion seca también se ha asociado a Fusa-
rium sp. (Gomez-Ortiz ef al., 2011), mientras que

PUBLICACION ANTICIPADA EN LINEA, 2019

dehydration and progressive tissue death, followed
by a change in color from turquoise to opaque
green. In advanced disease stages, plants show firm
leaf curl, and eventually coriaceous, greater than
50% of the foliage area. In most cases, anchorage
is lost due to reduction or total destruction of the
root system (Jiménez-Gonzalez et al., 2017).
Etiologically, the association of various organisms,
among them; F. oxysporum and F. solani (Rubio,
2007; Vega-Ramos et al., 2013; Ramirez-Ramirez
et al., 2017) has been reported. In contrast, plants
with dry bud rot are characterized by corrugated
lesions of black and yellow-pale color that descend
from tip to base of the bud. Initially, rot is restricted
to the inner apex of the bud. Unlike gray spot by
Cercospora (Coria-Contreras et al., 2019) or soft
rot, the bud maintains its rigid texture, without
collapse, and has no foul odor. The causal agent
of dry rot has also been associated with Fusarium
sp. (Gomez-Ortiz, 2011), whereas in soft rot
it has been associated to Pectobacterium spp.
and Erwinia sp. (Jiménez-Hidalgo et al., 2004;
Rincon-Enriquez et al., 2014). Of the three types
of bud rot, the dry one has a higher occurrence
although lesser than that of wilting (www.sivea.
org.mx). In some subregions and farms with high
wilt intensity, dry rot can occur in the same plant.
Although the official phytosanitary campaign
of agave was established in 2013 these diseases
repeatedly implicate production inventories due to
the absence of effective management methods and
abandonment of commercial plantations infested
during low-price cyclical periods.

Although
characterization is important to identify Fusarium
spp. (Leslie and Summerell, 2006; Ceja-Torres
et al., 2008), increase in diseases and epidemics
caused by this genus and its taxonomic complexity
justifies the use of molecular techniques for species
identification, population structure and phylogeny

classical morphological
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en pudricion blanda se ha reportado a Pectobacte-
rium spp. y Erwinia sp. (Jiménez-Hidalgo et al.,
2004; Rincén-Enriquez et al., 2014). De los tres
tipos de pudricion de cogollo, la seca tiene mayor
ocurrencia aunque menor a marchitez (www.sivea.
org.mx). En algunas subregiones y predios con alta
intensidad de marchitez, la pudricién seca puede
concurrir en la misma planta. Aunque en 2013 se
establecio la campafia oficial fitosanitaria del aga-
ve, recurrentemente estas enfermedades compro-
meten inventarios productivos debido a la ausencia
de métodos efectivos de manejo y por abandono de
plantaciones comerciales infestadas durante perio-
dos ciclicos de bajo precio.

Aunque la caracterizacion morfologica clasica
es importante para identificar Fusarium spp. (Les-
lie y Summerell, 2006; Ceja-Torres et al., 2008),
el incremento de enfermedades y epidemias cau-
sadas por este género y su complejidad taxonomi-
ca justifica el empleo de técnicas moleculares para
identificacion de especies, estructura poblacional y
filogenia (Liew et al., 2016; Herrera-Parra et al.,
2017; Parra-Cota et al., 2018; Almaraz-Sanchez et
al., 2018). Convencionalmente, la region espacia-
dora interna transcrita (ITS) del ADN ribosémico
nuclear se ha empleado en Fusarium y hongos en
general (O’Donnell et al., 2015). Sin embargo, es
consenso actual que Fusarium se debe analizar con
genes asociados al factor de elongacion (EF-1a), a
la subunidad mayor de ARN polimerasa I (RPB1),
y segunda subunidad mas grande de ARN polime-
rasa [I (RPB2) (O’Donnell et al., 2015). La presen-
te investigacion tuvo como objetivo identificar las
especies de Fusarium obtenidas de raiz y suelo de
plantaciones comerciales de agave azul asociadas
a marchitez y pudricion seca del cogollo en Los
Altos, Jalisco, mediante técnicas morfologicas,
epidemiologicas y moleculares con la finalidad
de conocer la diversidad y prevalencia regional
que coadyuve al establecimiento de estrategias
metodoldgicas, operativas y de manejo que sustenten
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(Liewetal .,2016; Herrera-Parra et al.,2017; Parra-
Cota et al., 2018; Almaraz-Sanchez et al., 2018).
Conventionally, the internal transcribed spacer
region (STI) of nuclear ribosomal DNA has been
used in Fusarium and fungi in general (O’Donnell
et al., 2015). However, the current consensus on
Fusarium is that it should be analyzed with genes
associated with the elongation factor (EF-la),
the major RNA polymerase I subunit (RPBI1)
and second largest subunit (RPB2) (O’Donnell et
al., 2015). The objective of this research was to
identify the Fusarium species obtained from the
root and soil of commercial blue agave plantations
associated with wilting and dry bud in Los Altos,
Jalisco through morphological, epidemiological
and molecular techniques in order to know the
diversity and regional prevalence that contributes
to the establishment of methodological, operational
and management strategies that support the Agave
Phytosanitary Integral System (SIVEA), the basis
of the agave phytosanitary campaign.

MATERIALS AND METHODS

Study area. The sample collection was carried out in
40 commercial plantations of 3-4 years distributed
in 13 counties of Los Altos, Jalisco (Table 1).
Plantations were selected using epidemic inductive
criteria integrated in the REG-N methodology
(Acevedo-Sanchez et al., 2017; Coria-Contreras et
al., 2018). Additionally, the predominant planting
symptomatology and phytosanitary condition was
considered: wilting (M), dry bud rot (P), apparently
healthy (AS) and unproductive (IP). The IP
plots were chosen because of its high incidence
backgrounds, causing their abandonment for
commercial agave production.

Sampling method. In plantations with M and P,
sampling was carried out around initial foci with
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el Sistema Integral de Vigilancia Epidemiologica
Fitosanitaria del agave (SIVEA), base de la campa-
fia fitosanitaria del agave.

MATERIALES Y METODOS

Area de estudio. La colecta de muestras se realizo
en 40 plantaciones comerciales de 3-4 afios distri-
buidas en 13 municipios de Los Altos, Jalisco (Cua-
dro 1). Las plantaciones se seleccionaron mediante
criterios de inductividad epidémica integrados en
la metodologia REG-N (Acevedo-Sanchez et al.,
2017; Coria-Contreras et al., 2019). Adicionalmen-
te se considerd la sintomatologia y condicion fito-
sanitaria predominante de plantacion: marchitez
(M), pudricion seca de cogollo (P), aparentemente
sano (AS) e improductivos (IP). Las parcelas IP
fueron elegidas por antecedentes de incidencia alta,
causando su abandono para producciéon comercial
de agave.

Método de muestreo. En plantaciones con M y
P, el muestreo se realizd en torno a focos inicia-
les con 1-4 plantas contiguas con severidad 3-4
de marchitez (M) y/o 3-5 de pudricién seca (P)
segun clases de escala diagramatica propuesta por
Jiménez-Gonzalez y colaboradores (2017). Se inte-
graron cinco submuestras, dos intra-foco y tres de
perifoco, para conformar una muestra compuesta
de 500 g de suelo y raices. La submuestra se tomd
con una pala cilindrica metalica disefiada para es-
tandarizar el volumen de colecta a 10 cm del cuello
de planta y a 35 cm de profundidad. Para AS se
aplico6 misma metodologia en una seccion interna
de plantacion en torno a plantas aparentemente sa-
nas. En parcelas IP, la muestra compuesta consistio
unicamente de suelo colectado en el tercio medio
del predio. Cada muestra compuesta se dividio para
analisis microbiologico y fisicoquimico. Este tltimo
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1-4 contiguous plants with 3-4 severity wilt (M)
and / or 3-5 dry rot (P) according to classes of
diagrammatic scales proposed by Jiménez-Gonzalez
et al. (2017). Five subsamples, two intra-focal and
three peripheral, were integrated to form a sample
composed of 300 g of soil and roots. The subsample
was taken with a metal cylindrical shovel designed
to standardize the collection volume at 10 cm from
the plant neck and at 35 cm depth. For AS, the same
methodology was applied in an internal section of
the plantation around apparently healthy plants. In
IP plots, the compound sample consisted solely of
soil collected in the middle third of the land. Each
compound sample was divided for microbiological
analysis and physicochemical analysis. The latter
was carried out in the soil fertility laboratory of the
Colegio de Postgraduados.

Isolates and morphological characterization.
Fusarium isolates were obtained from soil samples
by dilutions of stock solution (SM), for which 5 g
of soil, properly homogenized and grounded were
placed in Falcon tubes with 45 mL of sterile distilled
water (1:9/p:v). The mixture was homogenized by a
stirring equipment for 5 minutes. A 1x10°° dilution,
obtained with 1 mL of SM in 1 mL of sterile distilled
water was selected to optimize the colony count.
Through a Drigalsky spatula, a 0.1 mL aliquot
was distributed in a modified Komada medium,
with three Petri dishes as repetitions. The PCNB
in Komada was added previous to the sterilization
in order to reduce its fungicidal effectiveness and
allow a controlled growth of other fungi besides
Fusarium. The root tissue (<0.5cm) was disinfested
for 1 min with 2% hypochlorite, followed
by 1 min in 70% alcohol and three washes with
sterile distilled water. Four 1 cm pieces were sown
per Petri dish; each piece of tissue was taken as a
repetition. Sowings were incubated at 28 °C for 5-7
days. Subsequently, putative Fusarium colonies
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Cuadro 1. Condicion fitosanitaria, identificacion y localizacién de 40 plantaciones comerciales de Agave tequilana de 3-4
afios de edad, seleccionadas por criterios de inductividad epidémica para estudio etiolégico regional de marchitez
y pudricién seca del cogollo del agave en Los Altos, Jalisco. Verano 2016.
Table 1. Phytosanitary condition, identification and location of 40 commercial plantations of Agave tequilana 3-4 years old,
selected by criteria of epidemic inductivity for regional etiological study of wilting and dry bud rot at Los Altos,
Jalisco. Summer 2016.

