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ABSTRACT

Fusarium tucumaniae and F. virguliforme are the primary etiological agents of sudden-death syndrome (SDS) of soybean in
Argentina and the United States, respectively. Five isolates of F. tucumaniae and four isolates of F. virguliforme were tested for relative
aggressiveness to soybean, using a toothpick inoculation method and two versions of a soil infestation inoculation method. Partially
resistant soybean cultivar RA629 and susceptible cultivar A6445RG were inoculated separately with each of the nine isolates. Two
experiments for each inoculation method were performed. Analysis of variance identified a significant three-way interaction of soybean
cultivar*experiment*SDS pathogen (P =0.01) using the different methods. When the two soil infestation methods were used, . virguliforme
was more aggressive than F. tucumaniae; however, when using the toothpick method, isolates of . virguliforme and F. tucumaniae were
equally aggressive. Although all three methods discriminated levels of partial resistance of the genotypes to SDS, results of the present
study indicated that soil inoculations with sorghum infested grain represent the best method for evaluating soybean cultivar resistance to
SDS. The existence of interactions among the host, pathogen and environmental conditions highlights the need for additional studies to
improve the reproducibility of tests for screening soybean germplasm for resistance to SDS.
Key words: Glycine max, Argentina, pathogenicity, SDS, United States.

RESUMO
Comparacio de métodos de inoculagiio para a caracterizacio de agressividade relativa de dois agentes etiolégicos da sindrome da
morte subita de soja, Fusarium tucumaniae e F. virguliforme

Fusarium tucumaniae e F. virguliforme sao agentes etioldgicos primarios da sindrome da morte subita (sudden death syndrome -
SDS) de soja na Argentina e nos Estados Unidos, respectivamente. Cinco isolados de F. tucumaniae e quatro isolados de F. virguliforme
foram testados para agressividade relativa a soja, usando-se o método de ponta de palito de dente e duas versdes do método de inoculagdo
com solo infestado. A cultivar de soja parcialmente resistente RA629 e a cultivar suscetivel A6445RG foram inoculadas separadamente
com cada um dos nove isolados. Dois experimentos para cada método de inoculagdo foram realizados. A analise da variancia identificou
uma interagao tripla significativa entre cultivar*experimento*patogeno SDS (P =0,01), usando-se os trés métodos. Quando os métodos de
infestacdo de solo foram utilizados, F. virguliforme foi mais agressivo que F. tucumaniae. Entretanto, quando foi usado o método do palito
de dente, isolados de F. virguliforme e F. tucumaniae foram igualmente agressivos. Embora os trés métodos testados tenham discriminado
niveis de resisténcia parcial dos gendtipos a SDS, resultados do presente estudo indicam que inoculagdes no solo com graos de sorgo
infestados representam o melhor método para avaliagdo de resisténcia de cultivares de soja a SDS. A existéncia de interagdes entre o
hospedeiro, patéogeno e condi¢cdes de ambiente destaca a necessidade de estudos adicionais para melhorar a reprodutibilidade de testes de
selecdo de germoplasmas de soja para resisténcia a SDS.
Palavras-chave: Glycine max, Argentina, patogenicidade, SDS, Estados Unidos.

INTRODUCTION 1989) and several South American countries (Nakajima et

al., 1996; Wrather et al., 1997; O’Donnell et al., 2010). Prior

Sudden death syndrome (SDS) of soybean (Glycine to the recognition that four closely related Fusarium spp.

max (L.) Merr.) has been reported in North America (Rupe, can induce soybean SDS, based on detailed morphological
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and molecular phylogenetic analyses (Aoki et al., 2003,
2005), the SDS pathogens were typically reported in the
literature as Fusarium solani f. sp. glycines. However, it is
now recognized that SDS is caused by F. virguliforme within
the U.S. and Canada, whereas in Argentina it is caused by at
least four Fusarium species: F. tucumaniae, F. virguliforme,
F brasiliense, and an undescribed Fusarium spp. (Aoki et
al., 2005; O’Donnell et al., 2010). Fusarium tucumaniae is
the dominant species in Argentina, comprising over three-
quarters of the SDS isolates genotyped, with F. virguliforme
forming a comparatively small percentage of the SDS
pathogens sampled (O’Donnell et al., 2010). Results of the
latter survey revealed that these two pathogens both occur
in the same soybean core-producing provinces of Buenos
Aires and Santa Fe.

