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Abstract. Citrus wilt is a disease of recent
appearance in the northern area of Veracruz that
causes economic losses to producers in the region.
The present work aimed to identify the causative
agent of this disease and evaluate different
fungicides to determine its in vitro sensitivity. A
fungus was consistently isolated in plants with wilt
symptoms; it was morphologically identified in
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Resumen. La marchitez y muerte de los citricos
es una enfermedad de reciente aparicion en la zona
norte de Veracruz, que ocasiona pérdidas economi-
cas a los productores de la region. Por lo anterior,
el objetivo de este trabajo fue identificar al agen-
te causal de esta enfermedad y evaluar diferentes
fungicidas para determinar su sensibilidad in vitro.
De manera consistente se aislé un hongo en plantas
con sintomas de marchitez, se identifico6 morfologi-
camente en diferentes medios de cultivo y molecu-
larmente con los iniciadores EF1-728F/EF1-986R
mediante PCR. El hongo se inocul6 en tres varie-
dades de citricos bajo condiciones de invernadero.
La prueba de sensibilidad se realizé con los fungi-
cidas clorotalonil, benomil tiabendazol, procloraz
y un biologico (Bacillus subtilis) a diferentes con-
centraciones, mas un testigo negativo. Se identifi-
c6 morfologica y molecularmente a Fusarium sp.
(No. de accesion MW438335) como agente causal
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different culture media and molecularly identified
by PCR using the EF1-728F/EF1-986R primers.
The fungus was inoculated in three varieties
of citrus under greenhouse conditions. The
sensitivity test was carried out with the fungicides
chlorothalonil, benomyl thiabendazole, prochloraz,
and a biological agent (Bacillus subtilis) at
different concentrations, plus a negative control.
Fusarium sp. (Accession No. MW438335) was
morphologically and molecularly identified as
the causal agent of vascular wilt in citrus fruits,
causing growth retardation, decreased number of
roots, wilting of the apical bud, and necrosis in the
vascular system of the three varieties inoculated.
The most effective fungicides in inhibiting mycelial
growth were thiabendazole, prochloraz, and the
biological agent Bacillus subtilis.

Key words: Identification, morphology, Koch’s
postulates, in vitro control.

Citrus fruits, especially orange (Citrus
sinensis), Persian lime (C. latifolia), Mexican
lemon (C. aurantifolia), mandarin (C. reticulata),
and grapeftruit (C. paradisi), are the most cultivated
and consumed fruits throughout the world (Igbal
et al., 2018). They are considered universal fruit
trees because they are present in more than 100
countries and are the most economically important
group of fruits, representing 20% of the world fruit
market (Franco ef al., 2015). Mexico is the fourth
largest citrus producer worldwide (FAOSTAT,
2019). Its citrus-producing areas are in tropical
and subtropical areas, which causes phytosanitary
problems. Among the most important diseases of
citrus trees are those caused by bacteria, viruses,
viroids, and fungi (Holguin et al., 2012).

In 2018, in Papantla, Veracruz, ‘Valencia’
orange trees (Citrus sinensis) were observed with
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de la marchitez vascular de los citricos, mismo que
ocasion0 retraso de crecimiento, disminucioén de
cantidad de raices, marchitez del brote apical y ne-
crosis en el sistema vascular en las tres variedades
inoculadas. Los fungicidas con mayor eficacia en
inhibir el crecimiento micelial fueron tiabendazol,
procloraz y el bioldgico Bacillus subtilis.

Palabras clave: Identificacion, morfologia, postu-
lados de Koch, control in vitro.

Los citricos, en especial la naranja (Citrus si-
nensis), lima persa (C. latifolia), limon mexicano
(C. aurantifolia), mandarina (C. reticulata) y po-
melo (C. paradisi), son las frutas mas cultivadas y
consumidas en todo el mundo (Igbal et al., 2018).
Son considerados frutales universales ya que estan
presentes en mas de 100 paises y son el grupo de
frutas mas importantes econémicamente, abarcan-
do un 20% del mercado mundial de frutas (Franco
et al., 2015). México es el cuarto productor de ci-
tricos mundialmente (FAOSTAT, 2019); sus areas
citricolas se encuentran en zonas tropicales y sub-
tropicales, lo que propicia problemas fitosanitarios.
Dentro de las enfermedades mas importantes, estan
las causadas por bacterias, virus, viroides y hongos
(Holguin et al., 2012).

En 2018, en Papantla, Veracruz, se observaron
arboles de naranjo ‘Valencia’ (Citrus sinensis) con
sintomas de clorosis, defoliacion y marchitez de
ramas (Figura 1). Esta enfermedad es un proble-
ma alarmante para los citricultores por las pérdidas
econdmicas que ocasiona y se desconoce el agente
causal.

Las principales enfermedades que inducen la
caida de hojas y marchitez en citricos, en especial
aquellas causadas por oomicetes y ascomicetes,
son ocasionadas por los siguientes géneros: La-
siodiplodia spp., Phytophthora spp. y Fusarium
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symptoms of chlorosis, defoliation, and wilting of
branches (Figure 1). This disease poses an alarming
problem for citrus growers due to the economic
losses it can cause and the fact that the causative
agent is still unknown.

