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ABSTRACT

Scandiani, M. M., Aoki, T., Luque, A. G., Carmona, M. A., and O’Donnell, K. 2010. First report
of sexual reproduction by the soybean sudden death syndrome pathogen Fusarium tucumaniae

in nature. Plant Dis. 94:1411-1416.

Of the four fusaria that have been shown to cause soybean sudden death syndrome (SDS), field
surveys indicate that Fusarium tucumaniae is the most important and genetically diverse SDS
pathogen in Argentina. Although none of the SDS fusaria have been shown to produce perithecia
in nature, a heterothallic sexual cycle has been demonstrated for F. fucumaniae via laboratory
crosses. Herein we report on the discovery of perithecia of F. tucumaniae on soybean in Argen-
tina. Ascospores derived from these perithecia gave rise to colonies that produced sporodochial
conidia diagnostic of F. tucumaniae. Sporodochial conidia were longer and narrower than those
produced by the other SDS fusaria; these conidia also possessed a diagnostic acuate apical cell
and a distinctly foot-shaped basal cell. Sixteen strains derived from single ascospores subjected
to a validated multilocus genotyping assay (MLGT) for SDS species determination, together
with 16 conidial isolates from two sites where teleomorphs were collected, independently con-
firmed the morphological identification as F. tucumaniae. This study represents the first authen-
tic report of sexual reproduction by a soybean SDS pathogen in nature.

Since its initial detection in Arkansas in
the early 1970s, sudden death syndrome
(SDS) of soybean (Glycine max (L.) Merr.)
has been reported in all major production
areas within North and South America
(17). Foliar chlorosis and necrosis, vascu-
lar discoloration of stems and roots, root
rot, and death are diagnostic features of
soybean SDS (17,19). Although initially
reported as Fusarium solani (18) or F
solani f. sp. glycines (7,18), the etiological
agent in North America is now recognized
as F. virguliforme, a morphologically and
phylogenetically distinct species within
clade 2 of the F solani species complex
(FSSC) (3,4,10,14,15). Surveys of soybean
SDS in Argentina, by way of contrast,
surprisingly revealed that four morpho-
logically and phylogenetically distinct
fusaria were responsible for SDS in this
country (4). Results of an extensive survey
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demonstrated that Fusarium tucumaniae
was the primary etiological agent in five of
the six Argentinean provinces sampled,
accounting for 87.2% (236/271) of the
SDS isolates recovered (14). The three
other SDS pathogens (F. virguliforme, F.
brasiliense, and an undescribed Fusarium
sp.) were only recovered in low frequen-
cies in this survey. Koch’s postulates have
been completed for F. virguliforme (16,18),
E tucumaniae (20), F. brasiliense, and an
undescribed Fusarium sp. (4).

The available data suggest that the re-
productive mode of the main soybean SDS
pathogen in North and South America may
be different in the two regions. Various
molecular markers have revealed a re-
markably low level of genetic diversity
within isolates of F. virguliforme from
North America (2,7,14,19), where it is the
exclusive cause of soybean SDS, suggest-
ing that its reproductive mode may be
strictly clonal (22). In addition, prelimi-
nary mating experiments indicated that the
isolates of F. virguliforme tested all repre-
sented a single mating type (5), as ex-
pected if this pathogen is reproducing
clonally on soybean. In contrast to the lack
of genetic diversity observed within collec-
tions of F. virguliforme, molecular phy-
logenetic analyses revealed high genetic
diversity within F. tucumaniae from Ar-

gentina and Brazil, suggesting that this
species may possess both a clonal and
recombining population structure (3,4).
Subsequent laboratory crosses successfully
demonstrated that F. tucumaniae produces
a heterothallic teleomorph (5). Multilocus
genotyping of the ascosporic progeny ana-
lyzed in this study revealed that they were
the products of sexual reproduction and
recombination. To avoid unnecessary du-
plication of names promoted by the now
antiquated anamorph + teleomorph system,
these authors epitypified the teleomorph
using the anamorph name, F. tucumaniae,
as allowed under Article 59.7 in the Vienna
Code of the International Code of Botani-
cal Nomenclature (8).

Except for the initial discovery of the F.
tucumaniae teleomorph via laboratory
crosses (5), there have been no other au-
thentic reports of a SDS pathogen produc-
ing perithecia in the laboratory, and none
have been observed in nature. Although an
anamorph—teleomorph  connection  was
reported based on a culture of a putatively
homothallic soybean SDS isolate (IN-2X-
11B) identified as Nectria haematococca
(1), morphological and molecular phy-
logenetic analyses conducted on this iso-
late revealed that the teleomorph reported
was actually Plectosphaerella cucumerina
(anamorph Microdochium tabacinum), a
very distant relative of Fusarium in a sepa-
rate order, the Phyllachorales (12).

