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Abstract
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sistance to Macrophomina phaseolina. Plant Dis. 96:1210-1215.

Charcoal rot of soybean is caused by the fungal pathogen Macropho-
mina phaseolina. Effective and reliable techniques to evaluate soybean
for resistance to this fungus are needed to work toward a management
scheme that would utilize host resistance. Three experiments were
conducted to investigate the use of a cut-stem inoculation technique to
evaluate soybean genotypes for resistance to M. phaseolina. The first
experiment compared aggressiveness of M. phaseolina isolates col-
lected from soybean on different soybean genotypes. Significant (P <
0.05) differences among the isolates and genotypes for relative area
under disease progress curve (RAUDPC) were found without a signifi-
cant isolate—genotype interaction. The second experiment compared 14
soybean genotypes inoculated with M. phaseolina in multiple trials
conducted in two environments, the greenhouse and growth chamber.
Significant (P < 0.05) differences among environments and highly

significant (P < 0.001) differences among soybean genotypes for
RAUDPC were found. The environment—genotype interaction was
nonsignificant (P > 0.05). Soybean genotypes DT97-4290, DT98-
7553, DT98-17554, and DT99-16864 had significantly (P < 0.05)
lower RAUDPC than 7 of the 14 genotypes. The third experiment
evaluated resistance in selected Phaseolus spp. and soybean genotypes.
The range of RAUDPC for Phaseolus spp. was similar to that of soy-
bean. The Phaseolus lunatus ‘Bush Baby Lima’ had significantly (P <
0.05) lower RAUDPC than P. vulgaris genotypes evaluated. The cut-
stem inoculation technique, which has several advantages over field
tests, successfully distinguished differences in aggressiveness among
M. phaseolina isolates and relative differences among soybean geno-
types for resistance to M. phaseolina comparable with results of field
tests.

Charcoal rot of soybean (Glycine max (L.) Merr.) is caused by
Macrophomina phaseolina (Tassi) Goid., a soilborne pathogen
reported to infect over 500 cultivated and wild plant species,
including economically important field crops such as common
bean (32), sorghum (9), soybean (22,31), and sunflower (14). Esti-
mated annual losses in soybean of 0.68 million metric tons were
attributed to charcoal rot from 1989 to 1991 in the North Central
Region of the United States (8), while 0.71, 0.84, and 0.6 million
metric tons were estimated annual losses from 2006, 2007, and
2008, respectively, in the entire United States (15).

In the field, infection of M. phaseolina originates from
microsclerotia in the soil or from conidia, produced on infected plant
tissues or residue, that are splashed onto host plant parts during rain
events (6). All plant parts of soybean are susceptible to infection. M.
phaseolina hyphae initially grow intercellularly and travel through
the vascular cylinder of the plant. Infection often begins with a
biotrophic phase with no visible symptoms but changes in
environmental conditions, host plant stress, or plant maturation may
promote a necrotrophic phase. This phase is characterized by visible
plant damage, such as plant wilting and flagging of branches,
resulting from the mechanical plugging of vascular tissue by fungal
parts, necrosis caused by phytotoxins, enzymatic action, and
mechanical pressure during cell wall penetration (31). Severe wilting
in soybean occurs mostly during hot, dry weather accompanied by
conditions that reduce plant vigor, such as poor soil fertility and high
seeding rates. Other symptoms include blight of emerging seedlings,
early maturation, and incomplete pod filling (31). A combination of
these symptoms usually occurs in severe cases of the disease in
soybean, which can result in significant yield losses.
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Current strategies available for the management of charcoal rot
in soybean mainly involve the use of cultural methods such as stag-
gering of planting dates, crop rotation, reducing plant densities,
and irrigation (2,11,12,36). These methods have not been effective
or widely adopted by soybean growers; however, other control
methods, including fungicide applications to seed and soil (24) and
biological control using hyperparasitism (27,29), have given lim-
ited disease control in soybean as well as in other crops. Manage-
ment through host resistance also has been promoted
(2,3,20,21,26,30). It was reported that soybean genotypes with the
lowest levels of M. phaseolina root colonization produce the
highest yields (26,28). In 2006, the breeding line DT97-4290 was
registered for its high yield and moderate resistance to M.
phaseolina (25); however, soybean cultivars with high levels of
resistance to M. phaseolina are not commercially available.