The main diseases inducing leaf drop and
wilt in citrus trees are caused by the following
genera: Lasiodiplodia spp., Phytophthora spp., and
Fusarium spp. (Hannachi et al., 2014; Savita and
Nagpal, 2012; Valle-De la Paz et al., 2019). The
fungi of the genus Fusarium belong to the kingdom
Fungi, phylum Ascomycota, order Hypocreales.
They comprise a great diversity of fungi species
that can be saprophytic or pathogenic to plants,
animals, and humans (Moretti, 2009). They are
filamentous, cosmopolitan, have well-developed
septate mycelium and characteristic conidiophores
(Villa-Martinez et al., 2014). The Fusarium species
complex is among the 10 most important fungal

spp. (Hannachi et al., 2014; Savita y Nagpal, 2012;
Valle-De la Paz et al., 2019). Los hongos del gé-
nero Fusarium pertenecen al reino fungi, phylum
ascomycota y orden hipocreales, comprenden una
gran diversidad de especies de hongos que pueden
ser saprofitas o patogenas de las plantas, animales
y humanos (Moretti, 2009). Son filamentosos, cos-
mopolitas, tienen un micelio bien desarrollado, sep-
tado y conidioforos caracteristicos (Villa-Martinez
et al., 2014). El complejo de especies de Fusarium
se encuentra en el top 10 de los principales pato-
genos fungicos de plantas (Dean ef al., 2012), esto
se debe al impacto econdmico negativo que pro-
voca en la agricultura mundial, ya que son agentes
causales del marchitamiento vascular y pudricién
basal en una gran variedad de plantas. La pudricion
de raiz causada por Fusarium spp., es una enfer-
medad destructiva en el cultivo de citricos (Yaseen
y D’Onghia, 2012). Actualmente, se reportan mas

Figure 1. ‘Valencia’ orange trees (Citrus sinensis) with severe wilting and defoliation in Papantla, Veracruz.
Figura 1. Arbol de naranjo ‘Valencia’ (Citrus sinensis) con marchitez y defoliacion severa en Papantla, Veracruz.
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pathogens of plants (Dean et al., 2012) due to its
negative economic impact on world agriculture.
These fungi are the causal agents of vascular wilting
and basal rot in a wide variety of plants. Root rot
caused by Fusarium spp. is a destructive disease of
citrus crops (Yaseen and D’Onghia, 2012). More
than 40 phylogenetic strains of Fusarium that affect
citrus trees have been reported (Sandoval-Denis et
al.,2018). In Mexico, Parra-Cota ef al. (2018) made
the first report of wilt in ‘Valencia’ orange trees,
caused by seven isolates of the Fusarium solani
species complex in the Yaqui Valley, Sonora. This
fungus can associate with other microorganisms
and act synergistically with them (Lamichhane
and Venturi, 2015). This is why determining the
pathogenicity is essential for the identification of
microorganisms associated with diseased plants.
When the association of an organism with a disease
turns out to be constant, it is important to comply
with Koch’s postulates to confirm its pathogenicity.

Chemical control is the main strategy for the
management of fungal diseases (Villa-Martinez
et al, 2014). The disinfestation of substrates
with hydrogen peroxide, sodium hypochlorite,
quaternary ammoniumsalts, and formaldehydeisthe
first preventive barrier against Fusarium inoculum
(Vasquez-Ramirez and Castafio-Zapata, 2017).
The application of benzimidazole-based fungicides
such as benomyl, carbendazim, thiabendazole, and
thiophanate helps reduce rot caused by Fusarium
avenaceum, Fusarium  culmorum, Fusarium
equiseti, and Fusarium solani (Voigt, 2002). It
has also been reported that fungicides based on
organomercury and formalin inhibit Fusarium spp.
growth (Cook, 1981). The application of methyl
bromide fumigant was the most common alternative
for managing rot diseases until it was withdrawn
from the market in 2005. Nowadays, the application
of fumigants such as 1,3-dichloropropene,
chloropicrin, sodium N-methyl dithiocarbamate,
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de 40 cepas filogenéticas de Fusarium afectando
citricos (Sandoval-Denis et al., 2018). En México,
Parra-Cota et al. (2018) realizaron el primer repor-
te de marchitamiento en naranja ‘Valencia’ ocasio-
nado por siete aislados del complejo de especies de
Fusarium solani en el Valle del Yaqui, Sonora. Este
hongo puede asociarse con otros microorganismos
y actuar de forma sinérgica (Lamichhane y Ventu-
ri, 2015), por lo tanto, la determinacion de pato-
genicidad es fundamental en la identificacion de
los microorganismos asociados a plantas enfermas.
Cuando la asociacion constante de un organismo
con una enfermedad se hace evidente, es importan-
te cumplir con los postulados de Koch para confir-
mar su patogenicidad.

El control quimico es la principal estrategia para
el manejo de enfermedades fungicas (Villa-Mar-
tinez et al., 2014). La desinfestacion de sustratos
con peroxido de hidrogeno, hipoclorito de sodio,
sales cuaternarias de amonio y formaldehido, son
la primera barrera preventiva para eliminar fuentes
de inoculo de Fusarium (Vasquez-Ramirez y Cas-
tafio-Zapata, 2017). La aplicacion de fungicidas a
base de benzimidazoles como benomil, carbenda-
zim, tiabendazol y tiofanato en las plantas ayuda a
reducir las pudriciones causadas por Fusarium ave-
naceum, Fusarium culmorum, Fusarium equiseti y
Fusarium solani (Voigt, 2002). Asimismo, se ha
reportado que los fungicidas a base de organomer-
curio y formalina son inhibidores de Fusarium spp.
(Cook, 1981). La utilizacion de fumigante bromuro
de metilo era la practica mas comun para el manejo
de la enfermedad, hasta que se retir6 del mercado
en 2005; actualmente, la aplicacion de fumigantes,
como 1,3-dicloropropeno, cloropicrina, N-metil
ditiocarbamato de sodio y metil isotiocianato, son
mayormente empleados en presiembra (McGovern,
2015; Vasquez-Ramirez y Castafio-Zapata, 2017).
Debido a lo anterior, el objetivo de la presente in-
vestigacion se orientd a identificar morfoldgica y
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and methyl isothiocyanate, is mostly used in pre-
planting (McGovern, 2015; Vasquez-Ramirez and
Castafo-Zapata, 2017). The present study aimed
to morphologically and molecularly identify the
causal agent of citrus wilt in the municipality of
Papantla, Veracruz, to check if Koch’s postulates
were fulfilled in three citrus varieties under
greenhouse conditions, and to evaluate the in vitro
sensitivity of the pathogen to different fungicides.