The primary objective of the present
study is to report on the discovery of sex-
ual reproduction on soybean roots in na-
ture by the SDS pathogen F. fucumaniae in
Argentina. Cultures derived from asco-
spores of the pathogen were characterized
morphologically (3,4) and by a validated
multilocus genotyping assay for SDS spe-
cies determination (14).

MATERIALS AND METHODS
Origin of teleomorph and isolation of
single-spored ascosporic cultures. A
survey of soybean SDS pathogen diversity
was conducted at three different locations
in the province of Buenos Aires on 16
March 2010 and at two locations near the
town of Hughes in the province of Santa
Fe on 23 April 2010. When the roots were
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examined at x40 under a dissecting micro-
scope in the laboratory, between 1 and 24
reddish-orange perithecia were discovered
near the soil line on six symptomatic
plants (Table 1). Microscopic examination
with a compound microscope, however,
revealed that asci and ascospores were
only present in two mature perithecia col-
lected near Pergamino, Fontezuela in the
province of Buenos Aires (Fig. 1A to
H; GPS coordinate: 33°5553.13”S;
60°28°11.19”0). To confirm that the co-
nidial fungus present on the roots near the
perithecia was a SDS-causing Fusarium,
blue-green and yellowish conidial masses
were mounted in water on microscope
slides and examined microscopically. Mac-
roconidia morphologically similar to the
SDS-causing fusaria were transferred to
sterilized distilled water on a sterile slide
and then streaked onto potato dextrose
agar (Difco, Detroit, MI) amended with
streptomycin  (PDAS) and incubated at
25°C in the dark. A total of 16 single-
spored soybean SDS isolates were cultured
from macroconidia; 14 of these were near
the mature perithecia on a plant collected
at the Pergamino, Fontezuela site and two
were near empty perithecia on a plant col-
lected at the Colon site (Table 1). A Sker-
man’s micromanipulator (21) was used to
isolate 16 individual ascospores for cultur-
ing from crushed perithecia (Fig. 1A to N)
from the Pergamino, Fontezuela site. A
total of 16 single-spored ascospore cul-
tures were grown on PDAS. All of the
strains reported in this study are available
upon request from the CEREMIC Culture
Collection (Fac. de Cs. Bioquimicas y
Farmacéuticas, UNR) and the Agricultural
Research Service Culture Collection
(NRRL, NCAUR, Peoria, IL: http://nrrl.
ncaur.usda.gov/). All cultures are stored
cryogenically in liquid nitrogen vapor at
—175°C.

Morphological analyses. Detailed phe-
notypic methods for characterizing macro-
and micro-morphological characters fol-
lowed Aoki et al. (3,4). Strains were cul-
tured on synthetic low nutrient agar (SNA)
(9) and potato dextrose agar (PDA) in 9-
cm plastic petri dishes incubated at 20°C
under daylight, in complete darkness, or
under continuous fluorescent light (Mitsu-
bishi FL40S-W). PDA cultures were used
to characterize colony morphology, color,
and odor. Colony colors reported in this
study follow Kornerup and Wanscher (6).

Colony growth rates were determined us-
ing PDA cultures incubated in complete
darkness at 20°C (4).

Multilocus genotyping. Isolates were
cultured in yeast-malt broth as previously
described to obtain total genomic DNA
from freeze-dried mycelium (11). Proto-
cols for multiplex PCR amplification and
species determinations with a Luminex
100 flow cytometer (Austin, TX) followed
O’Donrnell et al. (14), employing a vali-
dated multilocus microsphere array for
soybean SDS pathogen identification.
Strains of each of the four soybean SDS
pathogens, and two closely related Phaseo-
lus root rot pathogens, were included in the
assay as positive controls for each species
(Table 2). To determine indices of dis-
crimination (ID) for the MLGT identifica-
tions, the average intensity of three water
negative controls was first subtracted from
each value, after which the minimum fluo-
rescence intensity (MFI) was divided by
the maximum nontarget fluorescence in-
tensity.

RESULTS

Species determination based on mor-
phological analysis of perithecia formed
in nature and pure cultures of the ana-
morph derived from single-spored asco-
spores. Detailed descriptions of the ana-
morph and teleomorph were published
previously (4,5).