SDS foliar symptoms are thought to be induced by
a low molecular weight toxin (Jin et al., 1996) and include
mottling of leaves on the upper part of the plant, interveinal
chlorosis, necrosis and defoliation (Hartman et al., 1999).
Additional symptoms include root rot, crown rot, vascular
discoloration of the stem, pod abortion and red coloration
on the basal stems, although the pith remains white. In
addition, blue to yellow sporulation of the pathogen on the
taproots is frequently observed.

Because soybean germplasm exhibits various levels
of resistance to F. virguliforme, increasing resistance to F.
virguliforme and F. tucumaniae is an important objective
of soybean cultivar development. Screening for SDS
resistance has been conducted under field conditions, both
in natural (Rupe, 1991, 1995; Wrather et al., 1995) and
artificially infested soil (Melgar et al., 1994; Scherm &
Yang, 1996). Even when cultivars are screened in artificially
infested soil, disease incidence is unpredictable due to the
sensitivity of symptomology to environmental factors
(Schuerger & Mitchell, 1993; Rupe et al., 1996; Farias Neto
et al, 2008). Methods for assessing aggressiveness (i.c.,
amount of disease induced) in greenhouse studies include
using soil infestation by growing the pathogen on sorghum
grain (Hartman et al., 1997, 1999; Huang & Hartman, 1998;
Cho et al., 2001; Rupe et al., 2001; Mueller et al., 2002a,
2002b, 2003; Aoki et al., 2005; Farias Neto et al., 2008;
Franco et al., 2009), oat seeds (Scherm & Yang, 1996),
sand-cornmeal (Melgar et al., 1994; Gray & Achenbach,
1996; Gray et al., 1999; Njiti et al., 2001), culture filtrates
(Jin et al., 1996; Li et al., 1999), inoculation via a toothpick
method (Melgar & Roy, 1994; Arruda et al., 2005),
colonized agar plugs (Rupe, 1989), a detached leaf method
(Franco et al., 2009) and conidial suspensions (Rupe et
al., 1996; Njiti et al., 2001). Development of an accurate
disease scoring method for screening resistance to these
pathogens, in a rapid and uniform way in the greenhouse,
is crucial for developing soybean cultivars with broad-
based resistance to the SDS pathogens. Although various
inoculation methods for testing relative aggressiveness of
F. virguliforme isolates and evaluating soybean response
to the pathogen within a greenhouse have been reported,
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little information is available regarding direct comparisons
of the aggressiveness of F. virguliforme and F. tucumaniae
isolates in soybean. Thus, the present study was initiated to
assess the relative aggressiveness of F. fucumaniae and F.
virguliforme isolates on partially resistant and susceptible
soybean cultivars, using three greenhouse inoculation
methods.

MATERIALS AND METHODS

Fungal isolates

SDS symptomatic plants were sampled from different
fields in the provinces of Buenos Aires and Santa Fe, the core
soybean-production areas of Argentina, in 2002 and 2003.
As soon as plants were removed from the ground, the roots
were cleaned, wrapped separately in moist newspaper, and
then incubated at 10°C in the dark to promote sporulation.
Plants were examined macroscopically each day for signs of
sporulation. To confirm that the fungus was a Fusarium spp.
causing SDS, blue, green and yellowish conidial masses
were mounted in water on microscope slides and examined
microscopically (Roy, 1997). Isolates of SDS-causing
Fusarium spp. were obtained using potato dextrose agar
(Laboratorios Britania S.A.) amended with streptomycin,
(100 mg/L; PDAS) (Singleton et al., 1993). For this purpose
macroconidia morphologically similar to the SDS-causing
Fusarium spp. were transferred to sterilized distilled
water on a sterile microscope slide and then streaked onto
PDAS plates, which were incubated at 25°C in the dark.
To exclude fast growing non-SDS members of the F. solani
species complex, colony growth rate was recorded and only
isolates with a colony diameter of <2 cm after 4 days were
retained (Scandiani et al., 2003). All of the isolates were
pure cultures obtained by the dilution plate method.