MATERIALS AND METHODS

The experiment was carried out in the Laboratory
of Agricultural Parasitology of the Universidad
Autéonoma de Chapingo, Mexico.

Isolation and purification. Roots and stems of eight
diseased ‘Valencia’ orange trees were collected in
four farms located in the San Pablo ejido, in the
municipality of Papantla, in the state of Veracruz,
Mexico. The site is located at 20° 27° N and 97° 11°
W, at 45 meters above sea level. Pieces of 1 cm in
length were cut in the laboratory and disinfected in
sodium hypochlorite solution (1%) for one minute,
rinsed twice with sterile water, and dried with sterile
paper towels. Under aseptic conditions, six pieces
of tissue from each sample were placed in each
Petri dish containing Potato Dextrose Agar (PDA)
culture medium (200 g potato, 15 g dextrose, 20 g
agar in 1000 mL of distilled water), and were then
incubated at room temperature for 24 h, under a 12
h light/12 h dark cycle. To obtain pure isolates, a
mycelium fragment was transferred into water agar
culture medium. After 24 h, small pieces of culture
medium containing hyphal tips were transferred
into individual Petri dishes with PDA medium.

Morphological characterization. Three standard
culture media, Leslie and Summerell’s (2006),

ONLINE PUBLICATION, JANUARY 2022

molecularmente al agente causal de la marchitez de
los citricos en el municipio de Papantla, Veracruz;
realizar los postulados de Koch en tres variedades
bajo condiciones de invernadero y evaluar la sen-
sibilidad in vitro del patégeno a diferentes fungi-
cidas.

MATERIALES Y METODOS

El experimento se realizé en el laboratorio de
Parasitologia Agricola, Universidad Auténoma
Chapingo, México.

Aislamiento y purificacion. Se colectaron raices y
tallos de ocho arboles enfermos de naranja ‘Valen-
cia’ en cuatro fincas ubicadas en el ejido San Pablo,
municipio de Papantla, Veracruz, México; en las
coordenadas 20° 27’ latitud N y 97° 11° longitud
W, a 45 msnm. En laboratorio, se cortaron trozos de
1 cm de longitud y se desinfestaron en una solucion
de hipoclorito de sodio al 1% durante un minuto, se
enjuagaron dos veces con agua estéril y se secaron
con toallas de papel estériles. En condiciones asép-
ticas, se colocaron seis trozos de tejido por muestra
en cada caja Petri con medio de cultivo Papa Dex-
trosa Agar (PDA) (200 g papa, 15 g dextrosa, 20 g
agar en 1000 mL de agua destilada) y se incubaron
a temperatura ambiente por 24 h, bajo un régimen
de 12 h luz / 12 h de oscuridad. Para la obtencién
de aislados puros, se transfirié un fragmento de mi-
celio en el medio de cultivo Agua agar, y después
de 24 h se tomaron pequefios trozos de medio que
contenian puntas de hifas y se transfirieron en cajas
Petri individuales con medio PDA.

Caracterizacion morfolégica. Para identificar la
especie de estudio, se usaron tres medios de culti-
vo estandares establecidos por Leslie y Summerell
(2006), Carnation Leaf-piece Agar (CLA), Spezieller
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Carnation Leaf-piece Agar (CLA), Spezieller
Néhrstoffarmer Agar (SNA), and PDA were used to
identify the species under study. Semi-permanent
preparations were made of eight isolates of the
fungus and glycerin (50%), with five replicates
per isolate. The structures were examined using a
compound microscope (Nikon SMZ800®, USA)
with an integrated digital camera. The 40x objective
was used to take photographs, which were analyzed
with the program Motic Imagen v. 3.0 (Motic
Group, 2018) to perform the qualitative (shape)
and quantitative (length x width) characterization
of 50 macroconidia, 50 microconidia, and 20
chlamydospores per
fungal isolates presented the same morphological
characteristics. Consequently, it was decided to
work with a single isolate for further analysis.

preparation. The eight

Pathogenicity test. To determine the infective
potential of the fungal isolate in citrus trees, three
14-month-old plants of different varieties were
inoculated:
rootstock (T4), ‘Delicias’ mandarin ‘Sour’ rootstock
(TS), and “Valencia’ orange ‘Sour’ rootstock (T6),
with their respective negative controls T1, T2,
T3, with three repetitions each, in a completely
experimental design. Once the
greenhouse experiment was set up, the plant roots
were inoculated by immersion (Giiler and Giildiir,
2018; Herman and Perl-Treves, 2007). All the
plants were removed from the substrate trying to do
the least damage possible. The roots were washed
with common water before inducing slight wounds
in them with the help of scissors to create entrance
routes for the Fusarium isolate. Subsequently, the
roots were placed in a suspension of conidia (1 x
10¢ spores mL") for 24 h. Negative controls were
subjected to the same treatment but their roots were
immersed in sterile water. The plants were placed
individually in pots containing sterile Peat Moss

‘Valencia’ orange ‘Volkameriana’

randomized
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Nahrstoffarmer Agar (SNA) y PDA. Se hicieron
preparaciones semipermanentes con glicerina al
50% de ocho aislados del hongo y cinco repeti-
ciones por aislado. Las estructuras se examinaron
en un microscopio compuesto (Nikon SMZ800°,
EE. UU.) con camara digital integrada, usando el
objetivo de 40x para tomar fotografias, las cuales
se analizaron con el programa Motic Imagen v. 3.0
(Motic Group, 2018) para realizar la caracteriza-
cion cualitativa (forma) y cuantitativa (largo por
ancho) de 50 macroconidos, 50 microconidos y 20
clamidosporas por preparacion. Los ocho aislados
fngicos presentaron las mismas caracteristicas
morfologicas, en consecuencia, se decidi6 trabajar
con un solo aislado para posteriores estudios.