Teleomorph morphology formed in na-
ture (Fig. 1A to F): Ascomata solitary or in
groups, mostly superficial or surrounded
by mycelia, globose, subglobose, ovoid,
122 to 400 pm diameter, red in water, yel-
low in undiluted (ca. 90%) lactic acid,
turning purplish red to dark red in 3%
KOH, nonpapillate or with a papillate
neck, ascomata coarsely warted around or
above the midregion, warts reddish, up to
80 pum high and 70 um wide and composed
of a mass of outer ascomatal cells. Cells at
ascomatal surface and warts circular to
angular, (10-)20-25 pm diameter. Asco-
matal wall excluding warts 40-60 um
thick, composed of two, outer and inner
regions. Paraphyses absent. Periphyses
cylindrical, thin-walled. Asci unitunicate,
cylindric to clavate, 60-90 x 8.5-16 pm,
thin-walled, with a basal crozier remnant,
containing 8 biserate ascospores arranged
obliquely. Ascospores elliptical, oblong-
elliptical to fusiform-elliptical, 1-septate,
often constricted at the central septum

Table 1. Collection data for perithecia recovered from field-grown soybean in Argentina

when mature, 10-16 x 4-6.5 um (means +
S.D.: 13.1 = 1.37 x 5.1 = 0.64 um),
Length/Width (L/W) 1.9-3.7, hyaline to
somewhat pale yellowish, smooth to very
minutely rough, thin to somewhat thick-
walled.

A specimen consisting of a dried piece
of soybean root, containing perithecia
formed in nature, from the stem base of a
soybean plant exhibiting typical SDS
symptoms, collected near Fontezuela (Col-
lection Site, 10-576 M3pl3), in the province
of Buenos Aires, Argentina (GPS coordi-
nate: 33°55’53.13”S; 60°28'11.19”W), 16
March 2010 by M. M. Scandiani, has been
deposited in the herbarium of the U.S.
National Fungus Collection, Beltsville,
MD as BPI 880692.

Anamorphic morphology derived from
single ascospores (Fig. 1G to N): Colonies
on PDA showing radial mycelial growth
rates of 0.9—1.6 mm per day at 20°C in the
dark. Colony color on PDA at first white to
yellowish-white, later with bluish-gray
tint; upon sporulation with conidial pus-
tules of light yellow to greenish-white in
the dark, or with conidial pustules of light
yellow, grayish-yellow, grayish-green, dark
green to dark turquoise under fluorescent
light. Aerial mycelium generally sparse
and somewhat pionnotal. Colony margin
often undulate. Reverse pigmentation ab-
sent. Odor absent or moldy. Chlamy-
dospores formed frequently in hyphae and
in conidia, subglobose, terminal or interca-
lary, single or in chains, mostly hyaline,
smooth to rough-walled, 7-14 x 5.5-14 um.
Sporulation on PDA often light-colored in
darkness, greenish to bluish pigmented
under fluorescent light; sporodochia nor-
mally formed abundantly on SNA and PDA.
Aerial conidiophores formed abundantly on
SNA, unbranched or sparsely branched,
short or long, up to 210 ym long, 2.5-5 um
wide, forming subulate to subcylindrical
monophialides integrated on the apices.
Aerial conidia on SNA of two types: (1)
curved cylindrical to falcate, (2-)3(-5)-
septate, with a foot cell, formed mainly on
taller conidiophores; (2) minute, oblong-
ellipsoidal to short-clavate, formed on short
conidiophores up to 50 pm long, 1.5-3 ym
wide, O(-1)-septate, 4—12.5 x 2-3 um in
total range, 6.5-6.9 x 2.5-2.6 um on aver-
age. Sporodochial conidiophores mostly
branched verticillately, forming monophi-
alides on the apices. Sporodochial phialides
subulate, ampulliform to subcylindric, often

No. of plants No. of Perithecium
Origin Collection no.? with perithecia perithecia content Date collected
Argentina, Buenos Aires, C6l6n 10-576-M1 1 Empty 3/17/2010
Argentina, Buenos Aires, Pergamino, Fontezuela 10-576-M3 1 Mostly empty 3/17/2010
Argentina, Buenos Aires, Capitdn Sarmiento 10-576-M4 2 Empty 3/17/2010
Argentina, Santa Fe, Hughes 10-576-M2 1 Empty 3/17/2010
Argentina, Santa Fe, Hughes 10-815 1 Empty 4/23/2010

2 Plant collection number is that of Mercedes Scandiani. Collection 10-576-M3 represents the plant from which 16 single-spored ascospore and 14 single-