Condicion Fitosanitaria Municipio Latitud Longitud Altitud ID Plantacion
(msnm)
Arandas 20.695398 -102.326988 2082  A-ARA-M09
20.850716 -102.158635 1954  A-ARA-M10
20.580920 -102.516410 1940  A-ATO-M04
Atotonilco A. 20.515050 -102.612560 1624  A-ATO-MO3
20.56022 -102.53321 1911  A-ATO-M15
20.630650 -102.213000 2132 A-IM-M11
Jestis Maria 20.613504 -102.266203 2026  A-JM-MI12
Marchitez de planta 20.707930 -102.122470 2235  A-JM-M14
20.595730 -102.156940 2172 A-IM-M13
Ayotlén 20.606100 -102.378590 1946  A-AYO-MO6
20.601070 -102.402080 1901  A-AYO-MOS5
San Ignacio C. G. 20.674480 -102.505280 1949  A-SICG-MO0S8
20.724880 -102.467340 2014 A-SICG-M07
Poncitlan 20.367180 -102.836960 1533  A-PON-MO1
Zapotlanejo 20.575610 -102.889340 1556  A-ZAP-M02
20.683519 -102.264241 2003  A-ARA-PI11
Arandas 20.745702 -102.324358 2222 A-ARA-POS
20.694717 -102.324106 2243  A-ARA-P10
20.631250 -102.272260 2053  A-ARA-PI2
20.723180 -102.127880 2271  A-]M-P14
Jests Maria 20.708100 -102.122040 2238  A-]M-P13
20.692854 -102.065208 2250  A-JM-P15
Pudricion seca del cogollo Atotonilco A 20.588600 -102.513800 1826  A-ATO-P06
’ 20.634495 -102.435671 1957  A-ATO-P0O7
Ayotlan 20.581670 -102.370740 1944 A-AYO-P08
Poncitlan 20.36105 -102.96944 1618  A-PON-P03
San Ignacio C. G. 20.723920 -102.493020 2018  A-SICG-P09
Tepatitlan M. 20.649600 -102.632200 1915  A-TEP-P02
Yahualica G. G. 21.113520 -102.866870 1824  A-YAH-PO1
Zapotlanejo 20.576420 -102.889370 1869  A-ZAP-P04
Cuquio 21.016096 -103.006563 1810  A-CUQ-IPO1
20.98254 -103.02026 1860  A-CUQ-IP02
Degollado 20.42574 -102.13187 1723 A-DEG-IP07
Improductivos 20.46372 -102.21277 1748  A-DEG-IP0S8
Tepatitlén M. 20.63825 -102.90195 1751  A-TEP-IP05
20.63964 -102.638365 1904  A-TEP-IP04
San Miguel A. 20.89801 -102.40221 2049  A-SMA-IP06
Acatic 20.783383 -102.887821 1685  A-ACA-IPO3
Aparentemente sanos Jesus Maria 20.594201 -102.156956 2176 A-JIM-ASO1
Atotonilco A. 20.662899 -102.472285 1840  A-ATO-AS02
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se realizd en el laboratorio de fertilidad de suelos
del Colegio de Postgraduados, Campus Montecillo.

Aislados y caracterizacion morfolégica. Aislados
de Fusarium se obtuvieron a partir de muestras de
suelo mediante diluciones de solucion madre (SM),
para la cual se colocaron 5 g de suelo, debidamente
homogeneizado y triturado, en tubos Falcon con
45 mL de agua destilada estéril (1:9/p:v). La mez-
cla se homogeneiz6 mediante agitacion en Vortex
por 5 min. Se selecciond una dilucion 1x10%3, obte-
nida con 1 mL de SM en 1 mL de agua destilada es-
téril, para optimizar el conteo de colonias. Median-
te espatula Drigalsky se distribuy6 una alicuota de
0.1 mL en medio Komada modificado, con tres ca-
jas Petri como repeticiones. EIl PCNB en Komada
se adicionod previo a la esterilizacion para reducir
su efectividad fungicida y permitir el crecimiento
controlado de otros hongos ademas de Fusarium.
El tejido de raiz (<0.5cm) se desinfestd por 1 min
con hipoclorito al 2%, seguido de 1 min en alco-
hol 70% y tres lavados con agua destilada estéril.
Cuatro trozos de 1 cm se sembraron por caja Petri;
cada trozo de tejido se tom6 como una repeticion.
Las siembras se incubaron a 28 °C durante 5-7 dias.
Posteriormente, putativas colonias de Fusarium se
transfirieron a medio SNA-Agar modificado (Les-
lie y Summerell, 2006). Se incubaron durante cinco
dias y se obtuvieron 1-2 cultivos monospdricos por
aislado usando una dilucion de conidios de 1x10°.

La caracterizacion de aislados se realizd con cre-
cimientos en medios Komada, SNA, CLA, PDA
y Sabouraud segun el atributo de interés (Leslie y
Summerell, 2006). Los caracteres analizados fue-
ron: coloracion micelial; presencia o ausencia de
monofidlides, polifialides, clamidosporas, células
conidiogénicas; y tipo, forma, septos y tamafio de
conidios (Leslie y Summerell, 2006; Gogoi et al.,
2017). Las observaciones se realizaron en un
microscopio Carl Zeiss modelo Axio Imager Al
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were transferred to a modified SNA-Agar medium
(Leslie and Summerell, 2006). They were incubated
for five days and 1-2 monosporic cultures were
obtained per isolate.

The characterization of isolates was performed
with their growth in Komada, SNA, CLA, PDA
and Sabouraud media according to the attribute
of interest (Leslie and Summerell, 2006). The
analyzed characters were: mycelial coloration;
presence or absence of monofialides, polyhalides,
klamidospora, conidiogenous cells, and type, shape,
septa and size of conidia (Leslie and Summerell,
2006). The observations were made in a Carl Zeiss
microscope model Axio Imager Al with AxioCam
ICc1 image analysis system and the AxioVision
digital program.

DNA extraction, PCR and sequencing. For the
molecular identification a total of 13 monosporic
isolates obtained from soil and 12 from the root
were selected by their representativeness out of 109
isolates based on in vitro cultural characteristics,
morphology, source of isolation, prevalence and
regional disease inductivity. Genomic DNA was
extracted by the Sambrook and Russell method. The
DNA concentration and quality was verified with
NanoDrop 2000 (Thermo Fisher Scientific, USA)
and the concentration was homogenized at 40 ng
uL! for the polymerase chain reaction (PCR). The
ITS region of the ribosomal DNA was amplified
using the published parameters (White et al., 1990)
and the elongation factor gene (EF-I/a) with the
initiators EF1 * (5’-ATG GGT AAG GAR GAV
AAGAC)/EF2 * (5~ GGADGT ACC AGT RAT
CAT G). Each PCR reaction for EF-1a consisted of
a mixture of 0.8 X of PCR buffer solution, 1.6 mM
of MgCl, (50mM), 0.2 uM of deoxynucleotide
triphosphate (ANTP’s), 0.2 pmol of each initiator,
0.5 units of Platinum® Taq DNA polymerase
(Invitrogen) and 2.5 pL of DNA (40 ng uL') at
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con sistema de analisis de imagen AxioCam ICcl y
el programa digital AxioVision.

Extraccion de ADN, PCR y secuenciacion. Para
la identificacion molecular, de un total de 109 aisla-
dos se seleccionaron por representatividad 13 aisla-
dos monosporicos obtenidos de suelo y 12 de raiz,
con base a caracteristicas culturales in vitro, mor-
fologia, fuente de aislamiento, prevalencia e induc-
tividad regional de enfermedad. El ADN gendémico
se extrajo por el método Sambrook y Russell. La
concentracion y calidad del ADN se verifico con
NanoDrop 2000 (Thermo Fisher Scientific, USA)
y se homogeneiz6 a 40 ng pL' para la reaccion en
cadena de polimerasa (PCR). Se amplifico la re-
gion ITS del ADN ribosomal usando los parame-
tros publicados (White et al., 1990) y el gen factor
de elongacion (EF-1a) con los iniciadores EF1* (5°
— ATG GGT AAG GAR GAV AAG AC) / EF2*
(5°- GGA DGT ACC AGT RAT CAT G). Cada re-
accion PCR para EF-1a consistié en una mezcla de
0.8 X de solucion buffer de PCR, 1.6 mM de MgCl,
(50mM), 0.2 uM de desoxinucledtidos trifosfato
(dNTP’s), 0.2 pmol de cada iniciador, 0.5 unidades
de Platinum® Tag DNA polimerasa (Invitrogen) y
2.5 uL. de ADN (40 ng uL') a un volumen final
de 25 pL. Las condiciones PCR en termociclador
(T-100, BioRad) consistieron de un ciclo inicial de
desnaturalizacion a 94 °C por 5 min, seguido por 30
ciclos a 94 °C por 30 s, a 58 °C por 40 s y a 72 °C
por 55 s y una extension final a 72 °C por 7 min.
Los productos de ambas amplificaciones fueron
analizados en gel agarosa 1.5% a 90 Volts por
90 min, se tifid6 con bromuro de etidio y se reveld
con luz UV en fotodocumentador (UVP, Biolma-
ging Systems, Epi Chemi II Darkroom). Los frag-
mentos amplificados de 550 y 750 pb aproximada-
mente se secuenciaron en Macrogen Inc., Korea.

Alineamiento de secuencias y analisis filogené-
tico. Las secuencias se editaron con el programa
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a final volume of 25 pL. The PCR conditions in
thermal cycler (T-100, BioRad) consisted of an
initial cycle of denaturation at 94 °C for 5 min,
followed by 30 cycles at 94 °C for 30 s, at 58 °C for
40 s and 72 °C for 55 s and a final extension at 72 °C
for 7 min. The products of both amplifications were
analyzed in 1.5% agarose gel at 90 Volts for 90 min,
stained with ethidium bromide and developed with
UV photodocumenting light (UVP, Biolmaging
Systems, Epi Chemi II Darkroom). The amplified
fragments of approximately 550 and 750 bp were
sequenced by Macrogen Inc., Korea.

