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ABSTRACT
Mueller, D. S., Li, S., Hartman, G. L., and Pedersen, W. L. 2002. Use of aeroponic chambers
and grafting to study partial resistance to Fusarium solani f. sp. glycines in soybean. Plant Dis.
86:1223-1226.

Several plant introductions (PIs) and cultivars have been classified as partially resistant (PR) to
sudden death syndrome. However, little is known about the nature of resistance to this disease.
Seedlings of two PR PIs and two susceptible cultivars were inoculated with Fusarium solani f.
sp. glycines in aeroponic chambers. Plants were inoculated by taping two sorghum seeds in-
fested with F. solani f. sp. glycines to the main root. Foliar symptoms of the susceptible culti-
vars were higher than those on the PR PIs and were associated with lower root and plant dry
weight. Root lesion lengths of the four soybean lines differed (P < 0.05), but did not correlate
with foliar disease or any other variable. To better understand the resistance mechanism by
distinguishing between root and plant resistance, three partially resistant PIs (PI 520.733, PI
567.374, and PI 567.650B) and one susceptible soybean cultivar (GL3302) were compared
using different grafting combinations in aeroponic chambers. Results of sudden death syndrome
evaluation indicated that resistance is conditioned by both the scion and the rootstock. All three
PIs evaluated had resistance associated with the scion; resistance in PI 567.650B also was asso-
ciated with the rootstock. Although the PR PIs used appear to have little or no root resistance,
an aeroponic system and grafting may help identify new sources of resistance to F. solani f. sp.

glycines with root- or whole-plant resistance.

Sudden death syndrome of soybean
(Glycine max (L.) Merr.) is caused by the
soilborne fungus Fusarium solani (Mart.)
Sacc. f. sp. glycines (17). The fungus in-
fects the soybean roots and causes root rot,
crown rot, and vascular discoloration in
stems. However, the most recognizable
symptoms of sudden death syndrome are
on the leaves. F. solani f. sp. glycines pro-
duces a toxin which appears to translocate
to the upper leaves, causing characteristic
foliar symptoms that begin as chlorotic
mottling and proceed to interveinal chloro-
sis and necrosis, with eventual defoliation
(17,18).

One disease management option to re-
duce the severity of sudden death syn-
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drome is to plant less susceptible cultivars.
Differences in disease susceptibility among
soybean cultivars and plant introductions
(PIs) have been observed (6,9,12,14,17).
Sudden death syndrome foliar symptoms
are relatively easy to identify; therefore,
most efforts to evaluate sudden death syn-
drome resistance in soybean are based on
foliar symptoms (6,9,11,18). Less effort
has been made to characterize root resis-
tance to F. solani f. sp. glycines, although it
has been reported (12,14). One report
based root resistance on the number of F.
solani f. sp. glycines CFU obtained from
root tissue and showed that resistant culti-
vars had significantly fewer CFU/g of root
tissue (12). In another report, soybean lines
that showed partial resistance based on
foliar symptoms of seedlings did not ex-
hibit any differences in root lesion length
compared with susceptible cultivars (9).
Although partially resistant soybean lines
have been identified, either by foliar symp-
toms or CFU in roots, there is little infor-
mation on the morphological location of
the resistant response.

The use of aeroponic chambers may
provide a method to evaluate soybean
plants for root resistance to F. solani f. sp.
glycines. The system is ideal for visually
monitoring roots that have been inoculated
without destroying plants. Sudden death
syndrome has two distinct stages; there-
fore, the ability to evaluate plants simulta-
neously for both the root rot and the foliar

symptoms may help identify more desir-
able sources of resistance, which may im-
prove genetic resistance in modern culti-
vars. Wagner and Wilkinson (19) used an
aeroponic system to enable nondestructive
examination of disease development on
soybean taproots inoculated with Phy-
tophthora sojae. Aeroponic systems also
have been used for evaluating root resis-
tance on other crops, including maize (3),
pea (16), and wheat (8).

Grafting combinations have been used to
understand resistance mechanisms by lo-
cating the tissue or tissues responsible for
resistance. Several studies have been con-
ducted using grafted soybean plants to
examine resistance to brown stem rot,
caused by the fungus Phialophora gregata,
which is another soilborne pathogen caus-
ing root and foliar symptoms (1,10,15).
Bachman and Nickell (1) reported that
roots conditioned resistance to brown stem
rot. Prior to Bachman and Nickell’s report,
results were not consistent because both
aerial (10) and root (15) resistance was
reported.