spored conidial cultures were derived.
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Fig. 1. Ascomata of Fusarium tucumaniae formed in nature and its conidial anamorph produced by colonies derived from germinated ascospores. A and B,
Perithecia formed on surface of soybean root exhibiting typical sudden death syndrome (SDS) symptoms, collected at Muestra, province of Buenos Aires, Argen-
tina. C, Mature and immature asci from a crushed perithecium. D, Ascus with eight ascospores. E and F, Two-celled mature ascospores viewed via bright-field
(E) and phase-contrast light microscopy (F). G and H, Germinating ascospores isolated from a crushed perithecium. I and J, Falcate multiseptate conidia with a
foot cell formed on tall aerial conidiophores on synthetic low nutrient agar (SNA). K and L, Aseptate, short clavate to oblong conidia formed on short aerial
conidiophores on SNA. M, Branched sporodochial conidiophore forming falcate multiseptate conidia on SNA. N, Falcate to curved cylindrical conidia with a foot
cell formed on SNA. Scale bars = 1 mm (A), 50 um (B), or 20 um (C to N). I and M from NRRL 54256, J to L and N from NRRL 54255.
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with a conspicuous collarette at the tip.
Sporodochial conidia generally cylindrical
and gently curved, sometimes falcate, with
an acuate apical cell and a distinct basal
foot cell, (2-)3—4(-7)-septate; 3-septate on
SNA: 36-70 x 3.5-5.5 um in total range,
55.1-59.2 x 4.3-4.8 um on average; 4-
septate on SNA: 53-71.5 x 3.5-5.5 ym in
total range, 61.6-64.1 x 4.4-4.8 um on
average; 5-septate on SNA: 57-72 x 3.5—
5.5 um in total range, 65.3-66.1 x 4.6-4.9
um on average.

Morphological examination of the
perithecia (Fig. 1A and B) was made by
crushing them on a microscope slide prior
to examining them with a compound micro-
scope (Fig. 1C to F). Most of the perithecia
examined, however, were immature or
empty inside. The ascospore measurements
reported above were based on 46 spores
recovered from two mature perithecia.
Perithecial characters matched the descrip-

tion of the F fucumaniae teleomorph (5),
except for ascospore size. Ascospores
formed in nature were slightly shorter and
narrower than those formed in laboratory
crosses (5). The difference in ascospore size
presumably was caused by differences in
their maturity. Ascospores isolated from the
perithecia germinated (Fig. 1G and H) to
form aerial conidia and conidiophores (Fig.
1I to L), sporodochial conidia and conidio-
phores (Fig. 1M and N), and chlamy-
dospores. Anamorphic morphology formed
by the single-ascospore isolates matched
published descriptions of the F. tucumaniae
anamorph (3,4). F. tucumaniae can be dis-
tinguished from the other soybean SDS
pathogens by the production of sporodochial
conidia on SNA that are longer and narrower
than those produced by the other SDS
fusaria. Other distinctive features of F. fu-
cumaniae conidia include a diagnostic acuate
apical cell and a distinct basal foot cell.

The cultures obtained from single asco-
spores were the following: NRRL 54255,
NRRL 54256, NRRL 54257, NRRL
54258, NRRL 54259, NRRL 54260,
NRRL 54261, NRRL 54262, NRRL
54263, NRRL 54264, NRRL 54265,
NRRL 54266, NRRL 54267, NRRL
54268, NRRL 54269, NRRL 54270.

Species determination of ascosporic
and conidial cultures using a multilocus
genotyping (MLGT) assay. Sixteen cul-
tures derived from single ascospores from
perithecia, 14 single-spored conidial cul-
tures derived from a collection near Per-
gamino, Fontezuela in the province of
Buenos Aires, and two conidial cultures
derived from the Colén site in Buenos
Aires Province where two empty perithecia
were collected were genotyped using a
validated MLGT assay for soybean SDS
species determination. Also included in the
assay were 1 to 2 previously characterized

Table 2. Isolates genotyped using a multilocus genotyping (MLGT) assay for soybean sudden death syndrome (SDS) species determination