Isolates were identified using morphology and
molecular phylogenetics (Scandiani et al., 2003, 2004; Aoki
et al., 2005; O’Donnell et al., 2010) (Table 1). Based on
these analyses, five isolates of F. tucumaniae NRRL 34546,
F. tucumaniae NRRL 34547, F. tucumaniae NRRL 34548,
F. tucumaniae NRRL 34549 and F. tucumaniae NRRL
34550, and three isolates of F virguliforme NRRL 34551,
F virguliforme NRRL 34552, and F. virguliforme NRRL
34553, were selected for the aggressiveness experiment.
Isolate 171 of F. virguliforme, kindly provided by Dr. John
C. Rupe (University of Arkansas), was used as a positive
control for pathogenicity to soybean.

Inoculum production

Soil infestation. Inoculum of the eight isolates, plus strain
171, was prepared by soaking 200 g of sorghum grain in 400
mL distilled water in a 1-liter Erlenmeyer flask overnight.
Excess water was decanted, after which the grain was
autoclaved for 60 min at 121°C on two consecutive days
(Huang & Hartman, 1998; Mueller et al., 2003). Once
cooled, each sterilized sorghum grain-containing flask was
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TABLE 1 - Source of Fusarium virguliforme and F. tucumaniae isolates tested for relative aggressiveness on two soybean cultivars using

infested soil and toothpick inoculation methods

Species NRRL* Geographic origin Host Equivalent number”
Fusarium virguliforme 34551 Argentina, Buenos Aires, San Pedro  Glycine max CCC-101-03=LP
Fusarium virguliforme 34552 Argentina, Santa Fe, Serodino Glycine max CCC-102-03 =M5
Fusarium virguliforme 34553 Argentina, Santa Fe, Serodino Glycine max CCC-103-03 = M6
Fusarium virguliforme — USA, Arkansas Glycine max 171
Fusarium tucumaniae 34546 Argentina, Buenos Aires, Arrecifes Glycine max CCC-12502=3-2
Fusarium tucumaniae 34547 Argentina, Santa Fe, Las Parejas Glycine max CCC12602=81
Fusarium tucumaniae 34548 Argentina, Santa Fe, Las Parejas Glycine max CCC-12702 =8-2
Fusarium tucumaniae 34549 Argentina, Buenos Aires, Pérez Glycine max CCC-129-02 = Wk-2
Millan
Fusarium tucumaniae 34550 Argentina, Santa Fe, Pujato Glycine max CCC-128-02 = Pujato

INRRL, Agriculture Research Service Culture Collection, National Center for Agricultural Utilization Research, USDA/ARS, Peoria, IL, USA
*CCC, CEREMIC Culture Collection, Centro de Referencia de Micologia, Facultad de Ciencias Bioquimicas y Farmacéuticas, UNR, Rosario,

Argentina.

inoculated with 5 mycelial plugs (5 mm in diameter) from a
potato dextrose agar culture of one of the nine SDS isolates.
Cultures were incubated in complete darkness for 15 days
at 25°C.

Toothpick method. To obtain inoculum for the aggressiveness
experiment using the toothpick method, 12 mm long
toothpicks were boiled for 15 min in three consecutive
changes of distilled water, dried and placed, sharpened end
up, in holes made in a 90 mm diameter filter paper. The
toothpicks were then placed in a petri dish and autoclaved
for 20 min at 121°C. Twenty mL of melted PDAS was added
to each toothpick-containing petri dish. Once solidified, the
PDAS plates were inoculated with five mycelial plugs (6 mm
in diameter) of one of the SDS isolates and then were incubated
at 25°C in the dark for 15 days.