Prueba de patogenicidad. Para determinar el po-
tencial infectivo del aislado fungico en citricos,
se inocularon en tres variedades de 14 meses de
edad: naranja ‘Valencia’ portainjerto ‘Volkameria-
no’ (T4), mandarina ‘Delicias’ portainjerto ‘Agrio’
(TS) y naranja ‘Valencia’ portainjerto ‘Agrio’ (T6),
con sus respectivos controles negativos T1, T2, T3,
con tres repeticiones cada uno, en un disefio expe-
rimental completamente al azar. Una vez montado
el ensayo en invernadero, se procedid a realizar la
inoculacion por inmersion de raices (Giiler y Giil-
diir, 2018; Herman y Perl-Treves, 2007): se extraje-
ron todas las plantas del sustrato tratando de hacer
el menor dafo posible; con agua comun se lavaron
las raices, se indujeron heridas leves en las raices
con la ayuda de tijeras para crear la via de ingreso
del aislado de Fusarium, posteriormente las raices
de las plantas se colocaron por 24 h en una suspen-
sion de conidios (1 x 10° esporas mL"). Los contro-
les negativos se sometieron al mismo método, pero
sus raices se sumergieron en agua estéril. Las plan-
tas se colocaron individualmente en macetas con
Peat Moss estéril (PRO-MIX FLEX), se mantuvie-
ron en invernadero con una temperatura diurna y
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(PRO-MIX FLEX) and kept in a greenhouse with
a day and night temperature of 39 + 2 °C and 15
+ 2 °C, respectively, and relative humidity of 40-
83%. The growth of the vegetative shoots and the
height of the plants were recorded on days 1, 15,
60, and 110 after inoculation. At 110 days after
inoculation, the microorganisms were purified
and described to check if they corresponded to the
isolate of Fusarium sp. previously inoculated, and
to confirm their pathogenicity. The isolation of the
fungus in the plant tissue was carried out by direct
seeding in PDA culture medium, according to the
method proposed by Leslie and Summerell (2006),
to comply with Koch’s postulates.

In vitro fungicide sensitivity test. Five fungicides
were evaluated at different concentrations:
Chlorothalonil (1, 5, 10, 100 and 300 mg L),
Benomyl (1, 5, 10 and 100 mg L"), Thiabendazole
(0.1, 1, 5, 10 mg L"), Bacillus subtilis (0.005,
0.05, 0.1 and 1 mg L"), and Prochloraz (1, 5 and
10 mg L), plus a negative control that consisted
of PDA medium without fungicide. Each treatment
consisted of three replications in a completely
randomized experimental design. To evaluate the
efficacy of'the fungicides, 5-day-old mycelium discs
of 5 mm in diameter were seeded in the center of
Petri dishes containing PDA culture medium mixed
with the aqueous solution of the corresponding
fungicide. All the seeded Petri dishes were labeled,
sealed, and incubated at room temperature (26 + 1
°C) under continuous darkness. The diameter of the
mycelial growth was measured every 48 h until the
negative control covered the Petri dish completely.
The percentage of inhibition was calculated using
Abbott’s formula: (Control-Treatment)/Control x
100 (Miranda-Granados et al., 2018).

DNA extraction, PCR, and sequencing. DNA
extraction was performed using the Plant DNeasy
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nocturna de 39 £2 °Cy 15 £ 2 °C, respectivamente
y humedad relativa del 40 — 83%. El crecimiento
de los brotes vegetativos y la altura de la planta se
registraron los dias 1, 15, 60 y 110 dias después
de la inoculacion. A los 110 dias, se realizd la, pu-
rificacion y descripcion del microorganismo, para
comprobar si éste correspondia al aislado de Fusa-
rium sp. previamente inoculado y confirmar su pa-
togenicidad. El aislamiento del hongo en el tejido
vegetal se realizo por siembra directa en medio de
cultivo PDA, segun la metodologia propuesta por
Leslie y Summerell (2006), para cumplir con los
postulados de Koch.

Prueba de sensibilidad a fungicidas in vitro. Se
evaluaron cinco fungicidas a diferentes concentra-
ciones: Clorotalonil (1, 5, 10, 100 y 300 mg L),
Benomil (1, 5, 10 y 100 mg L"), Tiabendazol (0.1,
1, 5, 10 mg L), Bacillus subtilis (0.005, 0.05, 0.1
y 1 mg L") y Procloraz (1, 5 y 10 mg L), mas
un testigo negativo que consistio en medio PDA
sin fungicida. Cada tratamiento consistio en tres
repeticiones y se utilizdo un disefio experimental
completamente al azar. Para evaluar la eficacia de
los fungicidas, se sembraron discos de 5 mm de
diametro de micelio con cinco dias de edad en el
centro de las cajas Petri con medio de cultivo PDA
mezclado con la solucién acuosa del fungicida co-
rrespondiente. Todas las cajas sembradas se etique-
taron, sellaron e incubaron a temperatura ambiente
(26 = 1 °C) en oscuridad continua, el diametro del
crecimiento micelial se midié cada 48 h, hasta que
el testigo negativo cubrid totalmente la caja Petri.
El porcentaje de inhibicion del crecimiento radial
del micelio se calculdé con la féormula de Abbot:
(Testigo-Tratamiento)/Testigo x 100 (Miranda-
Granados et al., 2018).

Extraccion de ADN, PCR Yy secuenciacion. La ex-
traccion de ADN se realizo con el kit Plant DNeasy
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Mini Kit (Qiagen) following the manufacturer’s
instructions. The PCR was carried out using
primers EF1-728F/EF1-986R to amplify a 320-
base pair (bp) fragment (Carbone and Kohn,
1999). The reaction mixture was prepared in a
final volume of 50 pL with PCR IX buffer, 2.5 mM
MgCl,, 0.2 mM dNTP, 0.8 uM of each oligo, 0.04
U DNA polymerase (Promega, USA), and 4 ng of
DNA. The PCR was performed in a C1000 thermal
cycler (Bio-Rad, USA). An initial denaturation
was carried out at 95 °C for 3 min, 35 cycles of
95 °C for 30 s, 54 °C for 30 s, 72 °C for 1 min,
and a final extension of 72 °C for 10 min. The
amplified products were verified by agarose gel
(1%) electrophoresis. The gel was visualized under
ultraviolet light using an M-26X transilluminator
and a GelDoc-It™ 300 imaging system (UVP,
USA). The amplified fragments were purified using
the DNA Clean & concentrator-5™ protocol (Zymo
Research, USA). The purified DNA fragments were
sent to Macrogen® for sequencing.