Fusarium Index of Year
NRRL no.* species” Equivalent no. Host Origin discrimination? isolated
22276 F. phaseoli van Etten T-162 = MAFF Phaseolus vulgaris  USA 9 (PH-a), 2 (PH-b) Unknown
238544 = CCC 189-05
31041 F. virguliforme Li #95 Glycine max USA, Illinois 10 (96-VI-1), 4 (51- 1998
VI-1), 16 (51-VI-2)
31104 F. cuneirostrum MAFF 305607 Phaseolus vulgaris ~ Japan 2 (CU-a) Unknown
31156 F. phaseoli FRC S-1550 = MAFF 238550  Phaseolus vulgaris ~ USA, Michigan 5 (PH-a), 2 (PH-b) Unknown
= CCC 190-05
31157 F. cuneirostrum FRC S-1551 = MAFF 239038  Phaseolus vulgaris ~ USA, Michigan 2 (CU-a) 1992
=CCC 192-05
31757 F. brasiliense Yorinori SDS-5 = MAFF Glycine max Brazil, Distiro Federal, 25 (B-a), 3 (B-b) 1992
239050 Brasilia
31779 F. brasiliense Yorinori 36/00 = MAFF Glycine max Brazil, Rio Grande do Sul, 28 (B-a), 3 (B-b) 2000
239047 = CCC 194-05 Nonai
31781 F. tucumaniae Yorinori 41/00 Glycine max Argentina, Tucuman 6 (TU-a), 8 (TU-c) Unknown
31949 Fusarium sp. Yorinori 01/00 = MAFF Glycine max Brazil, Goias, Cristalina 35 (CR-a), 4 (CR-b) 2000
239052 = CCC 198-05
34437 F. virguliforme FRC S-1286L = Gray L145 Glycine max USA, Arkansas 11 (96-VI-1),5 (51-  Prior 1993
VI-1), 17 (51-VI-2)
36877 Fusarium sp. CCC 142-05 Glycine max Argentina, Santa Fe, 35 (CR-a), 4 (CR-b) 2004
Zavalla
54255 F. tucumaniae M. Scandiani S-01 (ascospore)  Glycine max Argentina, Buenos Aires, 8 (TU-a), 10 (TU-c) 2010
Pergamino, Fontezuela
54256 F. tucumaniae M. Scandiani S-02 (ascospore)  Glycine max Argentina, Buenos Aires, 8 (TU-a), 11 (TU-c) 2010
Pergamino, Fontezuela
54257 F. tucumaniae M. Scandiani S-03 (ascospore)  Glycine max Argentina, Buenos Aires, 8 (TU-a), 11 (TU-c) 2010
Pergamino, Fontezuela
54258 F. tucumaniae M. Scandiani S-04 (ascospore)  Glycine max Argentina, Buenos Aires, 8 (TU-a), 11 (TU-c) 2010
Pergamino, Fontezuela
54259 F. tucumaniae M. Scandiani S-05 (ascospore)  Glycine max Argentina, Buenos Aires, 8 (TU-a), 10 (TU-c) 2010
Pergamino, Fontezuela
54260 F. tucumaniae M. Scandiani S-06 (ascospore)  Glycine max Argentina, Buenos Aires, 8 (TU-a), 10 (TU-c) 2010
Pergamino, Fontezuela
54261 F. tucumaniae M. Scandiani S-07 (ascospore)  Glycine max Argentina, Buenos Aires, 7 (TU-a), 11 (TU-¢) 2010
Pergamino, Fontezuela
54262 F. tucumaniae M. Scandiani S-08 (ascospore)  Glycine max Argentina, Buenos Aires, 10 (TU-¢) 2010

Pergamino, Fontezuela

(continued on next page)

2 NRRL = Agriculture Research Service Culture Collection, National Center for Agricultural Utilization Research, USDA-ARS, Peoria, IL.
b Species determination based on anamorph morphology (3,4) and results of the MLGT assay for soybean SDS species determination (14).

¢ Equivalent no.: CCC = Culture Collection of CEREMIC (Centro de Referencia de Micologia), Fac. de Cs. Bioquimicas y Farmacéuticas, UNR, Rosario,
Argentina; FRC = Fusarium Research Center, Department of Plant Pathology, Pennsylvania State University, University Park, PA; MAFF = NIAS Gene-
bank-Microorganisms Section, National Institute of Agrobiological Sciences (NIAS), 2-1-2 Kannondai, Tsukuba, Ibaraki 305-8602, Japan. M. Scandiani S-
1 to S-16 represent 16 single-spored ascospore derived cultures. CCC 158-10 to CCC 174-10 represent 16 single-spored conidial isolates obtained from

field collections of soybean roots bearing perithecia.

dIndex of discrimination was determined by first subtracting the average fluorescence intensity of three water negative controls from the value obtained for
each DNA sample, and then dividing the minimum fluorescence intensity (MFI) by the maximum nontarget fluorescence intensity. Species-specific primer
probes are indicated in parentheses. Probe sequences were reported previously (14).
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positive control strains of the four SDS
pathogens (i.e., F. tucumaniae, F. virguli-
forme, F. brasiliense, and Fusarium sp.)
and two closely related Phaseolus root-rot
pathogens (i.e., F. phaseoli and F. cueni-
rostrum) (Table 2). Results of the MLGT
assay indicated that the 30 isolates col-
lected near Pergamino, Fontezuela and the
2 isolates from Col6n were F. tucumaniae.
ID values obtained using the F tucuma-
niae—specific TU-c probe for all 32 ex-
perimental isolates ranged from 7 to 11,
meaning the minimum fluorescent inten-
sity (MFI) values for the F tucumaniae
isolates were at least 7 times greater than
the MFI values of isolates with a negative
genotype. In addition, the TU-a probe
yielded positive genotypes for 13 of the 32
F. tucumaniae isolates (Table 2). MFI val-
ues for the 13 isolates with a positive TU-a
genotype ranged from 3 to 8. Therefore,
the MFI values obtained using the TU-a

probe were at least 3 times greater than
the values for strains with a negative
genotype.