Although grafting and aeroponic cham-
bers have been used to study other soybean
diseases, neither of these has been used
previously to study sudden death syn-
drome. The objectives of this study were to
investigate resistance of soybean in an
aeroponics system and to identify whether
resistance was conditioned by the rootstock
or scion using three partially resistant PIs
in different grafting combinations.

MATERIALS AND METHODS
Aeroponic chambers study. Aeroponic
chambers (80 by 60 by 60 cm) were used
to evaluate resistance in soybean to F. so-
lani f. sp. glycines. Tops consisted of 1.5-
cm-thick Poly Hi Solidur plastic with 70
holes, 1 cm in diameter, drilled on 5-cm
centers. Bolts, 10 cm long and 0.7 cm in
diameter, were installed along the top
edges 5 cm apart. Rubber bands stretched
across these bolts created a grid overlying
the holes. The rubber bands served as sup-
port for the growing plants and were raised
as needed. A controller (ChronTrol Corp.,
San Diego, CA) was set to mist the roots
for 2 s every 7 min using greenhouse air
supply pressurized (552 kPa) 20-liter
stainless steel tanks (MIDCO, Rock Island,
IL) filled with half-strength nutrient solu-
tion (7). An inline filter (AA122-PP Com-
pact Liquid Strainer; Spraying Systems
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Co., Wheaton, IL) was added to keep the
eight stainless steel atomizing nozzles (1/4
LNN; Spraying Systems Co.) in the cham-
ber clean. Mean room temperature was
24°C, with a range of 22 to 27°C. The pho-
tosynthetically active radiation (PAR) was
434 uEm2s7L,

Two partially resistant PIs, PI 520.733
and PI 567.374, and two susceptible culti-
vars, Great Lakes 3302 (GL3302) and
Spencer (9), were evaluated. Soybean seed
were grown in sand until the VC growth
stage (4), then placed into the aeroponic
chambers (6 days after planting). Seedlings
were shaded the first day to reduce stress
from the transfer. The following day, sor-
ghum seed either infested or not infested
with F. solani f. sp. glycines were taped
directly to the primary taproot for inocu-
lated and noninoculated plants, respec-
tively. Inoculum was prepared by soaking
200 cm? of sorghum grain in distilled water
in a 1-liter Erlenmeyer flask overnight
(13). Excess water was drained and the
grain autoclaved for 60 min at 121°C on
consecutive days and allowed to cool. Af-
ter cooling, 10 plugs, 6 mm in diameter,
containing mycelia of F. solani f. sp. gly-
cines isolate Mont-1 (P. Stevens, Illinois;
5) on water agar were added to the flask.
The flask was shaken daily and incubated
at 24°C under continuous fluorescent light
(60 uE m™ s7!). After 10 days of growth,
inoculum was stored at 4°C. When inocu-
lating plants, Scotch tape (3M Co., St.
Paul, MN) was used to attach two infested
sorghum seeds in direct contact with the
primary root, approximately where the
highest secondary root emerged. The same
technique was used to attach noninfested

Table 1. Mean foliar severity ratings and lesion
lengths on soybean roots of two partially resis-
tant plant introductions (PIs) and two suscepti-
ble soybean cultivars after inoculating roots
with Fusarium solani f. sp. glycines in aero-
ponic chambers®

Foliar Lesion
Soybean line?  rating (%)¢ length (mm)
GL3302 (S) 75 34
Spencer (S) 58 37
P1520.733 (PR) 14 40
PI1567.374 (PR) 28 28
LSD(y05, 14 7

4 Values are means of eight replications, with
each replication having between three and
four seedlings per soybean line.

'S = susceptible and PR = partially resistant to
F. solani f. sp. glycines. LSD = least signifi-
cant difference.