Sequence alignment and phylogenetic analysis.
The sequences were edited with the SeqAssem
program and compared by BLASTn with the
Fusarium-1D, Fusarium-MLST and GenBank
databases to determine taxon identity based on
comparative sequence similarity, expressed as
identity percentage. To determine phylogenetic
relationships and confirm identification, the
sequences obtained were aligned with GenBank
reference sequences, using the MUSCLE and
Maximum likelihood (ML) algorithm in MEGA7
with 1000 Bootstrap replications. The model
selected for ML was Kimura-2 parameters +G.
F. dimerum (NRRL 36140) was integrated as
an external group. Representative sequences of
Fusarium sp. were recorded in Genbank. with
accession number MH172303 for the FOSC
complex and MH179126 for the FSSC complex.
Regional analysis of Fusarium Index. Samples
from soil were only used to evaluate the number
of colonies (n) of Fusarium spp. and of total
fungi in Komada cultivate medium at seven days
of incubation. Each sample had three repetitions
consisting of the same number of Petri dishes 90x15
mm. The Fusarium Index (IF) was generated as, /F'
= (n - colonias Fusarium spp) / (n - hongos totales)
where IF = 1.0 indicates higher charge of Fusarium
spp. in the soil sample.
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SeqAssem y se compararon mediante BLASTn
con bases de datos Fusarium-1D, Fusarium-MLST
y GenBank para determinar identidad de taxones
con base en similitud comparativa de secuencias,
expresado en porcentaje de identidad. Para deter-
minar relaciones filogenéticas y confirmar la iden-
tificacion, las secuencias obtenidas se alinearon
con secuencias de referencia del GenBank, utili-
zando el algoritmo MUSCLE y se analizaron con
Maxima verosimilitud (ML) en MEGA7 con 1000
replicaciones Bootstrap. El modelo seleccionado
para ML fue Kimura-2 parametros +G. Se integro
a F. dimerum (NRRL 36140) como grupo externo.
Secuencias representativas de Fusarium sp. fueron
registradas en Genbank. con nimero de accesion
MH172303 para el complejo FOSC y MH179126
para el complejo FSSC.

Calculo del indice de Fusarium. Unicamente de
muestras de suelo, el nimero de unidades forma-
doras de colonia (n) de Fusarium spp. y de hongos
totales se contabilizé en medio de cultivo Komada
a siete dias de incubacion. Cada muestra tuvo tres
repeticiones consistentes en igual nimero de cajas
Petri 90x15 mm. El indice de Fusarium (IF) se ge-
neré como /F = (n - colonias Fusarium spp) / (n -
hongos totales), donde /F = 1.0 indica mayor carga
de Fusarium spp. en la muestra de suelo.

Analisis del indice de Fusarium con pH y Mate-
ria organica. Se analiz6 la dependencia univaria-
da del indice de Fusarium (IF) con pH y materia
organica (MO) por medio de adaptaciones a los
modelos exponencial negativo [In (y) = a — b(x)]
y Gregory [In (y) = a - bln (x)]; donde y representa
el indice de Fusarium, x valores de pH y MO, a y
b son parametros de ajuste y tasa, respectivamente.
Un total de 28 parcelas comerciales con analisis de
pH y MO fueron incluidas en este analisis.
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Fusarium index analysis with pH and organic
matter. Univariate dependence of the Fusarium
Index (IF) with pH and organic matter (MO) was
analyzed throughout adaptations to the negative
exponential models [In (y) = a-b (x)] and Gregory
[In (y) = a-bln (x)]; where y represents the
Fusarium Index, x values of pH and MO, «a and b
are parameters of adjustment and rate, respectively.
A total of 28 commercial plots with pH and MO
analyzes were included in this analysis.

RESULTS

Morphological and cultural characterization.
A total of 109 Fusarium isolates were obtained
from 248 in vitro cultures from 40 soil samples
(57 isolates) and 32 from root (52). The Komada
medium, due to its specificity to Fusarium,
was suitable to isolate the fungus from both
soil and root and to evaluate mycelial texture
and coloration. CLA and SNA were optimal for
inducing sporulation and evaluating spore type and
septation. These mediums were complementary
by differential response between strains (Table 2).
In CLA and SNA, macroconidia predominated in
a straight to slightly curved and falcate manner,
from three to six cells, grouping into two groups:
group A included strains with macroconidia of an
average length of 26.01 um (range: 17.12-57.62 um),
and group B with a mean of 33.19 um (27.16-48.8
um). One strain presented macroconidia with a
length of 76.45 pum (Figure 1A-D). Ellipsoidal
microconidia without septa and arranged in false
heads in monophialids characterized group A,
while in group B they presented a septum. In
general, the microconidia had an average length of
10 pm and a range of 3.7-12.4 um (Figure 1E-F).
The size of phialides was decisive to differentiate
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RESULTADOS between strains of group A and B. In the first case
short phialides were observed with average length

Caracterizacién morfologica y cultural. Un of 23.43 um (Figure 1G-H) against long phialides
total de 109 aislados de Fusarium se obtuvieron a of 147.91 pum on average of group B (Figure 11
partir de 248 siembras in vitro provenientes de 40 -J). Chlamydospores were scarce in most strains;
muestras de suelo (57 aislados) y 32 de raiz (52). El however, some isolates of both groups formed
medio Komada, por su especificidad a Fusarium, them individually or in a chain (Figure 1K). The
fue adecuado para aislar al hongo tanto de suelo morphological characteristics found and their
como de raiz y para evaluar textura y coloracion variability matched the taxonomic description of
micelial. CLA y SNA fueron 6ptimos para inducir the genus Fusarium (Leslie and Summerell, 2006).
esporulacion y evaluar tipo de esporas y septacion. The 109 isolates were placed at SENASICA-
Estos medios fueron complementarios por respues- DGSV-CNRF  collection.  Isolates  registered

ta diferencial entre cepas (Cuadro 2). En CLA y in genbank NCBI were: Al15a=MH172303;
SNA, predominaron macroconidios de forma recta A129a=MH179126.

a ligeramente curva y falcada, de tres a seis células, In Komada, the isolates showed differences
agrupandose en dos grupos: grupo A incluyo cepas in mycelial texture with a smooth and cottony
con macroconidios de longitud media de 26.01 um predominance. Ten colors were distinguished by

(rango: 17.12-57.62 pum), y grupo B con media colorimetry, highlighting white, purple, pinkish,
de 33.19 pm (27.16-48.8 um). Una cepa presentd ‘salmon’ and ‘melon’ (Figure 1L-P). In 57 root

Cuadro 2. Medios de cultivo seleccionados para aislamiento, purificacion, caracterizacion cultural y morfologica de Fu-
sarium spp. a partir de 248 siembras, provenientes de 40 plantaciones comerciales y 72 muestras de suelo y raiz
de agave azul. Verano, 2016. Los Altos, Jalisco.

Table 2. Culture media selected for isolation, purification, cultural and morphological characterization of Fusarium spp.

from 248 cultural sowings, from 40 commercial plantations and 72 samples of soil and blue agave root. Summer,
2016. Los Altos, Jalisco.

Medio de - Caracteristicas observadas ¥
. Objetivo . - -,
cultivo Coloracion Esporulacion Esporas Septacion
Komada Aislamiento + - - -
SNA Indyccmpr de esporulacion y ) n ) .
purificacion
CLA Caracterizacion morfologica de ) 4 . .
esporas
PDA Caracterizacion cultural de n ) ) )

colonias

Purificacion y obtencion de

. e + - - -
cultivos monosporicos

Sabouraud

*SNA= Spezieller Néhrstoffarmer Agar; CLA= agar hojas de clavel; PDA= agar papa dextrosa / SNA = Spezieller Néhrstoffarmer
Agar; CLA = carnation leaf agar; PDA = potato dextrose agar.

YColoracion= evaluacion del color de 109 colonias con 7-10 dias de crecimiento; Esporulacion= cuantificacion cualitativa de la
produccion de esporas (alta, media y baja); Esporas= presencia o ausencia y tamafio de macro y microconidios; tipo de clamidos-
pora; Septacion= cuantificacion del nimero de septos en macro y microconidios / Coloration = color evaluation of 109 colonies at
7-10 days cultural growth; Sporulation = qualitative quantification of spore production (high, medium and low); Spores = presence
or absence and size of macro and microconidia; type of clamidospora; Septation = quantification of number of septa in macro and
microconidia.

PUBLICACION ANTICIPADA EN LINEA, 2019 10
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macroconidios con longitud de 76.45 um (Figu- isolates, from eight counties, six colors with greater
ra 1 A-D). Microconidios elipsoidales, sin septos frequency of white mycelium were determined in
y dispuestos en falsas cabezas en monofialides ca- 19/57 isolates (33.3%), mainly in wilted plantations
racterizaron al grupo A, mientras que en el grupo (Figure 2A), followed by pinkish isolates. In 52

Figura 1.

Figure 1.

Ejemplo de caracteristicas morfologicas y culturales empleadas en la caracterizacion de 109 cepas de Fusarium
aisladas a partir de 248 siembras provenientes de 40 plantaciones comerciales y 72 muestras de suelo y raiz de
agave azul. Macroconidios (A-D): A-B, Rectos ligeramente curvos (48.8 y 44.62 nm), de 3 a 6 septos, célula apical
redondeada y célula basal con apenas muescas. C, Largo con una ligera curvatura dorso ventral (76.45 pm), de
6 septas, célula apical afilada y célula basal apenas con muescas. D, Curvado con tres septas (32.68 pm), célula
apical corta, célula basal con muescas distintivas. Microconidios (E-F): E, Ovalados sin septas. F, Ovalados con
una septa. Monofialides (G-J): G-H, Cortas (23.43 pm). I-J, Largas (147.91 pm). Clamidosporas (K): En cadena.
Coloracion micelial en Komada (L-P): L, Blanco. M, Morado. N, Rosa. O, Melon P, Salmén.