Soybean cultivars. Two commercial soybean cultivars were
used in the aggressiveness experiment: RA629, derived
from the cultivar Forrest (Huang & Hartman, 1998) which
is partially resistant to SDS, and A6445RG, previously
determined to be susceptible to SDS (Scandiani et al., 2004;
Lenzi et al., 2005). Both cultivars were of the same maturity
group and had similar growth habit.

Inoculation methods

Soil infestation method. Soil used in this study was
previously treated with methyl bromide (MB) (Melgar et
al., 1994). The two soil infestation inoculation methods
differed by the type of container used: plastic pots, 8 x 11
cm, filled with 150 g of soil or tray containers in which each
small pot was filled with 70 grams of soil (4 x 5.5 cm). Soil
was infested by placing colonized sorghum grain below
soybean seeds at planting. Three grams of infested sorghum
grain was distributed as a layer in each pot and then covered

Tropical Plant Pathology 36 (3) May - June 2011

with a 2-cm layer of soil. Next, three soybean seeds were
planted in each pot and one in each pot of the tray container,
and were covered with 2 cm of soil.

Toothpick method. The inoculation technique used was a
modification of the toothpick method reported by Keeling
(1982). Twenty five seeds were sown in disinfested soil in
18-cm diameter plastic pots and subsequently thinned to
twenty seedlings per pot. Seedlings were inoculated 7 days
after planting by inserting a toothpick tip overgrown with
mycelia of one of the isolates in each hypocotyl 1 cm below
the cotyledons. Seedlings were placed in a moist chamber
and incubated for 5 days prior to being transferred to a
greenhouse.

The experiments were performed during spring
2003 (Experiment 1) and replicated in early summer
2003 (Experiment 2). The experiments were conducted
at 28 + 3°C with natural photoperiod and natural light
intensity and terminated 30 days after inoculation. Soil
was watered to saturation after planting and maintained at
near water-holding capacity. Noninfested sorghum grains
and toothpicks were used as negative controls, for the
soil infestation and toothpick inoculation experiments,
respectively.

Disease ratings

Soil infestation method. Foliar disease severity was rated
30 days after sowing. Plant assessments were made using a
foliar disease severity scale, where 1 = no symptoms (0%
foliage affected); 2 = slight symptom development with
mottling and mosaic on leaves (1-20% foliage affected);
3 = moderate symptom development with interveinal
chlorosis and necrosis on foliage (21-50% foliage affected);
4 = heavy symptom development with interveinal chlorosis
and necrosis (51-80% foliage affected); and 5 = severe
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interveinal chlorosis and necrosis
affected) (Huang & Hartman, 1998).

(81-100% foliage

Toothpick method. The incidence of plants with stem and
foliar disease symptoms was rated on a weekly basis. From
the multiple disease incidence ratings, the area under disease
progress curve (AUDPCi) was calculated.

Experimental design and data analysis. For the soil
infestation methods, for a given experiment, there were 3
replications of three seeds in four plastic pots (a total of
thirty six seeds), and 3 replications of one seed in each
of 12 small pots of the tray container (a total of thirty six
seeds) were planted for each combination of cultivar and
pathogen. To compare foliar disease severity ratings, the
scale was converted to percentages using the midpoint
value where 1 = 0%, 2 = 10%, 3 =35%, 4 = 65%, and 5 =
90% (Huang & Hartman, 1998). For the toothpick method,
there were two replications of 25 seeds, planted per each
combination of cultivar and pathogen and, after emergence,
thinned to twenty plants (a total of 40 seedlings). The
effects of cultivar, fungal species, isolate (nested within
fungal species) (fixed effects), experiment (random effect)
and their interactions were evaluated for analysis of variance
(mixed model ANOVA). Means were separated according to
Fisher’s protected least significance difference (LSD) at 5%
probability, using the R Development Core Team (2008).