¢ Disease ratings were based on a 1-to-9 scale,
where 1 = no symptoms; 2 to 4 = light symp-
tom development (1 to 5, 5 to 10, and 10 to
20% foliage affected); 5 and 6 = moderate
symptom development (20 to 35 and 35 to 50%
foliage affected); 7 and 8 = heavy symptom
development (50 to 65 and 65 to 80% foliage
affected); and 9 = severe symptom develop-
ment (81 to 100% foliage affected). Data were
converted to midpoint values (2) based on
range within each severity rating scale.
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seed to the primary root of the noninocu-
lated plants. Each aeroponic chamber was
split, each half treated as a replication. One
replication consisted of two treatments
(inoculated and noninoculated) and seven
plants of each line, four inoculated and
three noninoculated. The noninoculated
and inoculated soybean lines were ran-
domly placed within each of the four repli-
cations. At 18 days after placing the soy-
bean seedlings in the aeroponic chambers,
data were recorded on root dry weight and
lesion length; and on plant dry weight and
foliar symptoms. The percentage of reduc-
tion from the noninoculated control was
calculated for root and plant dry weight by
using [l — (inoculated/mean noninocu-
lated)] x 100. Foliar ratings were based on
a 1 to 9 rating scale, where 1 = no symp-
toms; 2 to 4 = light symptom development
(1 to 5,5 to 10, and 10 to 20% foliage
affected); 5 and 6 = moderate symptom
development (20 to 35 and 35 to 50% foli-
age affected); 7 and 8 = heavy symptom
development (50 to 65 and 65 to 80% foli-
age affected); and 9 = severe symptom
development (81 to 100% foliage affected)
(13). The experiment was completed twice.

Grafting study. Aeroponic chambers
were similar to the previously described
chambers with a few exceptions. The
chambers were 60 by 60 by 60 cm and had
64 holes. Soybean seedlings were grafted
using rootstocks and scions of partially re-
sistant PIs (PI 520.733, PI 567.374, and PI
567.650B) and one susceptible cultivar
(GL3302). The different grafting combina-
tions were (i) rootstock and scion from the
same soybean line (PI 520.733 self-grafted,
PI 567.374 self-grafted, PI 567.650B self-
grafted, and GL3302 self-grafted); and (ii)
rootstock and scion from different soybean
lines (PI 520.733 root and GL3302 scion,
PI 567.374 root and GL3302 scion, PI
567.650B root and GL3302 scion, GL3302
root and PI 520.733 scion, GL3302 root
and PI 567.374 scion, and GL3302 root
and PI 567.650B scion). The soybean
grafting technique published by Bachman
and Nickell (1) was used. Soybean seed
were planted in flats (45 by 35 by 10 cm)
filled with sand. At the VE growth stage (6
days after planting) (4), grafts were made
by transversely severing the hypocotyl ap-
proximately 2 cm below the cotyledons
with a razor. The lower portion remained
in the sand and became the rootstock and
the upper portion became the scion. A ver-
tical incision, 1.0 cm deep, was made with
a razor into the top of the rootstock. A 1.5-
to 2.5-cm section of a drinking straw (3
mm in diameter) was slit lengthwise with a
razor, slipped over the rootstock, and al-
lowed to fall to the base. The scion was cut
into a V-shaped-wedge, which was inserted
into the rootstock incision. The graft was
secured by lifting the straw into place.
Both the grafted and nongrafted seedlings
were placed in a plastic chamber on a
greenhouse bench containing a humidifier

and humidistat (Herrmidifier Co. Inc.,
Lancaster, PA). The seedlings were kept at
100% humidity for 3 days. On the fourth
day, the humidistat was lowered to 90%
relative humidity, and the plastic sheet was
lifted slightly on the fifth day, further low-
ering the humidity. On the sixth day, the
plastic sheet was removed and the humidi-
fier turned off. Seven days after grafting
(13 days after planting), the seedlings were
removed from the sand and placed in aero-
ponic chambers, shaded for 1 day, then
inoculated with F. solani f. sp. glycines (14
days after planting). Inoculum preparation
and inoculation technique was done as
described in the previous study.

Three plants of each grafted combina-
tion, plus two to three nongrafted seedlings
of each soybean line, were randomly
placed into three aeroponic chambers, each
representing a replication. The grafted and
nongrafted combinations were arranged in
a randomized complete block design. Rat-
ings were taken 30 days after planting
using the previously mentioned 1-to-9
scale. Disease severity ratings were con-
verted to percent midpoint values (2). The
experiment was completed twice.

Data analysis. For the aeroponic cham-
ber study, means from each replication
were analyzed by analysis of variance
(ANOVA) using replications and trials as
random effects and treatments and soybean
line as fixed effects. Means of the inocu-
lated and noninoculated plants were com-
pared by single degree of freedom con-
trasts, while means of the soybean lines
were compared by Fisher’s protected least
significant difference (LSD) at P < 0.05. A
Pearson’s correlation coefficient was cal-
culated among foliar symptoms, root lesion
length, root dry weight, and plant dry
weight using the SAS Pearson correlation
procedure (PROC CORR). For the grafting
study, the means for the three plants in
each replication were analyzed using a
two-way ANOVA, in which the main ef-
fects of rootstock and scion were tested
(SAS Institute, Cary, NC). Nongrafted
controls were not included in the analysis.