Phylogenetic tree. To confirm the identity of
the pathogen, the sense and antisense sequences
were aligned using the software MEGA X 10.0.5
(Kumar et al., 2018). The consensus sequence
obtained was compared with those registered in the
Basic Local Alignment Search Tools (BLAST) of
the National Center for Biotechnology Information
(NCBI). To construct the phylogenetic tree and
identify the clade where the consensus sequence
is grouped (Fusarium sp. Isolated Veracruz), the
sequences of the translation elongation factor 1
alpha (TEF-1a) of the species complex comprising
Fusarium solani, F. oxysporum, and F. citricola,
which affect citrus plants, were downloaded from
GenBank (Liu ef al.,, 2020; Sandoval-Denis et
al., 2018; Yaseen and D’Onghia, 2012), as well
as the sequences that were most similar to those
of the species under study (Table 1). The species
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Mini Kit (Qiagen), de acuerdo con las instrucciones
del fabricante. Para la PCR se utilizaron los ini-
ciadores EF1-728F/EF1-986R, que amplifican un
fragmento de 320 pares de bases (pb) (Carbone y
Kohn, 1999) y la mezcla de reaccion se prepard en
un volumen final de 50 pL, buffer de PCR IX, 2.5
mM MgCl,, 0.2 mM dNTP, 0.8 uM de cada oligo,
0.04 U DNA polimerasa (Promega, EE.UU.) y 4
ng de ADN. La PCR se llevo a cabo en un termo-
ciclador C-1000 (Bio-Rad, EE.UU.), se realiz6 una
desnaturalizacion inicial a 95 °C por 3 min, 35 ci-
clos de 95 °C por 30 s, 54 °C por 30 s, 72 °C por
1 min; y una extension final de 72 °C por 10 min.
Los productos amplificados se verificaron por elec-
troforesis en gel de agarosa al 1%. El gel se analizd
con luz ultravioleta con un transiluminador M-26X
usando un sistema de imagenes GelDoc-ItTM 300
(UVP, EE.UU.). Los fragmentos amplificados se
purificaron mediante el protocolo de DNA clean
& concentrator™- (Zymo Research, EE. UU.). Di-
chos fragmentos de ADN purificados se mandaron
a secuenciar a la empresa Macrogen®.

Arbol filogenético. Para confirmar la identidad del
patogeno, se realizo el ensamble de las secuencias
sentido y antisentido con el software MEGA X
10.0.5 (Kumar et al., 2018). La secuencia consen-
so obtenida se compar6 con aquellas registradas en
el Basic Local Alignment Search Tools (BLAST)
del National Center for Biotechnology Informa-
tion (NCBI). Para realizar el arbol filogenético e
identificar el clado donde se agrupa la secuencia
consenso (Fusarium sp. aislado Veracruz), se des-
cargaron del GenBank las secuencias del factor de
elongacion de traduccion 1 alfa (TEF-1a) del com-
plejo de especies de Fusarium solani, F. oxysporum
y F. citricola que afectan al cultivo de citricos (Liu
et al., 2020; Sandoval-Denis et al., 2018; Yaseen y
D’Onghia, 2012), asi como las secuencias que tu-
vieron mayor similitud con la especie en estudio
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Table 1. Sequences of Fusarium isolates obtained from GenBank and used in the

phylogenetic tree (Sandoval-Denis et al., 2018).

Cuadro 1. Secuencias de aislados de Fusarium obtenidas de GenBank y utilizadas
en el arbol filogenético (Sandoval-Denis ez al., 2018).

GenBank
Species Strain Host Access Number

TEF-1 a
F solani CPC 28189 Citrus sinensis LT746226
F solani CPC 27193 C. sinensis LT746222
F. solani CPC 27198 C. sinensis LT746223
F. solani CPC 27192 C. sinensis LT746221
F. macrosporum C. sinensis LT746218
F croci C. sinensis LT746216
F oxysporum CPC 28190 C. sinensis LT746206
F oxysporum CPC 27700 C. sinensis LT746203
F oxysporum CPC 27196 C. sinensis LT746202
E oxysporum CPC 27194 C. sinensis LT746201
F. citricola CPC 27813 C. reticulata LT746198
F. citricola CPC 27709 C. sinensis LT746196
F. citricola CPC 27069 C. sinensis LT746195
F citricola CPC 27067 C. limon LT746194
F. polyphialidicum Vanilla planifolia GQ425229
F. concolor KY794889

Colletotrichum truncatum (KM818513) was used
as an external group. Multiple sequence alignment
was performed using MUSCLE. The phylogenetic
tree was constructed by the Maximum Likelihood
(ML) method with 1500 bootstrap repetitions,
based on the two-parameter Kimura model and the
gamma distribution. The model used was obtained
using the model test function in the MEGA X
software.

Experimental design and statistical analysis.
The data obtained was subjected to an analysis
of variance for the variables of plant height and
percentage of inhibition of mycelial growth.
Tukey’s test for multiple comparisons of means
(P<0.05) was used for variables with significant
effect. The statistical de analysis was carried
out using the statistical package SAS 9.0 (SAS
Institute, 2002).
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(Cuadro 1). Se utilizd como grupo externo a la es-
pecie Colletotrichum truncatum (KM818513). El
alineamiento multiple de secuencias se realizé con
MUSCLE. El arbol filogenético se obtuvo mediante
el método de Maximum Likelihood (ML) con 1500
repeticiones de bootstrap, basado en el modelo de
Kimura de dos parametros y distribucion gamma.
El modelo utilizado se obtuvo mediante una prueba
de modelos con el software MEGA X.