RESULTS

All isolates of F. virguliforme and F. tucumaniae
tested produced typical SDS foliar symptoms, which

included mottling, mosaic, interveinal chlorosis and necrosis.
Seedlings inoculated via the toothpick method developed
a necrotic lesion around the point of inoculation, and
mosaic on the upper leaves 10 days after inoculation.
With the soil infestation method, the first foliar symptoms
were observed 10 days after inoculation in older leaves
as chlorotic spots followed by interveinal chlorosis.

Inoculation via soil infestation method in plastic pots

Analysis of variance identified a significant three-
way interaction of soybean cultivar*experiment*fungal
species (P = 0.055) (Table 2). In both experiments F.
virguliforme was more aggressive than F. tucumaniae
and soybean cultivar A6445RG was more susceptible
than RA629. In both experiments, F. virguliforme
strain NRRL 34551 was the most aggressive isolate
on cultivar RA629, followed by F. virguliforme strains
NRRL 34552 and 171, which were equally aggressive,
and F. virguliforme NRRL 34553, which was the
least aggressive. By way of contrast, F. virguliforme
NRRL 34552 was the most aggressive isolate on
cultivar A6445RG in both experiments, followed by
F. virguliforme isolates NRRL 34551 and 171 which
were equally aggressive, and F virguliforme NRRL
34553, which was the least aggressive. In experiment 1,
differences in aggressiveness among the F. tucumaniae
isolates were observed. F. tucumaniae NRRL 34546 was
the most aggressive isolate of this species on cultivar
RA629; however, F. tucumaniae NRRL 34548 was the
most aggressive on cultivar A6445RG. In experiment 2,
no significant differences in aggressiveness among the F.
tucumaniae isolates were observed.

TABLE 2 - Percent mean foliar disease severity on soybean cultivars RA629 (resistant) and A6445RG (susceptible) in experiments 1 and
2 inoculated with Fusarium virguliforme or F. tucumaniae using infested soil in pots

Mean foliar severity*

Experiment 1

Experiment 2

RA629 A6445RG RA629 A6445RG

Fusarium virguliforme

171 2350 43.6b 31.8b 50.1b
NRRL 34551 35.1a 463D 404 a 493D
NRRL 34552 26.5b 789 a 33.1b 574a
NRRL 34553 11.5¢ 222c¢ 283 ¢ 358¢c
Fusarium tucumaniae

NRRL 34546 14.0a 213D 4.6a 11.0a
NRRL 34547 4.7b S54c¢ 35a 115a
NRRL 34548 5.0b 27.1a 29a 125a
NRRL 34549 6.3b 20.8b 44a 11.0a
NRRL 34550 22b 22¢ 79 a 129a

*Mean foliar disease severity ratings of 36 plants for each isolate and two soybean cultivars were based on a scale of 1 to 5 where, 1 =no symptoms
(0% foliage affected); 2 = slight symptom development with mottling and mosaic on leaves (1-20% foliage affected); 3 = moderate symptom
development with interveinal chlorosis and necrosis on foliage (21-50% foliage affected); 4 = heavy symptom development with interveinal
chlorosis and necrosis (51-80% foliage affected); and 5 = severe interveinal chlorosis and necrosis (81-100% foliage affected) (12). To compare
foliar disease severity ratings, data were converted to percent using the midpoint value where 1 = 0%, 2 =10%, 3 =35%, 4 = 65%, and 5 = 90%
(12). For the same experiment, cultivar and species, averages followed by the same letter do not differ according to the test.
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Inoculation via soil infestation method in tray containers

Analysis of variance identified a significant three-
way interaction of soybean cultivar*experiment*fungal
species (P = 0.01) (Table 3). In both experiments, F.
virguliforme was more aggressive than F. tucumaniae
and soybean cultivar A6445RG was more susceptible
than RA629. In experiment 1, F. virguliforme isolate 171
and NRRL 34553 were the most aggressive isolates on
cultivar A6445RG, followed by NRRL 34551 and NRRL
34552, which were equally aggressive. In experiment 2,
F. virguliforme strain 171 was the most aggressive on
cultivar A6445RG, followed by F. virguliforme NRRL
34551 and 34553, which were equally aggressive, with
F. virguliforme NRRL 34552 being the least aggressive
isolate tested. There were no significant differences in
aggressiveness among the isolates of F tucumaniae
tested.