Example of morphological and cultural characteristics used in the characterization of 109 Fusarium isolates ob-
tained from 248 sowings from 40 commercial plantations and 72 samples of soil and blue agave root. Macroco-
nidia (A-D): A-B, slightly curved straight (48.8 and 44.62 pm), 3 to 6 septa, rounded apical cell and basal cell with
barely notches. C, Long with a slight curvature of the ventral dorsum (76.45 pm), of 6 septa, sharp apical cell
and basal cell barely notched. D, Curved with three septa (32.68 pm), short apical cell, basal cell with distinctive
notches. Microconidia (E-F): E, Oval without septa. F, Oval with a septa. Monofialides (G-J): G-H, Short
(23.43 pm). I-J, Long (147.91 pm). Clamidospores (K): In chain. Mycelial coloration in Komada (L-P): L, White.
M, Purple. N, Pink. O, ‘Melon’. P, "Salmon’.

PUBLICACION ANTICIPADA EN LINEA, 2019 11
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B presentaron un septo. En general, los microco-
nidios tuvieron una longitud media de 10 um y
rango de 3.7-12.4 um (Figura 1 E-F). El tamafio
de fialides fue determinante para diferenciar entre
cepas del grupo Ay B. En el primer caso se observa-
ron fidlides cortas con longitud media de 23.43 pm
(Figura 1 G-H) contra fialides largos de 147.91 pm
en promedio del grupo B (Figura 11-J). Las clami-
dosporas fueron escasas en la mayoria de cepas; sin
embargo, algunos aislados de ambos grupos, las
formaron individualmente o en cadena (Figura 1K).
Las caracteristicas morfologicas encontradas y su
variabilidad concordaron con la descripcion taxo-
némica del género Fusarium (Leslie y Summerell,
2006). Las 109 cepas se entregaron en resguardo
a SENASICA-DGSV-CNREF. Aislados selecciona-
dos para registro en el banco de genes de NCBI
fueron: A115a=MH172303; A129a=MH179126.
En Komada, las cepas mostraron diferencias en
textura micelial con predominancia lisa y algodo-
nosa. Por colorimetria se diferenciaron diez colores
sobresaliendo blanco, morado, rosaceo, salmén y
melon (Figura 1L-P). En 57 aislados de raiz, pro-
venientes de ocho municipios, se determinaron seis
colores con mayor frecuencia de micelio blanco en
19/57 aislados (33.3%), principalmente en plan-
taciones con marchitez (Figura 2 A), seguido de
aislados rosaceos. En 52 aislados de suelo de 11
municipios se tuvo toda la gama de colores con do-
minancia del morado en 14/52 aislados (26.92%)
en las cuatro condiciones fitosanitarias (Figura 2
C; Cuadro 1 y 3), pero asociado principalmente a
plantaciones con pudricion seca del cogollo (Figu-
ra 2B). El blanco fue el segundo color observado
(Figura 1L-P; Figura 2C). En Arandas se obtuvo la
mayor diversidad de color micelial para aislados de
suelo y raiz seguido de Jesus Maria con abundancia
de salmon, morado y blanco. En Tepatitlan sobresa-
li6 la combinacion morado-rosacea para aislados
de suelo en plantaciones improductivas y con
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soil isolates from 11 counties, the entire range of
colors with purple dominance was observed in
14/52 isolates (26.92%) in the four phytosanitary
conditions (Figure 2C; Table 1 and 3), but mainly
associated with dry bud rot plantations (Figure 2B).
White was the second color observed (Figure 1L-
P; Figure 2C). In Arandas, the greatest diversity
of mycelial color was obtained for soil and root
isolates, followed by Jesus Maria with abundance
of ‘salmon’, purple and white. In Tepatitlan,
the purple-pink combination for soil isolates in
unproductive plantations and with dry bud rot stood
out. In Jestis Maria, soil isolates from apparently
healthy plantations were distinguished by white
and purple mycelia (Figure 2C).

Molecular identification and phylogeny. From
25 strains selected for molecular analysis, optimal
fragments of 550 bp ITS and 760 bp EF-Ia were
obtained (Figure 3). The use of STIs allowed the
identification of strains at a genus level, but not
at a species level because the sequence alignment
between members of a species complex or between
closely related species was not reliable. The partial
sequence analysis of the EF-Ila gene along with
morphological characterization determined five
of which unidentified)
associated with wilting and dry bud rot, isolated
from root and soil, which corresponded to three

Fusarium species (two

complexes of species of Fusarium: F. oxysporum of
the Fusarium oxysporum species complex (FOSC),
with 9 haplotypes, represented morphological group
A; F solani, F. falciforme and Fusarium sp. of the
Fusarium solani (FSSC) species complex, with 2,
2 and 1 haplotype, respectively, of morphological
group B; and Fusarium sp. of the Fusarium fujikuroi
complex (FFSC) with a haplotype. The percentage
of coverage and identity for species identification
was 98-100%, with an E-value = 0. Representative
sequences of the two main complexes, FOSC and
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Zapotlanejo Arandas
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Zapotlanejo Arandas

Marchitez
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Poncitlan Degollado Poncitlan Degollado Poncitlan Degollado Poncitlan Degollado
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J. Maria J. Maria J. Maria J. Maria
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DMeIc’)n DSaImc’)n claro DMorado claro

|:|Blanco Rosa
Salmén DNaranja |:|Amarillo .Pﬂrpura

. Morado

Figura 2. Plantas enfermas de focos seleccionados para muestreo. A) Planta con sintomas de marchitez severidad clase 4.

Costado izquierdo, hoja con enrollamiento y deshidratacion severa. B) Planta con sintomas de pudricion seca
del cogollo severidad clase 5. Cogollo completo con secamiento avanzado (flecha). Costado derecho, cogollo con
pudricion descendente y textura seca rigida. C) Diversidad de color micelial de 109 cepas de Fusarium spp. ca-
racterizados en medio Komada, provenientes de 72 muestras de suelo y raiz de 40 plantaciones comerciales y 13
municipios de Los Altos, Jalisco. Verano 2016.

Figure 2. Diseased plants of selected foci for sampling. A) Plant with symptoms of wilt, severity class 4. Left side, leaf with
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curl and severe dehydration. B) Plant with symptoms of dry bud rot, severity class 5. Complete bud with advanced
drying (arrow). Right side, bud with descending rot and rigid dry texture. C) Diversity of mycelial color of 109
isolates of Fusarium spp. characterized in Komada, obtained from 72 soil and root samples of 40 commercial
plantations and 13 counties at Los Altos, Jalisco. Summer 2016.
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pudricion seca. En Jestis Maria, aislados de suelo
en plantaciones aparentemente sanas se distinguie-
ron por micelio blanco y morado (Figura 2C).

Identificacion molecular y filogenia. A partir de
25 cepas seleccionadas para analisis molecular se
obtuvieron fragmentos 6ptimos de 550 pb ITS y
760 pb EF-1a (Figura 3). El uso de ITS permitio
la identificacion de cepas a nivel género, pero no
a especie, debido a que la alineacion de secuen-
cias entre miembros de un complejo de especies o
entre especies estrechamente relacionadas no fue
confiable. El andlisis de secuencias parciales del
gen EF-1a, aunado a la caracterizacion morfologi-
ca, determiné cinco especies de Fusarium, dos sin
identificar, asociadas a marchitez y pudricion seca
del cogollo, aislados de raiz y suelo, que correspon-
dieron a tres complejos de especies de Fusarium:
F. oxysporum del complejo de especies Fusarium
oxysporum (FOSC), con 9 haplotipos, representd
al grupo morfologico A; F. solani, F. falciforme y
Fusarium sp. del complejo de especies Fusarium
solani (FSSC), con 2, 2 y 1 haplotipo, respectiva-
mente, del grupo morfolégico B; y Fusarium sp.
del complejo Fusarium fujikuroi (FFSC) con un
haplotipo. El porcentaje de cobertura e identidad
para identificacion de especies fue de 98-100%,
con un E-value = 0. Secuencias representativas
de los dos complejos principales, FOSC y FSSC,
fueron registradas en Genbank con niimero de ac-
cesion MH172303 y MH179126, respectivamente
(Cuadro 3). El analisis filogenético con base en el
gen EF-1a confirmé la identificacion taxonomica
de cepas y mostr6é claramente el nivel de varia-
bilidad y agrupaciéon por complejos de especies
con soporte estadistico de 73-100%. Las cepas de
FSSC, a excepcion del A185s, se agruparon con se-
cuencias de referencia. En FOSC, tinicamente 3/14,
aislados se agruparon con secuencias de referencia,
el resto se agrupd en clados distintos y asociados
a valores de confiabilidad bajos (Figura 3), lo cual
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FSSC, were registered in Genbank with accession
number MH172303 and MH179126, respectively
(Table 3).

The phylogenetic analysis based on the EF-la
gene confirmed the taxonomic identification of
strains and clearly showed the level of variability
and association by species complexes with
statistical support of 73-100%. The FSSC strains
with the exception of the A185s were grouped with
reference sequences. In FOSC only 3 out of 14
isolates were grouped with reference sequences,
whereas the rest were grouped into different clades
and associated with low reliability values (Figure
3), which suggests greater genetic variation and
adaptation of F. oxysporum to regional diversity
of the agave production system. The only FFSC
isolate, both in GenBank and phylogenetically,
was grouped next to F andiyazi but without
corresponding to this species (Figure 3).