Finding new sources of resistance to plant pathogens requires
reliable disease evaluation techniques. To date, most studies evalu-
ating soybean germplasm for resistance to M. phaseolina have
used field plots, either inoculated with the fungus or chosen for
their history of the disease and relying on the presence of field
inoculum (2,3,20,21,26,30). As with most field experiments, varia-
bility among fields with different soil characteristics and micro-
flora that can interact with M. phaseolina (39) or across locations
and seasons with varying weather patterns and moisture, can pro-
duce inconsistent results between field experiments. Field tests that
rely on field inoculum are subject to reduced precision in detecting
true differences among genotypes because of nonuniform inoculum
concentration and nonrandom inoculum distribution within and
between fields (23). Unfortunately, proven techniques to inoculate
plants in the field to control variability in inoculum among test
plots have not yet been established. An issue specifically for the
field evaluation of soybean genotypes is the effect of plant maturity
on the relative timing of symptom development. Soybean geno-
types with different maturity will not reach growth stage R7 (10),
the stage in which evaluations are usually performed (20,21,30), at
the same date under identical environmental conditions (26,36),
often producing confounding results. Moreover, in most locations,



only a single field experiment is completed per season. Such
limitations inherent in field experiments may have hindered pro-
gress toward identifying new charcoal rot resistance sources and
breeding for such resistance in soybean. Non-field testing under
semicontrolled conditions in a greenhouse or in controlled condi-
tions in plant growth chambers using standardized environmental
conditions and inoculation techniques may compliment or help to
overcome the limitations of field-testing.

Soybean genotypes have been screened for resistance to char-
coal rot under controlled environments in the greenhouse using
full-grown soybean plants (35) and in growth chambers using seed-
lings (3); however, such screening has not been widely used, possi-
bly because of the lack of a reliable technique. In recent years, our
laboratory developed and applied a cut-stem technique to inoculate
soybean with Phomopsis longicolla and Sclerotinia sclerotiorum
(16,38). This technique has been effective in identifying partial
resistance to these two diseases and has proven crucial in phe-
notyping populations segregating for resistance to map quantitative
trait loci controlling resistance to Sclerotinia stem rot. In addition
to investigating the effectiveness of this technique for screening
soybean for resistance to M. phaseolina, we wanted to know if it
was applicable to other crop plants with plant architecture similar
to that of soybean, such as Phaseolus spp., which also has been
evaluated under controlled conditions (5,13) but not using the cut-
stem inoculation technique. The objectives of this study were to
evaluate the use of the cut-stem inoculation technique in controlled
conditions to (i) compare the aggressiveness of different M.
phaseolina isolates and (ii) screen for resistance to charcoal rot
among selected soybean and Phaseolus spp. genotypes.

Materials and Methods

Plant material and planting. Sixteen soybean genotypes and
six genotypes of Phaseolus spp. were used in this study. Most of
the soybean genotypes were selected from a panel of genotypes
that were previously tested for charcoal rot resistance in the field
(21). Lines with the DT prefix were obtained from the United
States Department of Agriculture—Agricultural Research Service,
Stoneville, MS; lines with the LS prefix were obtained from South-
ern Illinois University, Carbondale; and ‘Croton’, ‘Pana’, ‘Phar-
aoh’, and ‘Spencer’ were public releases from universities in the
Midwest. The four Phaseolus vulgaris plant introduction (PI)
accessions were selected and obtained from the National Plant
Germplasm System based on their previously reported (37) re-
sistance to ashy stem blight caused by M. phaseolina. ‘Bush Baby
Lima’ and ‘Bush Yellow Wax’ bean were purchased locally.

Experiments were conducted in a greenhouse or a growth cham-
ber. Seed was over-sown in 48-pot plastic inserts (number 1204;
Hummert International) and thinned to one plant per pot after plant
emergence. Each insert, with 12 rows of four pots, was filled with
soil-less mix (Sunshine Mix, LC1; Sun Gro Horticulture Inc.),
placed inside a flat with drainage holes (number T1020; Hummert
International), and fertilized at planting with slow-release pellets
(Osmocote 19-6-12; 1 to 2 pellets/cm?). Depending on the experi-
ment and trial within the experiment, flats were placed in a growth
chamber (Percival Scientific, Inc.) maintained at 30°C and a 16-h
photoperiod with a light intensity approximately 500 pmol m~ s™!
or on a bench inside a greenhouse at 30 £+ 2°C, with supplemental
illumination provided by 500-W high-pressure sodium vapor
lamps.