Diseifio experimental y analisis estadistico. A par-
tir de los datos obtenidos, se realizd un analisis de
varianza para las variables de altura de la planta y
porcentaje de inhibicion en el crecimiento mice-
lial con el disefio experimental completamente al
azar, asi como una comparacion multiple de medias
Tukey (P<0.05) para variables cuyo efecto fue sig-
nificativo, en el cual se usé el paquete estadistico
SAS 9.0 (SAS Institute, 2002).
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RESULTS AND DISCUSSION

Morphological identification. FEight isolates
were obtained. They presented a circular border,
white and orange mycelium with a diameter of 2.6
cm after three days of growth in PDA medium.
Macroconidia with two to three septa were
observed in CLA medium, with the dorsal side
more curved than the ventral side and measuring
16-30 x 3—6 pm. The microconidia presented zero
or one septum, oval in shape, 9-17 x 3—5 um in
size. In CLA medium, chlamydospores measured
6—10 x 610 um, and pale yellow sporodochia were

formed (Figure 2). According to the molecular and

RESULTADOS Y DISCUSION

Identificacion morfolégica. Se aislaron ocho ais-
lados, los cuales presentaron un borde circular, mi-
celio de color blanco y anaranjado, con un diame-
tro de 2.6 cm de tres dias de crecimiento en medio
PDA. En medio CLA se observaron macroconidios
con dos a tres septos, con el lado dorsal mas curvo
que el ventral y midieron de 16-30 x 3—6 pm. Los
microconidios presentaron entre cero y un septo,
de forma oval, de 9—17 x 3—5 pum. En medio CLA,
las clamidosporas midieron 6—10 x 6—10 pm y se
formaron esporodoquios de color amarillo pali-
do (Figura 2). De acuerdo con las caracteristicas

Figure 2. Fusarium sp. isolated from ‘Valencia’ orange tree (Citrus sinensis). A) Growth of Fusarium sp. in SNA medium; B)
in CLA medium; C) in PDA; D) macroconidia; E) microconidia; F) chlamydospores.

Figura 2. Fusarium sp. aislado de naranjo ‘Valencia’ (Citrus sinensis). A) Crecimiento de Fusarium sp., en medio SNA, B) en
medio CLA, C) en PDA, D) macroconidios, E) microconidios y F) clamidosporas.
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morphological characteristics observed here, the
eight isolates correspond to the genus Fusarium
(Leslie and Summerell, 2006). The fungal isolates
presented the same morphological characteristics.
Consequently, it was decided to work with a single
isolate in subsequent studies.

Pathogenicity test. Ten days after inoculation,
all plants that were in contact with the spore
suspension exhibited wilt symptoms on vegetative
shoots. Sandoval-Denis et al. (2018) reported that
Fusarium sarcochroum causes regressive death in
lemon and mandarin branches in Italy and Spain.
In the present study, the inoculated plants showed
little growth of the root system and a brown or dark
reddish-brown coloration in the vascular bundle.
This partially agrees with what was reported by
Hannachi et al. (2015), who observed a reduction
in growth and a limited number of roots in citrus
plants inoculated with Fusarium oxysporum f. sp.
citri, three weeks after inoculation. The fungus was
isolated from root tissue with vascular necrosis,
fulfilling Koch'’s postulates (Figure 3).

The non-inoculated treatments of Valencia’
orange ‘Volkameriana’ rootstock (T1), ‘Delicias’
mandarin ‘Sour’ rootstock (T2), and ‘Valencia’
orange ‘Sour’ rootstock (T3), had a height of
103 to 112 cm 110 days after inoculation, while
the inoculated treatments (T4, TS5, and T6) were
between 85 and 93 cm in height. This meant a
16.9-17.4% reduction in height compared with the
non-inoculated treatments (Figure 4). These results
indicate that the pathogen can affect the growth of
citrus plants, which agrees with the results reported
by Baysal-Gurel and Cinar (2015) on grapefruit
trees infected with F. oxysporum, which showed
reduced vigor and foliage chlorosis.

Fungicide sensitivity test. The analysis of

variance showed significant differences between
the treatments. The treatments that inhibited

ONLINE PUBLICATION, JANUARY 2022

culturales y morfologicas aqui observadas, los ocho
aislados corresponden al género Fusarium (Leslie
y Summerell, 2006). Asimismo, los aislados fungi-
cos presentaron las mismas caracteristicas morfo-
logicas, en consecuencia, se decidio trabajar con un
solo aislado para posteriores estudios.

Prueba de patogenicidad. Diez dias después de
la inoculacidn, todas las plantas que estuvieron en
contacto con la suspension de esporas exhibieron
sintomas de marchitez en los brotes vegetativos.
Sandoval-Denis et al. (2018) reportaron que Fu-
sarium sarcochroum causa muerte regresiva en
ramas de limon y mandarina, en Italia y Espana.
Por otra parte, las plantas inoculadas presentaron
escaso crecimiento en el sistema radical y en el haz
vascular se observd una coloracion marrén o café
rojizo oscuro. Lo cual concuerda parcialmente con
lo reportado por Hannachi et al. (2015) quienes ob-
servaron una reduccion de crecimiento y niimero
limitado de raices en plantas de citricos inoculados
con Fusarium oxysporum f. sp. citri, tres semanas
después de la inoculacion. A partir de tejido de raiz
con necrosis vascular, se logrd aislar el hongo y
cumplir con los postulados de Koch (Figura 3).