Prevalence and symptomatic association. The F.
oxysporum (FOSC) complex was the most prevalent
with 6/13 (46.15%) soil strains and 8/12 (66.66%)
root stains, mainly associated with wilting. The
Fusarium solani complex (FSSC) was the second
in regional importance with F. falciforme 5/13
(38.46%) strains isolated only from soil, . solani in
1/13 (7.9%) and 3/12 (25%) strains of soil and root,
respectively, and with a strain denoted as Fusarium
sp., isolated from the root 1/12 (8.33%). The
strains of this complex were associated in the same
proportion to plantations with wilting and dry bud
rot. Two strains were associated with unproductive
(FFSC)
Fusarium sp., which was isolated from the root was

sites.  Fusarium  fujikuroi  complex
associated with wilting symptoms (Figure 4). At
the level of haplotypes by species, i.e. intraspecific
sequence variants, F. oxysporum had six haplotypes
associated solely with wilting, two with dry rot
and one to both types of symptoms; F solani had
one associated exclusively to wilt and another
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Figura 3. Imagen superior: Ejemplo de amplificacion de productos PCR con gen EF-1a (760 pb). Carriles 1-21: ADN de Fu-
sarium spp. 21: F. oxysporum (control), 23: Blanco con H20. MM: Marcador de peso molecular 1kb plus Invitro-
gen. Inferior: Filogenia de 25 cepas de Fusarium spp. de suelo y raiz de A. tequilana (marcados con e) basada en
el gen EF-1a, mediante Maxima verosimilitud (ML) y Kimura-2 parametros +G con 1000 repeticiones Bootstrap.
Claves texto y numeral son secuencias de referencia del GenBank.
Top image: Example of amplification of PCR products with EF-1a gene (760 bp). Lanes 1-21: Fusarium spp. DNA
21: F oxysporum (control), 23: White with H20. MM: 1kb plus Invitrogen molecular weight marker. Bottom:
Phylogeny of 25 isolates of Fusarium spp. of soil and root of A. tequilana (marked with e) based on the EF-1a
gene, using Maximum likelihood (ML) and Kimura-2 parameters +G with 1000 Bootstrap repetitions. Text and
numeral keys are GenBank reference sequences.

Figure 3.
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Cuadro 3. Fuente de asilamiento e identificacion molecular, con base en la secuencia parcial del gen EF-1a, de 25 cepas de
Fusarium spp. seleccionadas de un acervo de 109 cepas aisladas de suelo y raiz en cuatro condiciones fitosanita-
rias y previamente caracterizadas morfologica y culturalmente.

Table 3. Source of isolation and molecular identification, based on the partial sequence of the EF-1a gene, of 25 strains of

Fusarium spp. selected from a collection of 109 isolates obtained from soil and root in four phytosanitary conditions
and previously characterized morphologically and culturally.

Aﬁ;iﬁ?eiio Especie/Complejo* Fictglslsgtl:rrila ID aislado  Cobertura¥”  Identidad®* ;z;v;rzr;iliz

Al173s 100 99 KP964900

Marchite A157s 100 99 JF740855

F oxysporum [FOSC] Al64s 100 99 JF740837

A57s 100 98 JF740855

Pudricién A180s 100 100 JF740853

A212s 100 99 JF740855

Suelo F. solani [FSSC] Pudricion Al74s 100 99 JF740846
Fusarium sp. [FSSC] Pudricion A185s 100 100 -

Improductivo A38s 100 99 GU170631

A84s 100 99 GU170631

F falciforme [FSSC] . A169s 100 99 GU170631

Marchitez A168s 100 99 GU170631

Pudricion A204s 100 99 GU170631

A. sano Al32a 100 99 JF740855

Allda 100 99 JF740855

A84a 100 98 JF740855

. All5a* 100 99 JF740837

F. oxysporum [FOSC] Marchitez Al3la 100 08 TF740855

Raiz Al40a 100 99 JF740855

A62a 100 98 JF740855

Pudricion Ald6a 100 98 JF740855

Marchitez A103a 100 98 JF740846

F solani [FSSC] A85a 100 99 EF452941

Pudricion A129a? 100 99 EF452945
Fusarium sp. [FFSC] Marchitez Al25a 100 100 -

*Identificacion taxondmica de aislados de suelo y raiz a nivel de género, especie y complejo mediante caracterizacion morfold-
gica y molecular con EF-1a / Taxonomic identification of soil and root isolates at the genera level, species and species complex
through morphological and molecular characterization with EF-1a.

YCobertura % = Valor de cobertura en porcentaje determinado por nBLAST de NCBI usado en la identificacion de cada aislado;
Identidad % = Valor de identidad en porcentaje determinado por nBLAST de NCBI / Coverage% = Coverage value in percentage
determined by NCBL nBLAST used in the identification of each isolate; Identity% = Identity value in percentage determined by
NCBL nBLAST.

“Aislados seleccionados para registro en el banco de genes de NCBI: A115a=MH172303; A129a=MH179126 / Isolated selected
for registration in the NCBI gene bank: A115a = MH172303; A129a = MH179126.

sugiere mayor variacion genética y adaptacion de
F. oxysporum a la diversidad regional del sistema
productivo agave. El unico aislado del FFSC, tan-
to en GenBank como filogenéticamente, se agrupo
proximo a F. andiyazi pero sin corresponder a esta
especie (Figura 3).

PUBLICACION ANTICIPADA EN LINEA, 2019

that shared both. F falciforme, although it had a
specific haplotype associated with wilting, another
haplotype shared both types of symptoms and was
found in unproductive soils. The two unidentified
Fusarium species at a species level were associated
with specific symptoms of wilting or dry rot. F.
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Prevalencia y asociacion sintomatologica. El
complejo F. oxysporum (FOSC) fue el mas pre-
valente con 6/13 (46.15%) cepas de suelo y 8/12
(66.66%) de raiz, principalmente asociado con
marchitez. El complejo Fusarium solani (FSSC)
fue el segundo en importancia regional con F. falci-
forme 5/13 (38.46%) cepas aisladas unicamente de
suelo, F. solani en 1/13 (7.9%) y 3/12 (25%) cepas
de suelo y raiz, respectivamente, y con una cepa
denotada como Fusarium sp. aislada de raiz 1/12
(8.33%). Las cepas de este complejo se encontra-
ron asociadas en la misma proporcion en planta-
ciones con marchitez y pudricién seca del cogollo.
Dos cepas se asociaron a sitios improductivos. Del
complejo Fusarium fujikuroi (FFSC), Fusarium sp.
aislado de raiz, se asocid con sintomas de marchi-
tez (Figura 4). A nivel de haplotipos por especie,
i.e. variantes de secuencia intraespecificos, F. oxys-
porum tuvo seis haplotipos asociados unicamente
a marchitez, dos a pudriciéon seca y uno comun a
ambos tipos de sintomas; F. solani tuvo uno exclu-
sivo a marchitez y otro comun. F. falciforme, aun-
que tuvo un haplotipo especifico a marchitez, otro
haplotipo fue comiin y ademas se encontr6 en sue-
los improductivos. Las dos especies de Fusarium
no identificadas a nivel de especie se asociaron con
sintomas especificos de marchitez o pudricion seca.
F. oxysporum tuvo en total cinco haplotipos repe-
tidos. Cuatro asociados a diferentes municipios y
sintomas lo cual fortalece la mayor condicion pre-
valente de esta especie.

Analisis regional del indice de Fusarium. El IF
fue mayor en Atotonilco y Poncitlan con valores
de 0.95 y 0.91, respectivamente, asociados a plan-
taciones con pudricion seca. Para marchitez, los
municipios con mayor /F fueron San Ignacio C. G.
y Ayotlan con valores de 0.48 y 0.45, respectiva-
mente. Los /F mas bajos (<0.25) se obtuvieron
en Ayotlan, Arandas y Zapotlanejo asociados a

PUBLICACION ANTICIPADA EN LINEA, 2019

oxysporum had five repeated haplotypes. Four
were associated to different counties and symptoms
supporting the highest prevalence of this species.

Regional analysis of the Fusarium Index. FI was
higher in Atotonilco and Poncitlan with values
of 0.95 and 0.91 respectively. These values were
associated with plantations with dry rot. In the
case of wilting rot the counties with the highest F7
were San Ignacio C. G. and Ayotlan with values
of 0.48 and 0.45, respectively. The lowest Fls
(<0.25) were obtained in Ayotlan, Arandas and
Zapotlanejo in the case of dry rot, and in J. Maria,
Poncitlan and Atotonilco for wilt (Figure 5A). In
plantations with apparently asymptomatic agaves,
FI was 0.49 and 0.42 for Atotonilco and J. Maria
respectively, whereas in unproductive plots of
Cuquio, Degollado and Tepatitlan, F/ was within
the range of 0.37-0.58. These results show the
wide distribution of Fusarium and the epidemic
risk it represents. Among the total fungi counted
in soil samples some genus with antagonistic and
suppressive capacity such as Trichoderma spp.,
Penicillium spp., Bionectria spp. and Aspergillus
spp. were found.

FI had an inversely proportional relationship
with soil pH and MO (p <0.02). The FI decremental
rate with respect to the increase in pH was
adequately estimated with the negative exponential
model (b= 0.83, > = 0.71, p <.0001) and Gregory
(b=4.91, ”=0.72, p=0.0098). With these models,
it was estimated that pH<5.5 is inductive to
Fusarium (FI>0.33). The highest Fusarium Index
(0.92) was at a pH of 4.6 and the lowest (0.1) in
neutral-alkaline soils (6.9-7.7) (Figure 5B). With
respect to MO, the estimated rate was slightly
better with the negative exponential model (»=0.64,
r*=0.68, p<.0001) than with Gregory (b=1.98,
r*=0.63, p=0.0238). Similarly, it was estimated that
MO<2.5 is inductive to Fusarium (FI>0.30). Thus,
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Suelo

Raiz

Numero de Aislados

= Fusarium sp. [FSSC]
F. solani [FSSC]
B F oxysporum [FOSC]

H Fusarium sp. [FFSC]
[1 F. falciforme [FSSC]

Figura 4. Frecuencia de especies/complejo en 25 cepas de Fusarium spp. seleccionadas de un acervo de 109 cepas aisladas
de suelo y raiz en cuatro condiciones fitosanitarias y previamente caracterizadas morfolégica y culturalmente.

Verano, 2016. Los Altos, Jalisco.

Figure 4. Frequency of species / complex in 25 isolates of Fusarium spp. selected from a collection of 109 isolates obtained
from soil and root in four phytosanitary conditions and previously characterized morphologically and culturally.