Isolate aggressiveness experiment. Two trials, using the cut-
stem inoculation technique as described below, were conducted
using four isolates of M. phaseolina; namely Conway, Kibler, and
Pinetree (collected in Arkansas and obtained from Dr. John Rupe,
University of Arkansas, Fayetteville), and Mp3, a local isolate
collected in east-central Illinois. Each isolate was cultured on po-
tato dextrose agar (Difco Laboratories) and maintained in an incu-
bator at 28°C. Trial 1 used moderately resistant DT97-4290 (25);
moderately susceptible 1.S98-1430; susceptible LS94-3207 (21);
Spencer, which had shown partial resistance in our preliminary
experiments; and two genotypes, Pana and LS98-0358, that had no

previous reported evaluations. Trial 2 used DT97-4290, Spencer,
and the susceptible Pharaoh (21). The isolate aggressiveness
experiment trials were conducted as factorial experiments. Factors
(isolates and soybean genotypes) were arranged in a randomized
complete block design with three blocks. The experimental unit in
both trials of this experiment was the row of four plants of each
isolate—genotype factor combination in each block. Trial 1 was
contained in six flats with two flats per block and trial 2 was
contained in three flats with a single flat for each block. Both trials
were conducted in growth chambers under conditions previously
described.

Experiment to evaluate resistance to M. phaseolina in soy-
bean genotypes. Fourteen soybean genotypes were evaluated for
M. phaseolina resistance using the cut-stem technique. Of the 14
genotypes, 9 were selected based on the results of a field study
(21) in order to have a panel of genotypes that exhibited a range of
field responses to M. phaseolina for comparison with the results of
the non-field evaluation technique. There were three trials con-
ducted in the growth chamber and two trials conducted in the
greenhouse under the environmental conditions previously de-
scribed. The experimental design for all five trials in this
experiment was a randomized complete block design with three
blocks and four plants (experimental units) per block. Each trial
was contained in six flats with two flats per block. Plants in two of
the growth chamber trials were inoculated with M. phaseolina
isolate Mp3; the Pinetree isolate was used in the third growth
chamber trial and the two greenhouse trials.

Experiment to evaluate resistance to M. phaseolina in geno-
types of Phaseolus spp. To determine whether the cut-stem
inoculation technique was suitable for evaluating resistance to M.
phaseolina in another crop, six genotypes consisting of two
Phaseolus spp. and four P. vulgaris common bean accessions were
obtained from the National Plant Germplasm System and selected
because they were listed as having resistance to ashy stem blight
caused by M. phaseolina (37). Two commercial bean genotypes
obtained locally, P. lunatus Bush Baby Lima and P. vulgaris Bush
Yellow Wax, were also included in the experiment along with three
soybean genotypes: DT97-4290, Pharaoh, and Spencer. This
experiment, which was repeated once with a different randomiza-
tion of genotypes under previously described greenhouse condi-
tions, was arranged in a randomized complete block design with
three blocks and four plants (experimental units) per block. The
experiment was contained in three flats with a single flat per block.
The Pinetree isolate was used for inoculation.

Cut-stem inoculation technique. The stem apex of each six-
week-old V2-stage (10) soybean plant was cut 25 mm above the
unifoliolate node with a sharp razor blade. The open end of a 10- to
200-pl pipette tip (Fisher Scientific) was pushed into the margin of
an actively growing M. phaseolina culture growing on potato dex-
trose agar, and a circular disk of fungal mycelium and agar was cut
and removed. The pipette tip containing the agar disk with M.
phaseolina mycelium was immediately placed over the cut stem
and pushed down as far as possible in order to embed the stem into
the medium and to secure the tip onto the stem. Phaseolus spp.
genotypes were also inoculated in this manner.