DISCUSSION

Results of the present study provide the
first direct evidence of sexual reproduction
by a soybean SDS pathogen in nature.
Based on the level of DNA polymorphism
segregating within F  tucumaniae (3,4),
Covert et al. (5) hypothesized and subse-
quently confirmed a sexual cycle in this
species employing heterothallic crosses in
the laboratory. We hypothesize that F. bra-
siliense may also be recombining sexually
within soybean fields in South America,
based on the phylogenetic diversity of the
isolates sampled to date (14). The available
molecular systematic data, however, sug-
gest that F. virguliforme may possess a
strictly clonal reproduction mode on soy-
bean in North and South America (2—

4,7,14,19). Although F. virguliforme was
reported to produce a teleomorph in nature
(1), subsequent morphological and mo-
lecular phylogenetic analyses demon-
strated that the reported teleomorph was
Plectosphaerella cucumerina, a distantly
related homothallic species within the
Phyllachorales (12).

The discovery of F. tucumaniae perithe-
cia on 6 of the 2,000 roots collected during
our 2010 survey for soybean SDS is note-
worthy because heterothallic crossing of
fusaria is rarely observed in nature. The
small number of perithecia detected (i.e.,
between 1 and 24 per plant), and the fact
that all but two were immature or senes-
cent, suggest that conducting surveys ear-
lier and later in the season may contribute
to a better understanding of the phenology
of teleomorph production under field con-
ditions. It is worth noting that perithecial
production by F. tucumaniae in the labora-

Table 2. (continued from previous page)

Host

Origin

Fusarium

NRRL no.* species” Equivalent no.¢

54263 F. tucumaniae M. Scandiani S-09 (ascospore)
54264 F. tucumaniae M. Scandiani S-10 (ascospore)
54265 F. tucumaniae M. Scandiani S-11 (ascospore)
54266 F. tucumaniae M. Scandiani S-12 (ascospore)
54267 F. tucumaniae M. Scandiani S-13 (ascospore)
54268 F. tucumaniae M. Scandiani S-14 (ascospore)
54269 F. tucumaniae M. Scandiani S-15 (ascospore)
54270 F. tucumaniae M. Scandiani S-16 (ascospore)
54299 F. tucumaniae CCC 158-10 (conidial)

54300 F. tucumaniae CCC 159-10 (conidial)

54301 F. tucumaniae CCC 160-10 (conidial)

54302 F. tucumaniae CCC 161-10 (conidial)

54303 F. tucumaniae CCC 162-10 (conidial)

54304 F. tucumaniae CCC 163-10 (conidial)

54305 F. tucumaniae CCC 164-10 (conidial)

54306 F. tucumaniae CCC 165-10 (conidial)

54307 F. tucumaniae CCC 166-10 (conidial)

54308 F. tucumaniae CCC 167-10 (conidial)

54309 F. tucumaniae CCC 168-10 (conidial)

54310 F. tucumaniae CCC 170-10 (conidial)

54311 F. tucumaniae CCC 171-10 (conidial)

54312 F. tucumaniae CCC 172-10 (conidial)

54313 F. tucumaniae CCC 173-10 (conidial)

54314 F. tucumaniae CCC 174-10 (conidial)

Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max

Glycine max

Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,

Col6n
Argentina, Buenos Aires,
Col6n
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela
Argentina, Buenos Aires,
Pergamino, Fontezuela

Index of Year
discrimination? isolated
6 (TU-a), 8 (TU-c) 2010
10 (TU-c) 2010
8 (TU-a), 9 (TU-c) 2010
12 (TU-c) 2010
9 (TU-c) 2010
9 (TU-c) 2010
3 (TU-a), 8 (TU-c) 2010
8 (TU-a), 9 (TU-c) 2010
8 (TU-a), 9 (TU-c) 2010
7 (TU-a), 9 (TU-c) 2010
9 (TU-c) 2010
11 (TU-c) 2010
10 (TU-c) 2010
10 (TU-c) 2010
8 (TU-c) 2010
9 (TU-c) 2010
6 (TU-c) 2010
9 (TU-c) 2010
10 (TU-c) 2010
9 (TU-c) 2010
9 (TU-c) 2010
10 (TU-c) 2010
8 (TU-c) 2010
7 (TU-c) 2010
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tory, in which mature ascospores were
oozing from the ostioles, takes at least 30
days when incubated at 18°C under con-
tinuous fluorescent illumination (5).