RESULTS

Aeroponic chambers study. Data from
the repeated experiments were combined
because there was not a significant trial—
soybean line interaction and the error vari-
ances were homogeneous. GL3302 and
Spencer had higher foliar disease severity
ratings than PI 520.733 and PI 567.374
(Table 1). Differences were found in root
lesion length because PI 567.374 had
shorter lesion lengths (P < 0.05) when
inoculated compared with Spencer and PI
520.733. All four soybean lines had sig-
nificant root and plant dry weight reduc-
tions after inoculation with F solani f. sp.
glycines compared with the noninoculated
plants. Root weight reduction ranged from
25 to 68% and plant weight reduction
ranged from 36 to 59% (Table 2). Foliar



symptoms were negatively correlated with
root and plant weight but not correlated
with root lesion length. Lesion length was
not correlated with root and plant weight
(Table 3).

Grafting study. Using trial x root X
scion as the error term, trial (P = 0.28, P =
0.34), trial x root (P = 0.29, P = 0.62), and
the trial x scion (P = 0.08, P = 0.67) were
found to be not significant for foliar ratings
and root lesion length, respectively. There-
fore, data from the two trials were com-
bined. Nongrafted plants were not included
in the two-way ANOVA. The means for
the nongrafted GL3302 was 77% foliar
symptoms, which was higher than PI
520.733 (15%), PI 567.374 (17%), and PI
567.650B (24%). The nongrafted means
were similar to the self-grafted plants,
indicating that grafting did not affect dis-
ease development. From the two-way
ANOVA, both root (P = 0.0237) and scion
(P < 0.0001) had a significant effect on
foliar symptoms; however, the root—scion
interaction was not significant (P =
0.1311). Plants with PI 567.650B rootstock
(27%) had significantly lower foliar symp-
toms than plants with GL3302 (38%) and
PI 520.733 (40%) rootstock. Plants with
GL3302 scion (51%) had significantly
more foliar symptoms than plants with
scions from the PIs (20 to 28%; Table 4).
There were differences in the nongrafted
check for root lesion length (PI 520.733
had the longest lesion length and PI
567.374 had the shortest lesion length);
however, there were no differences for the
grafted plants (Table 4).

DISCUSSION

For both the aeroponic study and the
grafting study, the aeroponic chambers
provided a unique, yet favorable environ-
ment for soybean plants to grow. Infection

by secondary inoculum was not observed
and may have been prevented by not recir-
culating the spent nutrient solution. In the
aeroponics study, roots of noninoculated
plants appeared healthy and grew robustly
in the same aeroponic chambers as inocu-
lated plants. Using the aeroponic system to
study sudden death syndrome provides
easily assessable disease data on roots and
the foliage. Similar to previous studies, the
aeroponic system was used to enable non-
destructive examination of disease devel-
opment on different crops (3,8,16), includ-
ing soybean (19). In the aeroponic
chambers, the roots that have been inocu-
lated could be visually monitored without
destroying plants. The taproot inoculation
technique was rapid with minimal damage
to the roots.

For this study, foliar symptoms for the
four soybean lines were comparable to
foliar symptoms of the same soybean lines

grown in Cone-Tainers (9). The foliar reac-
tion of these four soybean lines to F. solani
f. sp. glycines already was known (6,9).
Although it has not been published, both of
the partially resistant (PR) PIs have shown
high levels of resistance, and Spencer and
GL3302 have been very susceptible in the
field. Root lesion lengths and root dry
weight reductions for these lines differed
from previous studies. Huang and Hartman
(9) reported lesion lengths of 33 to 39 mm
and root dry weight losses ranging from 59
to 74% with no statistical differences. The
lesion lengths in the aeroponic chambers
ranged from 28 to 40 mm and significant
differences were found. Additionally, there
was a distinct split between the PR and the
susceptible soybean lines in root dry
weight loss, with the PR soybean lines
having significantly less root dry weight
loss. Root dry weight may be more accu-
rate in the aeroponic chambers compared

Table 4. Sudden death syndrome foliar ratings and root lesion lengths from different grafting combi-
nations between three partially resistant plant introductions (PIs) and one susceptible cultivar inocu-

lated with F. solani f. sp. glycines®

Foliar rating (%) Lesion length (mm)
Soybean line No. observations Root® Scion® Root® Scion®
GL3302 24 38 51 34 34
PI 520.733 12 40 20 39 37
PI567.374 12 31 22 31 32
PI 567.650B 12 27 28 35 34
LSD(g 05" . 9 9 n.s. n.s.