Summer, 2016. Los Altos, Jalisco.

pudricion seca, y en J. Maria, Poncitlan y Atoto-
nilco para marchitez (Figura 5 A). En plantaciones
con agaves aparentemente asintomaticos, /F fue
0.49 y 0.42 para Atotonilco y J. Maria, respecti-
vamente; mientras que en parcelas improductivas
de Cuquio, Degollado y Tepatitlan, /F estuvo en el
rango 0.37-0.58. Estos resultados muestran la am-
plia distribucion de Fusariumy el riesgo epidémico
que representa. Entre los hongos totales contabili-
zados en muestras de suelo se encontraron géneros
con capacidad antagonica y supresiva como 77i-
choderma spp., Penicillium spp., Bionectria spp. y
Aspergillus spp.

PUBLICACION ANTICIPADA EN LINEA, 2019

lower FI values <0.2 were associated with MO 3.3-
5.4 (Figure 5C). Comparing contrasting counties:
in Atotonilco, a plantation with a value of F1=0.95
was associated with dry rot and pH=6.18 and
MO=3.16; whereas another plantation associated
with wilting had that of F/=0.21 with pH=6.95
and MO=5.36. In J. Maria, a plantation associated
with dry rot with a value of F/=0.51 was related to
pH=5.57 and MO=2.34, and another one associated
to wilt had one of IF=0.11 pH=6.57 and MO=2.48.
This suggests that, although 7 may be determined
by other edaphic-biological factors, it is possible
to establish pH:MO thresholds suppressive to
Fusarium (Figure 6).

18



REVISTA MEXICANA DE FITOPATOLOGIA

FuLLy BILINGUAL MEXICAN JOURNAL OF PHYTOPATHOLOGY
A 2o 1
160 - - 0.8
g
3
S
o 120 - 0.6 ‘g
L w
> 3
80 04 o
2
S
_ =
40 - i o I; I w - 02
I - I I - i I _
0 - -0
[e] o © = o c ‘C s o c O -
g ¢ 5 5 &8 § 3 &8 ¢ 828838 8 8§38 & ¢ ¢ 8 ¢
T &2 5§ 8 £ 2 X g &8 i v N E T &8 2 2 o N
S ®] [a g < S g < S
AS IP M P
B Hongos Totales Fusarium spp. [l indice de Fusarium
Exponencial Negativo: Exponencial Negativo:
B 10 In(IF) = 7.85- 0.83(pH) c 10 In(IF) = 5.1 - 0.64(MO)
. r2=0.71 2=068
| p <.0001 p=0.0001
0.8 \ 0.8
§ \ Gregory: g Gregory:
£ In(IF) = 11.58 - 4.91 In(pH) g In(IF) = 5.25 - 1.98 In(MO)
I \ ?=0.72 & 2=063
® 06 p <.0001 8 06 | p =0.0004
w N \‘ w ’\\ ° o
% ° \\ ° ° % 2 Y
o 04 ®e N @ 04 )
2 R L2 e
° ™ k<] T
£ 0.2 . e . £ 0.2 . e e
. Tl . o M
B -
0.0 0.0
4.5 5.0 55 6.0 6.5 7.0 75 8.0 1.5 20 25 30 35 40 45 50 55
pH Materia Organica

Figura 5. A) Unidades Formadoras de Colonias (UFC) e Indice de Fusarium obtenidas de 28 plantaciones comerciales de
agave azul en cuatro condiciones fitosanitarias de 11 municipios de Los Altos, Jalisco. Barras de error indican
desviacién estindar. Ausencia de barras indican una muestra por municipio (Cuadro 1). Condicion sanitaria: AS=
Aparentemente sano, I[P = Improductivo, M = Marchitez y P = Pudricion. B-C) Ajuste de nivel maximo de indice
de Fusarium a modelos Exponencial Negativo y Gregory con respecto a pH del suelo (B) y Materia organica (C).

Verano 2016. Los Altos, Jalisco.

Figure 5. A) Colony Forming Units (UFC) and Fusarium Index obtained from 28 commercial blue agave plantations in four
phytosanitary conditions in 11 counties at Los Altos, Jalisco. Error bars indicate standard deviation. Absence of
bars indicate a single sample per county (Table 1). Health condition: AS = Apparently healthy, IP = Unproductive,
M = Wilt and P = Dry bud rot. B-C) Goodness-of-fit of Fusarium index maximum level to Exponential Negative
and Gregory models with respect to soil pH (B) and Organic matter (C). Summer 2016. Los Altos, Jalisco.
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IF tuvo una relacion inversamente proporcional
con pH de suelo y MO (p<0.02). La tasa decre-
mental de /F respecto al aumento de PH se estimo
adecuadamente con el modelo exponencial negati-
vo (b=0.83, »=0.71, p<.0001) y Gregory (b=4.91,
*=0.72, p=0.0098). Con estos modelos se estimo
que pH<5.5 es inductivo a Fusarium (IF>0.33). El
indice de Fusarium mas alto (0.92) se tuvo a un
pH de 4.6 y el menor (0.1) en suelos neutro-alca-
linos (6.9-7.7) (Figura 5B). Con respecto a MO, la
tasa estimada fue ligeramente mejor con el modelo
exponencial negativo (b=0.64, *=0.68, p<.0001)
que con Gregory (b=1.98, *=0.63, p=0.0238). Si-
milarmente, se estim6é que MO<2.5 es inductivo a
Fusarium (IF>0.30). Asi, los valores mas bajos de
1F<0.2 se asociaron con MO 3.3 - 5.4 (Figura 5C).
Comparando municipios contrastantes, en Atotoni-
Ico, una plantacion con /F=0.95 estuvo asociada a
pudricién seca con pH=6.18 y MO=3.16; mientras
otra plantacion asociada a marchitez tuvo /F=0.21
con pH=6.95 y MO=5.36. En J. Maria, una planta-
cion asociada a pudricion seca con /F=0.51 estuvo
relacionada con pH=5.57 y MO=2.34, y otra asocia-
da a marchitez con /F=0.11 pH=6.57 y MO=2.48.
Lo anterior sugiere que, aunque /F puede estar de-
terminado por otros factores edafico-biologicos, es
posible establecer umbrales pH:MO supresivos a
Fusarium (Figura 6).

DISCUSION

La marchitez y pudriciéon seca del cogollo
constituyen problemas fitosanitarios de alto riesgo
productivo del agave azul (Agave tequilana) en la
region DOT. El manejo fitosanitario de estas enfer-
medades actualmente es limitado en gran parte por
restricciones etiologicas y epidemiologicas (Rubio,
2007; Ramirez-Ramirez ef al., 2017). En trabajos
previos, la metodologia etioldgica ha sido regio-
nalmente delimitada o se han enfatizado métodos

PUBLICACION ANTICIPADA EN LINEA, 2019

DISCUSSION

The wilt and dry dud rot constitute phytosanitary
problems of high productivity risk in blue agave
(Agave tequilana) in the DOT region. The
phytosanitary management of these diseases is
largely limited by etiological and epidemiological
restrictions (Rubio, 2007; Ramirez-Ramirez ef al.,
2017). In previous studies, the etiological approach
has been regionally restricted or morphological
and classical molecular methods based on ITSs
have been emphasized with partial results (Avila-
Miranda et al., 2010; Vega-Ramos et al., 2013;
Ramirez-Ramirez et al., 2017). This is the first
comprehensive regional work that
epidemiological inductivity approaches in the

involves

selection of 40 commercial plantations in stages of
productive stress of 3-4 years. The research included
11 counties at Los Altos, the main agave producing
region of Jalisco with historical background of high
epidemic intensity on these diseases (Acevedo-
Sanchez et al., 2017). Additionally, this work
differentiated soil and root samples obtained at the
focus and peripheral level from four predominant
phytosanitary  conditions: wilting, dry rot,
seemingly healthy plantations and unproductive
plots. The objective was to maximize and minimize
regional and intra-plot variability, respectively,
in the morphological, cultural and molecular
characterization of Fusarium isolates associated
to the agave. The conception of this approach
considers previous evidence of the implication of £
oxysporum and F. solani on wilting (Avila-Miranda
et al., 2010; Vega-Ramos et al., 2013; Ramirez-
Ramirez et al., 2017) and Fusarium sp. on dry bud
rot (Goémez-Ortiz et al., 2011) and was conceived
assuming implication of a Fusarium species
complex with contrasting interspecific parasitic
fitness both, at regional and symptom level. This
work demonstrated the association of five species
with symptoms of wilting and / or dry rot located
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Figura 6. Relacién de pH y MO en funcién al indice de Fusarium. El recuadro muestra potencial umbral pH:MO asociado
a bajos niveles de /F. El tamaiio del circulo es proporcional al valor de IF. Verano 2016. Los Altos, Jalisco.

Figure 6. Relationship of pH and MO in function to Fusarium Index. The box shows a potential pH: MO threshold associ-
ated with low levels of IF. The size of the circle is proportional to the value of /F. Summer 2016. Los Altos, Jalisco.

morfologicos y moleculares clasicos basados en
ITS con parciales resultados (Avila-Miranda et al.,
2010; Vega-Ramos et al., 2013; Ramirez-Ramirez
et al., 2017). Este es el primer trabajo exhaustivo
regional que involucra el enfoque de inductividad
epidemiologica en la seleccion de 40 plantaciones
comerciales en edades de estrés productivo de 3-4
afos. La investigacion incluyd 13 municipios de
Los Altos, principal region agavera de Jalisco, con
antecedentes historicos de alta intensidad epidé-
mica a estas enfermedades (Acevedo-Sanchez et
al., 2017). Adicionalmente, este trabajo diferencio
muestras de suelo y raiz obtenidas a nivel de foco y
perifoco provenientes de cuatro condiciones fitos-
anitarias predominantes: marchitez, pudricion seca
del cogollo, plantaciones aparentemente sanas y
parcelas improductivas. El objetivo fue maximizary
minimizar la variabilidad regional e intraparcelaria,
respectivamente, en la caracterizacion morfologica,