Although the morphological data we ob-
tained on the perithecia collected in nature
matched the protologue of F fucumaniae
(5), definitive identification of the teleo-
morph was made possible by conducting
detailed morphological analyses of the
conidial anamorph produced by colonies
derived from single-spored ascospores
isolated from the perithecia collected near
Pergamino, Fontezuela in the province of
Buenos Aires. Consistent with prior de-
scriptions of this species (3,4), the asco-
sporic isolates produced sporodochial co-
nidia that were longer and narrower than
those produced by the three other SDS
fusaria. In addition, conidia produced by
the F. tucumaniae isolates also possessed a
diagnostic acuate apical cell and a distinct
basal foot cell.

Independent identification of the 16 as-
cosporic and 16 conidial isolates as F
tucumaniae was obtained using a validated
multilocus genotyping assay for soybean
SDS species determination (14; Table 2).
In contrast to the original report, in which
the F. tucumaniae—specific TU-a and TU-c
probes performed equally well (14), the
TU-c probe outperformed the TU-a probe
in the present study. In anticipation of this
problem, redundant species-specific probes
were incorporated into the SDS MLGT
assay, and in similar suspension micro-
sphere arrays for human pathogenic fusaria
(13) and an assay for Fusarium head blight
species identification and trichothecene
chemotype determination (23). Because
the primer probes in these molecular diag-
nostic assays were all designed based on
known species-specific DNA sequence
variation within the locus targeted, infor-
mation gained from sequencing the region
where the TU-a probe primes within locus
51, in the isolates that yielded a negative
genotype, should prove to be invaluable in
the redesign of this probe.

Given the high throughput platform pro-
vided by the soybean SDS MLGT assay
(14), it is particularly well suited for moni-
toring changes in soybean SDS species
diversity in North and South America. In
addition, this assay should be beneficial to
quarantine and plant inspection officials
charged with preventing the inadvertent or
intentional introduction of foreign patho-
gens such as F. tucumaniae into the United
States. In contrast to F. virguliforme, which
appears to be strictly clonal on soybean in

1416 Plant Disease /Vol. 94 No. 12

both hemispheres, a sexually reproducing
pathogen such as F. tucumaniae is more
likely to overcome multilocus quantitative
resistance within soybean (5). As such,
knowledge of the soybean SDS pathogens’
reproductive mode has practical implica-
tions for the management of this disease.

ACKNOWLEDGMENTS

We thank Stacy Sink for expert technical assis-
tance in running the MLGT assay. The mention of
trade products does not imply that they are en-
dorsed or recommended by the U.S. Department of
Agriculture over other firms or similar products not
mentioned.

LITERATURE CITED

> Abney, T. S., Richards, T. L., and Roy, K. W.

1993. Fusarium solani from ascospores of

Nectria haematococca causes sudden death

syndrome of soybean. Mycologia 85:801-

806.

Achenbach, L. A., Patrick, J., and Gray, L.

1996. Use of RAPD markers as a diagnostic

tool for the identification of Fusarium solani

isolates that cause soybean sudden death syn-

drome. Plant Dis. 80:1228-1232.

Aoki, T., O’Donnell, K., Homma, Y., and

Lattanzi, A. R. 2003. Sudden death syndrome

of soybean is caused by two morphologically

and phylogenetically distinct species within
the Fusarium solani species complex — F. vir-
guliforme in North America and F. tucumaniae

in South America. Mycologia 95:660-684.

Aoki, T., O’Donnell, K., and Scandiani, M. M.

2005. Sudden death syndrome of soybean in

South America is caused by four species of

Fusarium: Fusarium brasiliense sp. nov., F

cuneirostrum sp. nov., F. tucumaniae, and F.

virguliforme. Mycoscience 46:162-183.

Covert, S. F.,, Aoki, T., O’Donnell, K., Starkey,

D., Holliday, A., Geiser, D. M., Cheung, F.,

Town, C., Strom, A., Juba, J., Scandiani, M.,

and Yang, X. B. 2007. Sexual reproduction in

the sudden death syndrome pathogen Fusa-

rium tucumaniae. Fungal Genet. Biol. 44:799-

807.

6. Kornerup, A., and Wanscher, J. H. 1978.

Methuen Handbook of Colour, 3rd ed.

Methuen, London.

Li, S., Tam, Y.-K., and Hartman, G. L. 2000.

Molecular differentiation of Fusarium solani f.

sp. glycines from other F. solani based on mi-

tochondrial small subunit rDNA sequences.

Phytopathology 90:491-497.

8. McNeill, J., Barrie, F. R., Burdet, H. M., De-
moulin, V., Hawksworth, D. L., Marhold, K.,
Nicolson, D. H., Prado, J., Silva, P. C., Skog, J.
E., Wiersema, J. H., and Turland, N. J. 2006.
International Code of Botanical Nomenclature
(Vienna Code). Regnum Vegetabile, vol. 146.
Gantner Verlag, Ruggell, Liechtenstein.