Inoculation via toothpick method

Analysis of variance identified a significant three-
way interaction of soybean cultivar*experiment*fungal
species (P =0.01) (Table 4). In both experiments, soybean
cultivar A6445RG was more susceptible than RA629 to
both SDS pathogens (P <0.0001), and no significant effect
of the isolate within each fungal species was observed. In
experiment 1, F virguliforme was more aggressive than
F. tucumaniae on cultivar A6445RG; no differences were
observed between the two SDS pathogens on RA629. In
experiment 2, F. fucumaniae was more aggressive than F
virguliforme on both soybean cultivars.

DISCUSSION

The five isolates of . tucumaniae and the four isolates
of F. virguliforme tested all induced symptoms typical of

TABLE 3 - Percent mean foliar disease severity of soybean cultivars RA629 (resistant) and A6445RG (susceptible) in experiments 1 and
2 inoculated with Fusarium virguliforme or F. tucumaniae using infested soil in tray containers

Mean foliar severity*

Experiment 1

Experiment 2

RA629 A6445RG RA629 A6445RG

Fusarium virguliforme

171 31.1b 65.1a 26.5b 73.1a
NRRL 34551 303b 48.8b 26.1b 62.1b
NRRL 34552 289b 46.8 b 272b 532¢
NRRL 34553 48.1a 59.0a 453 a 61.0b
Fusarium tucumaniae

NRRL 34546 2.6a 4.7 a 38a 103 a
NRRL 34547 0.8a 1.7 a 5.8a 99a
NRRL 34548 0.8a 1.7a 5.1a 92a
NRRL 34549 1.9a 33a 6.4a 10.8 a
NRRL 34550 0.0a 33a 6.4a 104 a

*Mean foliar disease severity ratings of 3 groups of 12 plants for each isolate and soybean cultivar were based on a scale of 1 to 5 where, 1 =no
symptoms (0% foliage affected); 2 = slight symptom development with mottling and mosaic on leaves (1-20% foliage affected); 3 = moderate
symptom development with interveinal chlorosis and necrosis on foliage (21-50% foliage affected); 4 = heavy symptom development with
interveinal chlorosis and necrosis (51-80% foliage affected); and 5 = severe interveinal chlorosis and necrosis (81-100% foliage affected) (12).
To compare foliar disease severity ratings, data were converted to percent using the midpoint value where 1 = 0%, 2 = 10%, 3 = 35%, 4 = 65%,
and 5 =90% (12). For the same experiment, cultivar and species, averages followed by the same letter do not differ according to the test.

TABLE 4 - Area under disease progress curve of incidence (AUDPCi) caused by Fusarium virguliforme and F. tucumaniae on two
soybean cultivars (RA629, resistant, and A6445RG, susceptible) by the toothpick inoculation method in experiments 1 and 2

AUDPCi*

Experiment 1

Experiment 2

RA629 A6445RG RA629 A6445RG
Fusarium virguliforme 603.12a 2084.06 a 935310 1428.12 b
Fusarium tucumaniae 791.25a 1810.75 b 1218.00 a 1905.25 a