Measurement of necrosis caused by M. phaseolina. Three
days after inoculation, the pipette tips were removed from each
plant and discarded. Linear stem necrosis (in millimeters) caused
by M. phaseolina infection was measured on each plant with a
ruler and recorded every 3 days until the end of each trial 13 to 15
days post inoculation. Because the M. phaseolina infection often
caused part of the stem apex to rot and fall off, eliminating a por-
tion of the top of the plant, measurements were taken from the
unifoliolate node. If the edge of the necrosis did not reach down to
the unifoliolate node, the distance from the node up to the lower
edge of the necrosis was taken and this distance then subtracted
from 25 mm, which was the distance between the unifoliolate node
and the inoculation point, to obtain the length of necrosis. If the
necrosis progressed below the unifoliolate node, the distance be-
tween the unifoliolate node down to the lowest part of the necrosis
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was measured and this distance then added to 25 mm to obtain the
length of necrosis.

Data analysis. The linear extent of stem necrosis (mm), caused by
M. phaseolina infection that developed from the inoculation point at
the cut-stem apex and measured on each inoculated plant over time,
was used to calculate the area under the disease progress curve
(AUDPC; 4). The mean AUDPC of the four plants in each row was
the experimental unit. Due to differences in number of days when
necrosis measurements were recorded in the experiments, the relative
area under the disease progress curve (RAUDPC; 4,18) was
calculated to standardize the AUDPC data. This was done by
dividing the AUDPC values by the number of days between the first
and last date of necrosis measurement. Prior to statistical analyses,
RAUDPC data were log-transformed to normalize the data and
correct for non-constant variance among samples.

In the isolate aggressiveness experiment, the effects of isolate
and genotype on the RAUDPC were determined using restricted or
residual maximum likelihood (REML) analysis (JMP, version 9.03,
2010; SAS Institute Inc.). Blocks nested within each trial were
random effects. Each trial was analyzed separately because differ-
ent soybean genotypes were used. To minimize type I errors,
means were separated using Fisher’s protected least significant
difference (LSD) experiment at o. = 0.05 only when analysis of
variance indicated significant differences (P < 0.05) among isolates
or genotypes.

For the experiment to evaluate resistance to M. phaseolina in
soybean genotypes, the effects of environment and genotype and
their interaction on RAUDPC was determined using REML analy-
sis as previously described. Environments and genotypes were
fixed effects. Trials and blocks were random effects. Trials were
nested within environments and blocks were nested within trials.
Means were separated using Fisher’s LSD.

Significance of variance heterogeneity among repeats of the ex-
periment to evaluate M. phaseolina resistance in Phaseolus spp.

Table 1. Restricted or residual maximum likelihood analyses for relative
area under the disease progress curve (RAUDPC) among four Macro-
phomina phaseolina isolates in two trials with different soybean (Glycine
max) genotypes following cut-stem inoculation technique*

Trial 1 Trial 2
Source of variation df F ratio df F ratio
Isolate 3 23 4%k 3 7.8
Genotype 5 6.3%%* 2 3.8%
Isolate x genotype 15 0.5 6 0.6

% Isolates and genotypes were fixed effects. Blocks were random effects
nested within trials. Mean RAUDPC for each four-row experimental unit
was log-transformed prior to analysis to normalize the data and correct for
non-constant variance; * and *** indicated significant differences were
found at P = 0.05 and 0.001, respectively.

Table 2. Relative area under disease progress curve (RAUDPC) of infection
by four Macrophomina phaseolina isolates, collected from soybean, on
selected soybean (Glycine max) genotypes using a cut-stem inoculation
techniqueY

Isolate? Trial 1 Trial 2
Pinetree 424 a 67.6a
Mp3 300b 63.8a
Conway 26.0b 50.6 b
Kibler 142 ¢ 45.0b
Mean 25.7 56.2

Y RAUDPC was calculated by dividing the AUDPC (area under disease
progress curve) values by the number of days between the first and last
date of necrosis measurement. Means followed by a common letter were
not significantly different by least significant difference (P < 0.05).
Coefficient of variation was 18.7 and 6.6% for trial 1 and 2, respectively.

“ Mp3 isolate was a local isolate from Illinois collected in 1998; Conway,
Kibler, and Pinetree were collected by J. Rupe (University of Arkansas,
Fayetteville).
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was tested using Bartlett’s test (JMP, version 9.03, 2010; SAS
Institute Inc.) in order to determine whether data from the repeats
could be pooled for combined analysis. The effect of genotype on
RAUDPC was determined using REML and means were separated
using Fisher’s LSD. Genotypes were fixed effects and blocks were
random effects.