9. Nirenberg, H. I. 1990. Recent advances in the
taxonomy of Fusarium. Stud. Mycol. 32:91-
101.

. O’Donnell, K. 2000. Molecular phylogeny of
the Nectria haematococca—Fusarium solani
species complex. Mycologia 92:919-938.

. O’Donnell, K., Cigelnik, E., and Nirenberg, H.
1998. Molecular systematic and phylogeogra-
phy of the Gibberella fujikuroi species com-
plex. Mycologia 90:465-493.

»o.

»3.

>4,

»s.

»7.

> 12

» 3.

»14.

> 1s.

»17.

> 3.

> 19.

»20.

21.

»22.

» 03

O’Donnell, K., and Gray, L. E. 1995. Phyloge-
netic relationships of the soybean sudden death
syndrome pathogen Fusarium solani f. sp.
phaseoli inferred from rDNA sequence data
and PCR primers for its identification. Mol.
Plant-Microbe Interact. 8:709-716.

O’Donnell, K., Sarver, B. A. J., Brandt, M.,
Chang, D. C., Noble-Wang, J., Park, B. J., Sut-
ton, D. A., Benjamin, L., Lindsley, M., Padhye,
A., Geiser, D. M., and Ward, T. J. 2007. Phy-
logenetic diversity and microsphere array-
based genotyping of human pathogenic
fusaria, including isolates from the multistate
contact lens-associated U.S. keratitis outbreaks
of 2005 and 2006. J. Clin. Microbiol. 45:2235-
2248.

O’Donnell, K., Sink, S., Scandiani, M. M.,
Luque, A., Colletto, A., Biasoli, M., Lenzi, L.,
Salas, G., Gonzilez, V., Ploper, L. D., For-
mento, N., Pioli, R. N., Aoki, T, Yang, X. B.,
and Sarver, B. A. J. 2010. Soybean sudden
death syndrome species diversity within North
and South America revealed by multilocus
genotyping. Phytopathology 100:58-71.
O’Donnell, K., Sutton, D. A., Fothergill, A.,
McCarthy, D., Rinaldi, M. G., Brandt, M. E.,
Zhang, N., and Geiser, D. M. 2008. Molecular
phylogenetic diversity, multilocus haplotype
nomenclature, and in vitro antifungal resis-
tance within the Fusarium solani species com-
plex. J. Clin. Microbiol. 46:2477-2490.

. Roy, K. W., Lawrence, G. W., and McLean, K.

S. 1989. Isolation and identification of Fusa-
rium solani, the cause of sudden death syn-
drome of soybean. Plant Diagn. Quart. 10:17-
27.

Roy, K. W,, Rupe, J. C., Hershman, D. E., and
Abney, T. S. 1997. Sudden death syndrome of
soybean. Plant Dis. 81:1100-1111.

Rupe, J. C. 1989. Frequency and pathogenicity
of Fusarium solani recovered from soybeans
with sudden death syndrome. Plant Dis.
73:581-584.

Rupe, J. C., Correll, J. C., Guerber, J. C,
Becton, C. M., Gbur, E. E., Cummings, M. S.,
and Yount, P. A. 2001. Differentiation of the
sudden death syndrome pathogen of soybean,
Fusarium solani f. sp. glycines, from other iso-
lates of F. solani based on cultural morphol-
ogy, pathogenicity, and mitochondrial DNA re-
striction fragment length polymorphisms. Can.
J. Bot. 79:829-835.

Scandiani, M., Ruberti, D., O’Donnell, K.,
Aoki, T., Pioli, R., Giorda, L., Luque, A., and
Biasoli, M. 2004. Recent outbreak of soybean
sudden death syndrome caused by Fusarium
virguliforme and F. tucumaniae in Argentina.
Plant Dis. 88:1044.

Skerman, V. B. D. 1968. A new type of micro-
manipulator and microforge. J. Gen. Micro-
biol. 54:287-297.

Taylor, J. W., Jacobson, D. J., and Fisher, M.
C. 1999. The evolution of asexual fungi: Re-
production, speciation and classification.
Annu. Rev. Phytopathol. 37:197-246.

Ward, T. J., Clear, R. M., Rooney, A. P,
O’Donnell, K., Gaba, D., Patrick, S., Starkey,
D. E,, Gilbert, J., Geiser, D. M., and Nowicki,
T. W. 2008. An adaptive evolutionary shift in
Fusarium head blight pathogen populations is
driving the rapid spread of more toxigenic
Fusarium graminearum in North America.
Fungal Genet. Biol. 45:473-484.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black Ink - ISO Coated v2 300% \050ECI\051)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for submission to The Sheridan Press. Configured for Adobe Acrobat Distiller v8.0 02-28-07.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