*Incidence of two groups of 20 plants with stem and foliar disease symptoms was rated weekly for each isolate and soybean cultivar. For multiple
disease incidence ratings, area under disease progress curve of incidence (AUDPCi) was calculated. For the same experiment, cultivar and
species, averages followed by the same letter do not differ according to the test.
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SDS in our greenhouse aggressiveness experiment, using
the toothpick method and with both variations of the soil
infestation inoculation method. Our results found that F
virguliforme was more aggressive than F. tucumaniae
using the soil infestation methods, but in one of the two
experiments, F. tucumaniae appeared to be more aggressive
than F. virguliforme when inoculated using the toothpick
method. Although foliar symptoms are theorized to be
induced by translocation into the leaves of a low molecular
weight toxin produced on or in colonized roots (Li et al.,
2009), our results suggest that a toxin may have been
produced from the inoculation point on the stems using
the toothpick method. Plants inoculated by the toothpick
method exhibited symptoms on the hypocotyls that ranged
from an external lesion up to 1 cm in diameter at the point
of inoculation to larger lesions with mottling and mosaic
on leaves, interveinal chlorosis and necrosis of foliage, and
plant death. Even though the toothpick method artificially
breaks down stem resistance barriers (Hutcheson, 1998),
our results indicated that it might be useful for predicting
shoot resistance, and for monitoring toxin production and
its translocation in soybean plants. Similar to Melgar and
Roy (1994), and Arruda et al. (2005), we were able to
distinguish levels of partial resistance of the two soybean
genotypes by using the toothpick method. Although the
toothpick inoculation method was previously scored by
measuring the stem length lesion (Melgar & Roy, 1994;
Arruda et al., 2005), disease severity was able to score for
both stem lesion and foliar symptoms development in the
current study. Using the toothpick method, F. virguliforme
was more aggressive than F. tucumaniae in experiment 1,
while in experiment 2, F. fucumaniae was more aggressive
than F. virguliforme. Although the underlying basis for this
difference is unknown, one hypothesis might be due to
sensitivity of symptomology to subtle differences in the
environmental conditions when the experiments were
conducted in the spring and early summer (Schuerger
& Mitchell, 1993; Rupe et al., 1996; Farias Neto et al,
2008).

Regardless of the inoculation method used, most
studies have reported a difference in aggressiveness of
E. virguliforme isolates (Achenbach et al., 1996; Gray
& Achenbach, 1996; Cho et al., 2001; Rupe et al., 2001;
Mueller et al., 2002a; Li et al., 2009). It is worth mentioning
that disease severity has been evaluated using culture
filtrates of F. virguliforme as well as a cut-seedling assay
(Jin et al., 1996; Huang & Hartman, 1998; Li et al., 1999).
Surprisingly, culture filtrates induced foliar symptoms
typical of SDS and yielded a disease severity ranking
comparable to a greenhouse experiment using infested
sorghum and to the results we obtained using the toothpick
method.

As previously shown, results of the present study
indicated that soil inoculations with sorghum infested
grain represented the best method for evaluating soybean
cultivar resistance to SDS, as the colonization-infection
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process appears to more closely replicate what happens
under natural field conditions (Juliatti et al., 2004). This
method induced typical SDS symptoms in all parts of the
plant, including root-rot, necrosis at the base of the stem,
interveinal chlorosis and necrosis in the shoot. In the present
study, the first foliar symptoms were observed 10 days after
inoculation in the older leaves and included chlorotic spots
followed by interveinal chlorosis. Results of the present
study clearly establish that soil inoculations with sorghum
infested grain, both in pots and containers, are effective
for pathogenic characterization of F. fucumaniae and F.
virguliforme. It is important to note, however, that artificial
inoculations via soil infestation performed in winter on the
highly susceptible soybean cv. Pioneer 9492RR failed to
detect differences in aggressiveness in the soybean SDS
pathogens (Aoki et al., 2005). There was also considerable
variability in foliar symptoms in our trials run at different
periods of the year. For example, aggressiveness of F.
tucumaniae isolates was higher in greenhouse inoculations
during the winter, and was comparable to that caused by F.
virguliforme isolates, in contrast to trials run during spring.
We attribute this difference to poor vegetative development
of the host during the winter, presumably due to the shorter
natural photoperiod and low effective heliophany. Because
the experiments were performed during different seasons,
variation in photoperiod and heliophany might have been
the most important environmental factor that affected
foliar symptoms. In relation to the infection process of F
virguliforme and the expression of SDS foliar symptoms,
there exist effective and ineffective zones of infection in
the roots (Navi & Yang, 2008). Another consideration is
that infection by F virguliforme on the lower portion of
germinating soybean roots is more likely to result in SDS
foliar symptoms than the upper or middle portions of the
root during infection (Zaccaron et al., 2010).