Results

Isolate aggressiveness experiment. There were significant (P <
0.05) differences among soybean genotypes and isolates without
significant (P > 0.05) isolate—genotype interaction for RAUDPC in
both trials (Table 1), indicating that the soybean genotypes had
different levels of resistance to M. phaseolina infection and that the M.
phaseolina isolates were different for aggressiveness. The Pinetree
isolate produced significantly (P < 0.05) higher RAUDPC than the
other three isolates in trial 1, and significantly higher RAUDPC than
isolates Conway and Kibler in trial 2 (Table 2). LSD separated the
soybean genotypes into two classes in trial 1, with the four genotypes
Spencer, LS98-1430, DT97-4290, and Pana having significantly (P <
0.05) lower RAUDPC than 1.S98-0358 and 1.S94-3207 (Table 3).
DT97-290 had significantly (P < 0.05) lower RAUDPC than Spencer
and Pharoah in trial 2 (Table 3). The lack of isolate—genotype
interaction indicated that relative differences in isolate aggressiveness
were consistent on each soybean genotype. Trial 2 had a higher mean
RAUDPC (56.2) and lower coefficient of variation (CV; 6.6%) than
trial 1, with a mean RAUDPC of 25.7 and a CV of 18.7%.

Experiment to evaluate resistance to M. phaseolina in soy-
bean genotypes. Because there was no significant interaction be-
tween genotypes and isolates in the aggressiveness experiment, the
effect of using either the Mp3 or the Pinetree isolate in this experi-
ment was not determined. All soybean genotypes developed stem
necrosis during the course of the experiments, indicating that there
was no immunity or complete resistance to M. phaseolina.

There were significant (P < 0.05) differences between the
growth chamber and greenhouse trials and highly significant (P <
0.01) differences among the 14 soybean genotypes for RAUDPC,
without significant (P > 0.05) interaction between the two factors,
(Table 4). The mean RAUDPC in greenhouse trials was 39.9,
which was significantly higher (P < 0.05) than the mean of 20.5 in
the growth chamber trials. The CV for the greenhouse trials was
9.8% whereas, for the growth chamber trials, it was 13.5%.
Genotypes DT97-4290, DT98-7553, DT99-17554, and DT99-
16864 had significantly lower (P < 0.05) RAUDPC than 7 of the

Table 3. Relative area under the disease progress curve (RAUDPC) for
Macrophomina phaseolina infection on selected soybean (Glycine max)
genotypes using a cut-stem inoculation technique in two trials¥

Genotype?* RAUDPC

Trial 1
Spencer 189 a
LS98-1430 21.6a
DT97-4290 220a
Pana 253 a
LS98-0358 36.5b
L.S94-3207 38.6b
Mean 25.7

Trial 2
DT97-4290 49.1a
Spencer 58.5b
Pharoah 61.1b
Mean 56.2

Y RAUDPC was calculated by dividing the area under disease progress
curve values by the number of days between the first and last date of
necrosis measurement. Means followed by a common letter were not
significantly different by the least significant difference at P < 0.05.
Coefficient of variation was 18.7 and 6.6% for trial 1 and 2, respectively.

z Genotypes with DT prefix were obtained from the United States
Department of Agriculture—Agricultural Research Service, Stoneville,
MS; lines with LS prefix were obtained from Southern Illinois University,
Carbondale, IL; and the remaining genotypes were public releases from
universities in the Midwest.



14 genotypes (Table 5). LS94-3207 had significantly higher (P <
0.05) RAUDPC than 12 genotypes.

Experiment to evaluate resistance to M. phaseolina in geno-
types of Phaseolus spp. Bartlett's test (F ratio = 1.2; P = 0.3) indi-
cated that variance for RAUDPC in the first and repeated trial was
not significantly different. Therefore, the data from both trials were
pooled for combined analysis. Highly significant differences (F
ratio = 7.9; P = 0.006) were observed among six Phaseolus and
three soybean genotypes for RAUDPC. Bush Baby Lima (P. luna-
tus) had a significantly lower (P < 0.05) RAUDPC than all of the P.
vulgaris genotypes and G. max genotypes Spencer and Pharoah but
not significantly different (P > 0.05) from the soybean genotype
DT97-4290 (Table 6). RAUDPC among the P. vulgaris genotypes
was not significantly different (P > 0.05) from each other or from
Pharoah. RAUDPC on DT97-4290 was significantly lower (P <
0.05) than RAUDPC on all of the P. vulgaris genotypes. The mean
RAUDPC was 50.1 and CV was 12.2% for this experiment.