Los tratamientos no inoculados de naranja ‘Va-
lencia’ portainjerto ‘Volkameriano’ (T1), manda-
rina ‘Delicias’ portainjerto ‘Agrio’ (T2) y naranja
“Valencia’ portainjerto ‘Agrio’ (T3), tuvieron una
altura de 103 a 112 cm a los 110 dias después de
la inoculacion, mientras que los tratamientos ino-
culados (T4, TS y T6) presentaron una altura entre
85 y 93 cm, esto significo una reduccion del 16.9
al 17.4% de la altura respecto a los tratamientos no
inoculados (Figura 4). De acuerdo con los resulta-
dos, se concluy6 que el patdogeno tiene la capacidad
de afectar el crecimiento de los citricos. Lo cual
concuerda con lo reportado por Baysal-Gurel y Ci-
nar (2015) para arboles de pomelo infectados con
F. oxysporum, los cuales mostraron un reducido vi-
gor y clorosis en el follaje.
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Figure 3. A) Root system of non-inoculated ‘Valencia’ ‘Volkameriana’ rootstock plants (left) vs ‘Valencia’ orange
‘Volkameriana’ rootstock inoculated with Fusarium sp. (right); B) necrosis in the vascular system of the inoculated
plant; C) recovery of the inoculated isolate in citrus plants; D) microconidia of the recovered isolate.

Figura 3. A) Sistema radical de plantas de naranja ‘Valencia’ portainjerto ‘Volkameriano’ no inoculado (izquierda) vs
naranja ‘Valencia’ portainjerto ‘Volkameriano’ inoculado con Fusarium sp. (derecha), B) necrosis en el sistema
vascular en la planta inoculada, C) recuperacion del aislado inoculado en citricos y D) microconidios del aislado

recuperado.

mycelial growth were thiabendazole, B. subtilis,
and prochloraz (Table 2). Thiabendazole inhibited
100% of mycelial growth starting at a concentration
of 5 mg L. These results are similar to those
reported by Yossen and Conles (2014), who
reported that thiabendazole had 99.8% efficacy
in the control of F. oxysporum at 4 mg L' under
in vitro conditions. B. subtilis presented 100%
inhibition from 1 mg L-1 and Romero-Velazquez
et al. (2015) found that B. subtilis inhibited
100% of the growth of F. oxysporum starting at a
concentration of 0.01 mg L-'. The difference in the
sensitivity to B. subtilis between the present study
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Prueba de sensibilidad a fungicidas. El anali-
sis de varianza mostr6 diferencias significativas en
los tratamientos. Los tratamientos que inhibieron
el crecimiento micelial fueron, tiabendazol, B. sub-
tilis y procloraz (Cuadro 2). Tiabendazol inhibio
100% del crecimiento micelial a partir de 5 mg L.
Lo cual es similar a lo reportado por Yossen y Con-
les (2014) quienes detectaron con tiabendazol un
99.8% de eficacia en el control de F. oxysporum a 4
mg L' en condiciones in vitro. B. subtilis presentd
100% de inhibicién a partir de 1 mg L' y Romero-
Velazquez et al. (2015) encontraron que B. subtilis
inhibié 100% a F. oxysporum a partir de 0.01 mg
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Figure 4. Height of citrus plants inoculated with Fusarium sp. 110 days after inoculation. T1, T4: ‘Valencia’ orange
‘Volkameriana’ rootstock; T2, T5: ‘Delicias’ mandarin ‘Sour’ rootstock; T3, T6: ‘Valencia’ orange ‘Sour’
rootstock. Means with different letters are statistically different (Tukey, P< 0.05).

Figura 4. Altura de las plantas de citricos inoculados con Fusarium sp., a los 110 dias después de la inoculacion. T1, T4:
naranja ‘Valencia’ portainjerto ‘Volkameriano’; T2, TS: mandarina ‘Delicias’ portainjerto ‘Agrio’; T3, T6:
naranja ‘Valencia’ portainjerto ‘Agrio’. Medias con letras distintas son estadisticamente diferentes (Tukey, P<
0.05).

Table 2. Percentage of inhibition of the mycelial growth of Fusarium sp. treated with fungicides and B. subtilis.
Cuadro 2. Porcentaje de inhibicion en el crecimiento micelial de Fusarium sp. tratado con fungicidas y B. subtilis.

Co?gfgngﬁ;lon Control Chlorothalonil Benomyl Thiabendazole B. subtilis Prochloraz
0.0 h*
0.005 81.0 be
0.05 82.3 be
0.1 0.0h 80.6 be
1 243 ¢ 10.0 h 333 gf 100.0 a 75.3 dc
5 36.6 gf 73.0 dce 100.0 a 84.6 be
10 40.6 £ 74.0 dce 100.0 a 92.3 ba
100 613¢e 85.3 be
300 62.0 de
DMSHY 13.6
CV=(%) 6.7
Media 64.8

*Means with different letters are statistically different (Tukey, P<0.05). YDMSH: honest minimum significant difference;
“CV: coefficient of variation. / *Medias con letras distintas son estadisticamente diferentes (Tukey, P<0.05). YDMSH:
diferencia minima significativa honesta; “CV: coeficiente de variacion.
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and the study of Romero-Velazquez et al. (2015)
may be due to the different strains of B. subtilis
used in each study. It is possible that the fungi
belong to different Fusarium species or that the
isolates used in the present study are resistant to
B. subtilis (Bardin et al., 2015). Further studies are
required to corroborate these assumptions.

Similar studies have found that B. subtilis
isolates produce substances such as ammonia
and indole acetic acid (IAA), which inhibit the
mycelial growth of F. oxysporum (Mohammed et
al., 2019; Sharifi and Ramezani, 2003). Prochloraz
inhibited 92% of mycelial growth starting at a
concentration of 10 mg L. These results agree
with those reported by Song et al. (2004), who
found that the most effective fungicides for
inhibiting the mycelial growth of F. oxysporum
were prochloraz and carbendazim. Similar results
showed that prochloraz inhibited 100% of the
growth of F. oxysporum under in vitro conditions
at a concentration of 100-1000 mg L' (Romero-
Velazquez et al., 2015). Amini and Sidovich
(2010) demonstrated that under field conditions
the application of 10 mg L' of bromuconazole and
prochloraz completely reduced the severity of the
disease caused by F. oxysporum f. sp. lycopersici,
causative agent of vascular wilt in tomato.