PUBLICACION ANTICIPADA EN LINEA, 2019

in three phylogenetic complexes: F. oxysporum of
the Fusarium oxysporum species complex (FOSC)
with 56% regional representativeness (46.2% soil y
66.7% root); F. solani, F. falciforme and Fusarium
sp. of the Fusarium solani (FSSC) complex (40%);
and Fusarium sp. of the Fusarium fujikuroi complex
(FFSC) (4%). For the first time, the association
of F. falciforme is reported, which was the only
species associated to plantations with wilting,
dry bud rot and unproductive condition, and two
species still unidentified, one of them belonging
to a complex without previously reported species
in agave (FFSC). Root and soil isolates allowed
analyze the results consistence due to the fungus
association directly with host tissue. F. falciforme
and Fusarium sp. (FSSC) were the only ones
isolated only from soil. However, the former has
already been found in aerial agave tissue in other
Jalisco regions (CP-LANREF. Unpublished data).
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cultural y molecular de Fusarium spp. asociados al
agave. La concepcion de este enfoque considera
evidencias previas de la implicacion de £ oxyspo-
rum'y F. solani en marchitez (Avila-Miranda et al.,
2010; Vega-Ramos et al., 2013; Ramirez-Ramirez
et al., 2017) y de Fusarium sp. en pudricion seca
(Gémez-Ortiz et al., 2011) y se planted asumiendo
la asociacion de un complejo de Fusarium spp. con
adaptabilidad parasitica interespecifica, regional y
sintomatologica, contrastante. Este trabajo demos-
tr6 la asociacion de cinco especies con sintomas de
marchitez y/o pudricion seca ubicadas en tres com-
plejos filogenéticos: F. oxysporum del complejo de
especies Fusarium oxysporum (FOSC) con 56% de
representatividad regional (46.2% suelo y 66.7%
raiz); F. solani, F. falciforme y Fusarium sp. del
complejo Fusarium solani (FSSC) (40%); y Fusa-
rium sp. del complejo Fusarium fujikuroi (FFSC)
(4%). Por primera vez se reporta la asociacion de F.
falciforme, inica especie vinculada a plantaciones
con marchitez, pudricion seca e improductivas, y
dos especies atn sin identificar, una de ellas per-
teneciente a un complejo sin especies previamente
reportadas en agave (FFSC).

Aislamientos de raiz y suelo permitieron anali-
zar la consistencia de resultados al asociar al hongo
directamente con tejido del hospedante. F. falcifor-
me 'y Fusarium sp. (FSSC) fueron los tnicos que
se aislaron exclusivamente de suelo. Sin embar-
go, el primero se ha encontrado en tejido aéreo de
agave en otras regiones de Jalisco (CP-LANREF.
Datos no publicados). El analisis de secuencias y
filogenia confirm¢ la variabilidad intra e interespe-
cifica de Fusarium y la asociacion de haplotipos,
referidos aqui como variantes de secuencia intra-
especificos con base en el gen EF-1a, con sintomas
especificos. Claramente, marchitez se asocié con
mas haplotipos especificos a este sintoma pertene-
cientes a Fisolani, F. falciforme y F. oxysporum.
Este ultimo fue la especie mas diversa e incluyo
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Sequence analysis and phylogeny confirmed
the intra and interspecific variability of Fusarium
and the association of haplotypes, referred to here
as intra-specific sequence variants based on the
EF-la gene, with specific symptoms. Clearly,
wilting was associated with more haplotypes
specific to this symptom belonging to F. solani, F.
falciforme and F. oxysporum. The later was more
diverse and included the only haplotype associated
exclusively to dry bud rot and the only one found
in apparently healthy plantations. The existence
of only one haplotype by complex associated
only with dry bud rot or with the ability to cause
both types of symptoms suggests an interspecific
process of divergent evolution with adaptation to
aerial symptoms, wilt being the parasitic condition
associated to the ancestral specie(s). The occurrence
of two unidentified species may involve advanced
speciation or less likely, a convergent evolution
process. The possibility of these population
genetics processes is highly possible considering
the continued and confined agave cultivation
for more than 200 years and the agave semi-
perennial condition with vegetative propagation.
These adaptive mechanisms have been suggested
in crops such as mango (Mangifera indica) given
the increasing variability and occurrence of new
Fusarium species (Liew et al, 2016). In this
context, it is concluded that the wilting and dry
rot of the agave bud are symptomatic expressions
of a syndrome caused by different Fusarium
species with differential parasitic adaptability at
the intra and interspecies level. One single isolate
(haplotype) of F. oxysporum, F. solani and F.
falciforme can apparently cause wilt and dry bud
rot but are not the most prevalent, which explain the
low incidence of both symptoms at the same plant
in the field. In total, these species have the highest
numbers of isolates (haplotypes) specialized only
to cause wilting, thus clarify the intense occurrence
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el unico haplotipo asociado exclusivamente a pu-
dricion seca y el unico encontrado en plantaciones
aparentemente sanas. La existencia de un haploti-
po, por complejo de especies, asociado Unicamente
con pudricidon seca o con la capacidad de causar
los dos tipos de sintomas sugiere un proceso inte-
respecifico de evolucion divergente con adaptacion
a sintomas aéreos, siendo marchitez la condicién
parasitica asociada a la especie(s) ancestral. La
ocurrencia de dos especies no identificadas puede
implicar procesos avanzados de especiacion o la
existencia, menos probable, de procesos de evolu-
cion convergente. La viabilidad de estos procesos
genéticos poblacionales es posible considerando la
continuada y confinada cultivacion del agave por
mas de 200 afios en region DOT y la condicion se-
miperenne del cultivo con propagacion vegetativa.
Estos mecanismos adaptativos se han sugerido en
cultivos como el mango (Mangifera indica) ante la
creciente variabilidad y ocurrencia de nuevas espe-
cies de Fusarium (Liew et al., 2016). Con este con-
texto, se concluye que la marchitez y la pudricion
seca del cogollo del agave son expresiones sinto-
matologicas de un sindrome causado por diferentes
especies de Fusarium con adaptabilidad parasitica
diferencial a nivel intra e interespecie. La marchitez
y pudricion seca puede ser causada por un mismo
aislado (haplotipo) de F. oxysporum, F. solani 'y F.
falciforme pero no son los mas prevalentes, lo que
explica la baja incidencia de ambos sintomas en
la misma planta. Estas mismas especies tienen en
conjunto un mayor nimero de aislados (haplotipos)
especializados tUnicamente en marchitez siendo
congruente con su alta intensidad epidémica regio-
nal. Esta conclusion requiere posteriores estudios
de patogenicidad y epidemiologia especializados,
ampliar otras regiones agaveras DOT, muestreo de
tejido aéreo, incluir mayor acervo de secuencias, y el
empleo de otros genes como los asociados a RPB1 y
RPB2 (O’Donnell ef al., 2015). Sin embargo, estos
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and epidemic rates reported for this symptom
(Rubio, 2007; Ramirez-Ramirez et al., 2017).
These findings require further specialized
epidemiological and pathogenicity studies,
expanding other DOT agave regions, air tissue
sampling, including more sequences, and the use
of other genes such as those associated with RPB1
and RPB2 (O’Donnell et al., 2015). However, these
results contribute to the improvement of regional
control and monitoring strategies by clarifying
the etiology of the three types of bud rot (Gémez-
Ortiz et al., 2011; Jiménez-Hidalgo et al., 2004;
Rincon-Enriquez et al., 2014; Coria-Contreras et
al., 2019). To this respect, in this work and that
conducted with grey spot at state level (Coria-
Contreras et al., 2019), the bacterial rot was never
detected nor isolated from the field indicating a too
low prevalence or occurrence only under specific
agronomic and/or climatic condition (Jiménez-
Hidalgo et al., 2004; Rincon-Enriquez et al., 2014).
Regional etiological studies, in addition to
an epidemiological approach (Ceja-Torres et al.,
2008), require methodological strategies to optimize
time, economic resources and to provide a rational
framework. This work shows the importance of
combining morphological and classical cultural
strategies with the current molecular approach
(Leslie and Summerell, 2006; O’Donnell et al.,
2015; Gogoi et al., 2017). The characterization of
a total of 109 regional Fusarium isolates in five
culture media allowed categorizing by groups and
finally selecting the collection of representative
strains for molecular identification (Burgess et al.,
1991; Leslie and Summerell, 2006). Previously
determined as important for screening Fusarium
isolates in PDA (Gogoi et al., 2017), mycelial
colorimetry was essential as an initial phase due
to the large amount of initial cultures in Komada
(248). On the other hand, due to the complexity
of the etiological problem of this work, the ITS
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resultados coadyuvan a mejorar estrategias de con-
trol y monitoreo regional al clarificar la etiologia
de los tres tipos de pudricion del cogollo (Gomez-
Ortiz et al., 2011; Jiménez-Hidalgo et al., 2004;
Rincon-Enriquez et al., 2014; Coria-Contreras et
al., 2019). Al respecto, en este trabajo y el realiza-
do con mancha gris a nivel estatal (Coria-Contreras
et al., 2019), la pudriciéon bacteriana no fue detec-
tada lo que supone su extremada baja prevalenciau
ocurrencia en condiciones agronomicas y climati-
cas muy especificas (Jiménez-Hidalgo et al., 2004;
Rincon-Enriquez et al., 2014).