Discussion

The relative differences among nine soybean genotypes
found using the cut-stem technique were in agreement with

Table 4. Restricted or residual maximum likelihood analysis for relative
area under the disease progress curve (RAUDPC) among 14 soybean
(Glycine max) genotypes and between environments (growth chamber and
greenhouse) and environment—genotype interaction following inoculation
with Macrophomina phaseolina using a cut-stem inoculation technique

Source of variation¥ df F ratio®
Environment 1 25.5%
Genotype 13 6.8%**
Environment x genotype 13 0.6

Y Environments and genotypes were fixed effects. Trials and blocks were
random effects. Trials were nested within environments and blocks were
nested within trials. There were three trials conducted in the growth
chamber and two trials conducted in the greenhouse. Mean RAUDPC for
each four-row experimental unit was log-transformed prior to analysis to
correct for non-normality.

z Asterisks: * and *** indicate that significant differences were found at P
0.05 and 0.001, respectively.

Table 5. Relative area under the disease progress curve (RAUDPC) for
Macrophomina phaseolina infection on 14 soybean (Glycine max)
genotypes using a cut-stem inoculation technique in five trials (three from
growth chamber and two from the greenhouse)

GenotypeY RAUDPC*
DT97-4290 21.6a
DT98-7553 21.7a
DT99-17554 228a
DT99-16864 23.7a
Spencer 23.9 ab
L.S98-3257 26.5 abc
L.S98-2574 26.8 abc
LS98-0719 29.9 bed
L.S98-1430 30.1 cd
DT99-17483 3l.1cd
Croton 32.1cd
LS92-1088 33.8d
Pharoah 36.8 de
L.S94-3207 427

Y Genotypes with DT prefix were obtained from the United States
Department of Agriculture—Agricultural Research Service, Stoneville,
MS; genotypes with LS prefix were obtained from Southern Illinois
University, Carbondale, IL; and the remaining genotypes were public
releases from universities in the Midwest.

2 RAUDPC was calculated by dividing the area under disease progress curve
by the number of days between the first and last date of necrosis
measurement. Means followed by common letters were not significantly
different by the least significant difference test at P = 0.05. The mean
RAUDPC in the greenhouse trials was 38.9, which was significantly higher
(P > 0.05) than the mean of 20.5 in the growth chamber trials. The CV was
9.8 and 13.5%, respectively, for greenhouse and growth chamber trials.

CFU index (CFUI) results for the same nine genotypes
evaluated in the field (21). Low levels of necrosis on DT97-
4290, DT98-7553, DT99-16864, and DT99-17554 were com-
parable with low CFUIs recorded on these genotypes in field
evaluations (21). This result confirms that these genotypes are
excellent sources of charcoal rot resistance in soybean. Con-
sistent with other research results (field or greenhouse eval-
uations; 3,26), complete resistance was not found among the
soybean genotypes tested in this study.

There are several advantages to using the non-field cut-stem
inoculation technique compared with field-testing soybean for
resistance to M. phaseolina. A uniform amount of inoculum is
placed directly onto an identical infection court on each plant using
the cut-stem inoculation technique, which minimizes potential
infection escapes, whereas plants in field tests are often indirectly
inoculated by placing inoculum in the furrow with the seed at
planting (21). The cut-stem inoculation technique could be further
improved with the use of M. phaseolina conidial inoculum (17),
enabling precise quantitative inoculation which would help reduce
experimental error and improve precision in evaluating M.
phaseolina resistance. Level of disease caused by M. phaseolina on
each plant is directly quantified using the cut-stem technique by
measuring the extent of necrosis caused by the pathogen, signifi-
cantly improving the precision of the resistance evaluation over
indirect disease measurements, such as the CFUI method (21),
used in field tests. Each cycle of evaluation using the cut-stem
technique can be completed in about 8 weeks (6 weeks for plant
growth and 2 weeks for disease evaluation) compared with a full
season required to complete a field test, making the cut-stem
technique suitable to high-throughput screening of germplasm or
phenotyping genetic mapping populations for M. phaseolina re-
sistance. Most importantly, environmental variation and plant ma-
turity differences among soybean genotypes which can contribute
to inconsistent results among field tests can be controlled using the
non-field cut-stem technique in semi-controlled greenhouse or
controlled growth chamber environments, further reducing experi-
mental error and improving reliability of results across M. phaseo-
lina resistance evaluations.