Molecular identification and phylogenetic tree.
BLASTN searches using partial TEF1 sequences
from the pathogenic isolate showed 98.7% similarity
to F polyphialidicum (accession No. GQ425229).
The phylogenetic tree yielded four highly
contrasting lineages, three of which corresponded
to the species complex formed by £ oxysporum, F.
citricola, and F. solani, currently known as citrus
pathogens (Liu ef al., 2020; Sandoval-Denis ef al.,
2018; Yaseen and D’Onghia, 2012). The fourth
lineage grouped Fusarium sp. isolated Veracruz,
F. polyphialidicum, and Fusarium cf. concolor
(Figure 5).
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L. La diferencia encontrada en la sensibilidad a B.
subtilis en este estudio y la reportada por Romero-
Velazquez et al. (2015), puede deberse a las cepas
de B. subtilis utilizadas en los estudios, los hongos
pertenecen a diferentes especies de Fusarium o el
aislado de esta investigacion puede presentar resis-
tencia a B. subtilis (Bardin et al., 2015), aunque es
preciso realizar mas estudios para corroborar di-
chos supuestos.

Estudios similares han encontrado que los ais-
lados de B. subtilis producen sustancias como el
amoniaco y acido indol acético (IAA) que inhiben
el crecimiento micelial de F. oxysporum (Moham-
med et al., 2019; Sharifi y Ramezani, 2003). Pro-
cloraz inhibi6 92% del crecimiento micelial a partir
de 10 mg L. Estos resultados concuerdan con lo
reportado por Song et al. (2004), donde encontra-
ron que los fungicidas mas efectivos para inhibir el
crecimiento micelial de F. oxysporum fueron pro-
cloraz y carbendazim. Resultados similares mos-
traron que procloraz inhibio 100% a F. oxysporum
en condiciones in vitro a una concentracion de 100
- 1000 mg L' (Romero-Velazquez et al., 2015).
Mientras que, en condiciones de campo, Amini y
Sidovich (2010) demostraron que la aplicacion de
10 mg L' de bromuconazole y procloraz, reduje-
ron completamente la severidad ocasionada por F.
oxysporum f. sp. lycopersici, agente causal de la
marchitez vascular en jitomate.

Identificacion molecular y arbol filogenético.
Busquedas en BLASTN usando secuencias par-
ciales TEF1 del aislado patogénico, generd 98.7%
de similitud con F. polyphialidicum (No. de ac-
cesion GQ425229). El arbol filogenético arrojo
cuatro linajes altamente contrastantes, de los cua-
les, tres correspondieron al complejo especies de
F. oxyporum, F. citricola y F. solani, actualmente
conocidos como agentes patogenos de citricos (Liu
et al.,, 2020; Sandoval-Denis et al., 2018; Yaseen
y D’Onghia, 2012). Mientras que el cuarto linaje
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Fusarium citricola CPC 27067 (LT746194)
Fusarium citricola CPC 27709 (LT746196)
Fusarium citricola CPC 27813 (LT746198)
Fusarium citricola CPC 27069 (LT746195)
Fusarium oxysporum CPC 27700 (LT746203)
Fusarium oxysporum CPC 27194 (LT746201)
Fusarium oxysporum CPC 27196 (LT746202)
Fusarium oxysporum CPC 28190 (LT746206)
Fusarium cf. concolor (KY794889)

Fusarium polyphialidicum (GQ425229)
Fusarium sp. Veracruz (MW438335)
Fusarium solani CPC 28189 (LT746226)
Fusarium macrosporum (LT746218)
Fusarium croci (LT746216)

Fusarium solani CPC 27198 (LT746223)
Fusarium solani CPC 27192 (LT746221)
Fusarium solani CPC 27193 (LT746222)
Colletotrichum truncatum (KM818513)

Figure 5. Phylogenetic tree based on the comparison of the sequences of the TEF-1a of Fusarium species. Maximum Likelihood
(ML) with 1500 bootstrap repeats, based on the two-parameter Kimura model and the gamma distribution. The
isolate under study is Fusarium sp., isolated in Veracruz. The accession numbers of the sequences registered in the

NCBI database are indicated in parentheses.

Figura 5. Arbol filogenético basado en la comparacién de las secuencias del TEF-1a de especies de Fusarium. Maximum
Likelihood (ML) con 1500 repeticiones de bootstrap, basado en el modelo de Kimura de 2 parametros y distribucion
gamma. El aislado de estudio es Fusarium sp. aislado Veracruz. Entre paréntesis se indican los nimeros de acceso
de las secuencias registradas en la base de datos del NCBI.

CONCLUSIONS

The morphological characterization, molecular
identification, and pathogenicity tests confirm that
Fusarium sp., and possibly F. polyphialidicum, is
the causal agent of vascular wilt in citrus plants
from Papantla, Veracruz. The symptoms presented
by infected citrus trees were apical bud wilting,
growth retardation, decreased number of roots, and
necrosis of the vascular system. All three varieties
of citrus plants were affected by the pathogen. The
fungicides with the highest efficacy in inhibiting
mycelial growth were thiabendazole (100%), B.

ONLINE PUBLICATION, JANUARY 2022

agrupd a Fusarium sp. aislado Veracruz, F. po-
lyphialidicum y Fusarium cf. concolor (Figura 5).

CONCLUSIONES

De acuerdo con la caracterizacion morfologica, la
identificacion molecular y las pruebas de patogeni-
cidad, se confirma a Fusarium sp., posiblemente F.
polyphialidicum como agente causal de la marchi-
tez vascular de los citricos en Papantla, Veracruz.
Los sintomas que presentaron los arboles de citricos
infectados fue marchitez de brote apical, retraso de
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subtilis (100%) and prochloraz (92%) under in
vitro conditions.
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