Estudios etiologicos regionales, ademas de un
enfoque epidemiologico (Ceja-Torres et al., 2008),
requieren de estrategias metodologicas que permi-
tan optimizar tiempo, recursos econémicos y apor-
ten a un marco racional de andlisis. Este trabajo
mostro la importancia de combinar estrategias mor-
foldgicas y culturales clasicas con el enfoque mole-
cular actual (Leslie y Summerell, 2006; O’Donnell
etal.,2015; Gogoi et al., 2017). La caracterizacion
de un total de 109 aislados regionales de Fusarium,
en cinco medios de cultivo, permitid categorizar
por grupos y finalmente seleccionar el acervo de
cepas representativas para identificaciéon molecular
(Burgess et al., 1991; Leslie y Summerell, 2006).
La colorimetria micelial, importante atributo dis-
criminante para Fusarium en PDA (Gogoi et al.,
2017), resulté fundamental como fase inicial debi-
do al gran acervo de siembras iniciales en Koma-
da (248). Por otro lado, debido a la complejidad
del problema etiologico de este trabajo, la region
ITS no fue funcional para la identificacion de Fu-
sarium. Vetrovsky y colaboradores (2016) indican
que esta region no es adecuada por su alta variabi-
lidad, su naturaleza multicopia y su longitud tan va-
riable. Adicionalmente, ITS es una region altamen-
te conservada para resolver limites interespecificos
de Fusarium. Por lo anterior, se estima que 50% de
secuencias Fusarium o mas, estan incorrectamente
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region was not functional for the identification
of Fusarium. Vetrovsky and coworkers (2016)
indicate that this region is not suitable due to its
high variability, its multi-copy nature and its
variable length. Additionally, ITS is a region
highly conserved to resolve interspecific Fusarium
boundaries. Therefore, it is estimated that 50%
of Fusarium sequences or more are incorrectly
identified at NCBI (O’Donnell et al., 2015). These
aspects are fundamental from the etiological and
population genetic perspective due to the current
relevance of Fusarium. In Mexico, recent studies
show the importance of this genus in crops such as
Jatropha curcas, Capsicum pubescens and Citrus
sinensis (Herrera-Parra et al., 2017, Almaraz-
Sanchez et al., 2019; Parra-Cota ef al., 2019).
Although the Fusarium Index IF was highly
variable between counties and plantation
phytosanitary condition, /F is proposed as an
indicator to relate fungus richness to Fusarium
spp. to estimate soil suppressive condition under
the assumption that sustainable management
of Fusarium, a fungus with high saprophytic-
parasitic capacity, should be based on prevention
and promoting soil health. /F variability can be
explained by its multifactorial determinant as
evidenced by its inverse relationship with pH
and MO (* = 0.72 - 0.68). The inductive effect
of Fusarium populations due to acid pH has been
reported in Fusarium oxysporum f. sp. cubense
(Huang et al., 2019) and Fusarium oxysporum f.
sp. fragariae. In this case, pH lower than 5.2 was
more inductive (Fang et al., 2012). Similarly,
a MO rich soil (i.e. greater than 3%) is widely
accepted as a condition of suppressive soils that
favors competition or inhibition of Fusarium spp.
due to beneficial microorganisms (Orr and Nelson,
2018; Huang et al., 2019). In this investigation,
Trichoderma spp. and Bacillus spp. frequently
were found associated to agave plantations with
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identificadas en NCBI (O’Donnell et al., 2015). Es-
tos aspectos son fundamentales desde le perspec-
tiva etiologica y genética poblacional debido a la
relevancia actual de Fusarium. En México, recien-
tes estudios demuestran la importancia de este gé-
nero en cultivos como Jatropha curcas, Capsicum
pubescens y Citrus sinensis (Herrera-Parra et al.,
2017; Almaraz-Sanchez et al., 2019; Parra-Cota et
al.,2019).

Aunque el Indice Fusarium (IF) fue altamente
variable entre municipios y condicion fitosanitaria
de plantacioén, /F se propone como indicador para
relacionar riqueza de hongos respecto a Fusarium
spp. para estimar la condicion supresiva del suelo
bajo la premisa que el manejo sustentable de Fu-
sarium, hongo con alta capacidad saprobiotica-
parasitica, se debe basar en la prevencion promo-
viendo la salud del suelo. La variabilidad /F puede
explicarse por su determinante multifactorial como
lo evidenci¢ la relacion inversamente proporcional
con pH y MO (2= 0.72 - 0.68). El efecto inductivo
de poblaciones de Fusarium con pH acido se ha
reportado en Fusarium oxysporum f. sp. cubense
(Huang et al., 2019) y Fusarium oxysporum f. sp.
fragariae. En este caso, pH menor a 5.2 fue més
inductivo (Fang et al., 2012). Similarmente, un
suelo rico en MO (i.e. mayor a 3%) es una con-
dicion ampliamente aceptada de suelos supresivos
que favorece poblaciones de microorganismos que
compiten o inhiben el desarrollo de Fusarium spp.
(Orr y Nelson, 2018; Huang ef al., 2019). En esta
investigacion, Trichoderma spp. y Bacillus spp.
frecuentemente se asociaron a plantaciones con
bajo /F' (CP-LANREF. Datos no publicados) lo que
demuestra la necesidad de estudios integrales re-
gionales. La propuesta de umbrales pH:MO en este
trabajo tiene potencial para estimar riesgos produc-
tivos por Fusarium spp. en agave.

La diversidad, complejidad y prevalencia de
especies de Fusarium en plantaciones comerciales
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low IF (CP-LANREF. Unpublished data) which
demonstrates the need for regional comprehensive
studies. The pH:MO thresholds suggestion in this
work has potential to estimate productive risks due
to Fusarium spp. in agave.

The diversity, complexity and prevalence of
Fusarium species in commercial plantations at
Los Altos and the historical productive impacts
caused by this fungus stimulate to investigate
the wilt and dry bud rot syndrome with a
comprehensive approach relating the pathosystem
to physical-chemical soil variables, antagonists
richness, climatic factors and crop management.
This approach will allow effective preventive
management strategies and sustaining soil health.
Likewise, it will help to estimate and mitigate risks
associated with Fusarium spp. due to the intense
mobilization of vegetative planting material
required for crop expansion upon demand on
tequila exports, currently in fifth income place
among Mexican agricultural commodities. Blue
agave constitutes a valuable crop chain that
justifies research and innovation investment to
assure competitiveness and the socio-cultural and
environmental preservation values.

CONCLUSIONS

This research provides for the first time
exhaustive etiological information associated with
wilting and dry bud rot of blue agave (4. tequilana)
in 40 commercial plantations of 11 counties at
Los Altos Jalisco. Morphological, cultural and
molecular characterization of Fusarium spp. isolates
associated with these symptoms allows unifying
them as expressions of a syndrome caused by five
species of Fusarium belonging to F. oxysporum
(FOSCQ), F. solani (FSSC) and F. fujikuroi (FFSC)
complexes. It is proposed to name this disease as
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de Los Altos y los impactos productivos histori-
cos causados por este hongo estimula investigar
el sindrome marchitez y pudricion seca del cogo-
llo desde una perspectiva sistémica, en la cual se
considere el modelo planta-patdégeno en relacion a
variables fisico-quimicos del suelo, riqueza biolo-
gica de antagonistas, factores climaticos y tipolo-
gias productivas. La comprension sistémica permi-
tira desarrollar estrategias de manejo preventivas
efectivas y sustentar la salud del suelo. Asi mismo,
coadyuvara a estimar y mitigar riesgos asociados
a Fusarium spp. debido a la intensa movilizacién
de hijuelos requerida por el incremento de super-
ficie plantada ante la demanda de exportacion de
tequila, actualmente en quinto lugar en generacion
de divisas. El cultivo de agave azul constituye una
cadena productiva que justifica inversion en inves-
tigacion e innovacion que garantice su rentabilidad
y preservacion socio-cultural y ambiental.

CONCLUSIONES

Esta investigacion aporta por primera vez infor-
macion etiologica exhaustiva asociada a la marchi-
tez y pudricion seca del cogollo de agave azul (4.
tequilana) en 40 plantaciones comerciales de 13
municipios de Los Altos, Jalisco. La caracteriza-
cion morfologica, cultural y molecular de aislados
de Fusarium spp. asociados a estos sintomas per-
mite unificarlos como expresiones de un sindrome
causado por cinco especies de Fusarium pertene-
cientes a los complejos F. oxysporum (FOSC), F.
solani (FSSC) y F. fujikuroi (FFSC). Se propone
denominar marchitez y pudricion seca del cogollo
del agave a esta enfermedad. La marchitez y pudri-
cion seca puede ser causada por un mismo aislado
(haplotipo) de F oxysporum, F. solani y F. falci-
forme pero, contrario a los que causan inicamen-
te marchitez, no fueron los mas prevalentes. F

PUBLICACION ANTICIPADA EN LINEA, 2019

wilt and dry bud rot of agave. Wilt and dry bud rot
can be caused by a single isolate (haplotype) of £
oxysporum, F. solani and F. falciforme but, contrary
to those that cause only wilting, they were not the
most prevalent. F. oxysporum was the most variable
and prevalent in soil (46.2%) and root (66.7%)
suggesting greater parasitic fitness. F falciforme
and two unidentified species belonging to FSSC
and FFSC complexes are reported for the first time
associated with agave. Although, these results
require greater precision through epidemiological
and pathogenicity studies, the extensive nature
of this work confers clear etiological trends. The
Fusarium Index [F has potential as indicator of
fungal richness respect to Fusarium spp. to estimate
soil suppressive condition. A significant inverse
relationship of /F with pH and MO was found,
allowing to suggest an integrated threshold to
estimate productive risks due to Fusarium. Finally,
considering the official campaign against agave
pests, these results justify use of independent wilt
and dry bud rot diagrammatic scales for monitoring
purposes. However, the inclusion of algorithms
in the SIVEA digital system is recommended to
automatize analysis of the syndrome regional
incidence for risk analysis purposes.
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oxysporum fue el mas variable y prevalente en sue-
lo (46.2%) y raiz (66.7%) sugiriendo mayor adap-
tabilidad parasitica. F falciforme y dos especies
sin identificar de los complejos FSSC y FFSC se
reportan por primera vez asociados al agave. Aun-
que, estos resultados requieren mayor precision
mediante estudios epidemioldgicos y de patogeni-
cidad, el caracter extensivo de este trabajo confiere
claras tendencias etiologicas. El indice Fusarium
(IF) tiene potencial como indicador de riqueza de
hongos respecto a Fusarium spp. para estimar la
condicion supresiva del suelo. /F tuvo una relacién
significativa inversamente proporcional con pH y
MO, lo que permite proponer umbrales integrados
para estimar riesgos productivos por Fusarium. Fi-
nalmente, considerando la campafia oficial contra
plagas del agave, estos resultados justifican el em-
pleo de escalas diagramaticas independientes para
marchitez y pudricion seca del cogollo con fines
de monitoreo. Sin embargo, se recomienda la in-
clusion de algoritmos en el sistema digital SIVEA
para automatizar el analisis la incidencia regional
del sindrome por tipologia de sintoma con propdsi-
to de analisis de riesgo.
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