In the present study, a significant interaction between
experiment and replicates was detected, due to the interaction
between the host and pathogen with the environment. Results
of previous studies performed in winter demonstrated that
soil infested with SDS-causing fungal species reduced
plant height in greenhouse conditions (Aoki et al., 2005).
Disease ratings made by determining shoot length and plant
weight have been reported as a useful tool for comparing
aggressiveness of F. virguliforme isolates (Li et al., 2009).
In this current study there was no reduction in plant height
and weight when trials were conducted in the spring and
summer with either method. Previous research has observed
differential reactions of the host based on the method of
inoculation used. Achenbach et al. (1996) evaluated cv.
Spencer using F. virguliforme isolates FSA-1 and NRRL
22823 (Aoki et al., 2003) and determined that they did not
cause foliar SDS symptoms when soil inoculations were
employed. Interestingly, these same isolates had previously
been described by other authors as inducing SDS symptoms
using the toothpick method (Achenbach et al., 1996). In
addition, Njiti et al. (2001) evaluated aggressiveness of F.
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virguliforme isolate ST90 using different concentrations of
a macroconidial suspension on different lines of soybean
and identified a significant interaction between the
concentration of inoculum x experiment. Jin et al. (1996)
also observed that F. virguliforme Mont-1 isolate, inoculated
by filtering the pathogen over cv. Asgrow 3427, produced
a foliar severity of 4.3 in the first assay, but only 2.5 in the
second experiment, based on a rating scale from of 1 to 5.
Although inoculations of F. tucumaniae by the detached
leaf method were unable to discriminate soybean cultivar
resistance to SDS, the soil infested (Franco et al., 2009) and
toothpick methods (Arruda et al., 2005) have been shown
to be useful for discriminating levels of aggressiveness of
this SDS pathogen.

Research is needed to elucidate the infection process
ofthe SDS and bean root-rot fusaria (O’Donnell et al., 2010).
It may be essential to determine whether toxins contribute to
virulence and how environmental conditions influence the
expression of foliar symptoms. Inter-experiment variability,
which contributes to significant interactions, is influenced
by various factors that affect both the host and the pathogen,
such as light, temperature, soil, soil moisture, inoculum
concentration and changes in aggressiveness (Scherm
& Yang, 1996; Njiti et al., 2001). In addition, mucilage
production by macroconidia of F. cuneirostrum (reported
as F. solani f. sp. phaseoli) has been shown to contribute
to adhesion of conidia to mung bean roots during infection
(Schuerger & Mitchell, 1993; Schuerger et al., 1993). These
authors also elucidated the importance of the carbon source
during colonization and infection process by germinating
macroconidia.

In summary, the aggressiveness of F. tucumaniae and
F. virguliforme to soybean, the dominant SDS pathogens
respectively in Argentina and the U.S., was assessed in the
present study for the first time using different inoculations
methods. The existence of interactions among the host,
pathogen and environmental conditions highlights the need
for additional studies to improve the reproducibility of tests
for screening soybean germplasm for resistance to SDS. In
order to assess soybean varieties and lines in development for
resistance to SDS, as well as commercial varieties currently
in production, the relative aggressiveness of all four SDS-
causing Fusarium species should be characterized further.
To this end, these studies should focus on elucidating the
spectrum of shoot and root symptoms caused by each
of the SDS-causing pathogens in greenhouse and field
experiments.
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