The lack of environment—genotype interaction found in this
study indicated that relative differences between soybean geno-
types for M. phaseolina resistance were consistent in both green-
house and growth chamber trials, although RAUDPC was higher

Table 6. Relative area under the disease progress curve (RAUDPC) among
six Phaseolus spp. and three soybean (Glycine max) genotypes inoculated
with Macrophomina phaseolina using a cut-stem inoculation technique in
two greenhouse trials

GenotypeY RAUDPC?
Phaseolus spp.
Bush Baby Lima 35.0 ab
PI 642947 56.1 cd
PI1550212 56.2 cd
Bush Yellow Wax 60.7 cd
PI1 550213 61.4cd
PI 549901 63.6d
Soybean (G. max)
DT97-4290 283 a
Spencer 42.5 bc
Pharaoh 78.2d
Mean 50.1

Y PI (plant introduction) accessions were obtained from the United States
Department of Agriculture—Agricultural Research Service (USDA-ARS),
National Plant Germplasm System (33). Bush Baby Lima and Bush
Yellow Wax bean were purchased locally. DT97-4290 was obtained from
USDA-ARS, Stoneville, MS; the other soybean genotypes were public
releases from universities in the Midwest.

2 RAUDPC (relative area under disease progress curve) was calculated by
dividing the area under disease progress curve by the number of days
between the first and last date of necrosis measurement. Means followed
by common letters were not significantly different by the least significant
difference test at P = 0.05. Coefficient of variation was 12.2%.
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and CVs were lower in the greenhouse trials compared with the
growth chamber trials. Though both environments are suitable,
the greenhouse environment is often more available to re-
searchers.

The cut-stem inoculation technique was not only shown to be
useful in soybean M. phaseolina resistance evaluations but also
may improve screening for M. phaseolina resistance in other
crops, such as Phaseolus spp. Using the cut-stem technique in
this study, M. phaseolina infection on Phaseolus spp. was similar
to development of infection on soybean. RAUDPC on the P.
lunatus genotype was comparable with DT97-4290, indicating
that it may be a new source of resistance for edible bean crops.
Additional comparisons are needed to determine whether the data
from the cut-stem inoculation technique are correlated to results
obtained in previous reports of evaluating Phaseolus spp. for
charcoal rot resistance either in the field (33) or under controlled
conditions (5).

Results from the aggressiveness experiments in this study
showed that the cut-stem inoculation technique successfully distin-
guished differences in aggressiveness among soybean isolates of
M. phaseolina, defined by relative amount of necrosis (RAUDPC)
caused by each isolate. However, no significant interaction be-
tween isolate and genotype was found in this study, providing evi-
dence for the lack of host specialization among soybean isolates of
M. phaseolina toward soybean genotypes. The cut-stem technique
could be used to study host specialization among M. phaseolina
isolates collected from other host plants (14,34), such as sorghum
(7), common bean (19), and sunflower (1).

Although other techniques to evaluate plants for M. phaseolina
resistance under controlled or semi-controlled environments
(3,17,35) have been reported, a standard procedure has not been
widely adopted to screen for M. phaseolina resistance in soybean.
Lack of standardized resistance evaluation practices limits com-
parison of results produced in different laboratories. In our trials,
the cut-stem inoculation technique, which has several advantages
over field tests, successfully distinguished relative differences
among soybean genotypes for resistance to M. phaseolina. The
most- and least-resistant genotypes were consistently distinguished
with this technique. Differences among genotypes with intermedi-
ate colonization levels were subtle, and as a group, behaved simi-
larly in response to M. phaseolina infection. The cut-stem tech-
nique could serve as a standard technique among researchers
because of its ease of use and multiple advantages over field-test-
ing.
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