4 Disease ratings were based on a 1-t0-9 scale, where 1 = no symptoms; 2 to 4 = light symptom de-
velopment (1 to 5, 5 to 10, and 10 to 20% foliage affected); 5 and 6 = moderate symptom develop-
ment (20 to 35 and 35 to 50% foliage affected); 7 and 8 = heavy symptom development (50 to 65
and 65 to 80% foliage affected); and 9 = severe symptom development (81 to 100% foliage af-
fected). Data were converted to midpoint values (2) based on range within each severity rating
scale; n.s. = not significant.

b Data calculated from all grafting combinations that included the rootstock of respective soybean
line.

¢ Data calculated from all grafting combinations that included the scion of respective soybean line.

4 LSD = least significant difference.

Table 2. Mean root and plant dry weight of two partially resistant plant introductions (PIs) and two susceptible soybean cultivars after inoculating roots
with Fusarium solani f. sp. glycines in aeroponic chambers?*

Root dry weight (g) Plant dry weight (g)
Soybean line® Inoculated Noninoculated Percent reduction® Inoculated Noninoculated Percent reduction
GL3302 (S) 0.194 0.37 50 0.21¢ 0.46 54
Spencer (S) 0.124 0.37 68 0.244 0.58 59
PI1520.733 (PR) 0.30¢ 0.44 32 0.57¢ 0.89 36
PI1567.374 (PR) 0.18¢ 0.24 25 0.224 0.36 39
LSDyg,0s, 0.03 0.07 11 0.05 0.14 11

2 Values are means of eight replications, with each replication having between three and four seedlings per soybean line.

b S = susceptible and PR = partially resistant to F. solani f. sp. glycines. LSD = least significant difference.

¢ Percent reduction from noninoculated root length and root dry weight was calculated by [1 — (inoculated/mean noninoculated)] x 100.
d Inoculated and noninoculated significantly different at P < 0.05.

Table 3. Pearson’s correlations coefficients of values for foliar ratings, lesion length, root length and weight, and shoot height and weight for soybean
plants inoculated with Fusarium solani f. sp. glycines in aeroponic chambers?

Values? Lesion length (mm) Root dry weight (g) Root dry weight (% )¢ Shoot dry weight (g)  Shoot dry weight (%)*
Foliar ratings (%) —-0.05 (n.s.) -0.37 (0.02) -0.49 (0.002) —-0.64 (0.001) —0.55 (0.001)
Lesion length (mm) -0.19 (n.s.) 0.03 (n.s.) 0.10 (n.s.) -0.20 (n.s.)

4 Values in parentheses are probabilities; n.s. = not significant.
b Disease ratings were based on a 1-to-9 scale, then converted to midpoint values (2) based on range within each severity rating scale.
¢ Percent reduction from noninoculated root length, root dry weight, shoot height, and shoot dry weight was calculated by [1 — (inoculated/mean non-

inoculated)] x 100.
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with other field and greenhouse evaluation
techniques because roots are not lost when
sampling and root growth is not restricted.

Using these soybean lines within the
aeroponic system, foliar symptoms were
associated with a reduction in root and
plant weight, whereas root lesion length
was not correlated with foliar disease or
root and plant weight.

As can be seen by the discrepancy in
foliar symptom evaluations compared with
root evaluations, there is neither a quick
nor easy way to evaluate roots when there
are many soybean entries. Using the aero-
ponics system may be the solution to this
problem. There are a couple of advantages
in identifying root resistance. First, if high
levels of root resistance were available, it
may make resistance to the foliar symp-
toms unnecessary. If a plant’s roots never
become infected with F. solani f. sp. gly-
cines, there would not be toxin production
and the subsequent foliar symptoms later
in the season. A second advantage would
be to reduce plant stress and yield loss
associated with the root rot phase of sud-
den death syndrome.

Grafting was used to locate the tissue or
tissues responsible for resistance. In this
study, resistance was associated with both
the scion and the rootstock. Although all
three PIs had resistance associated with the
scion, PI 567.650B also had low levels of
resistance located in the root. However,
root lesion lengths of PI 567.650B were
not lower than the other soybean lines. We
have defined the root resistance in PI
567.650B as a reduction in foliar symp-
toms with the addition of a “resistant” root.
This is not comparable to root resistance as
defined by Njiti et al., using CFU as the
resistance parameter (14).

Unlike the root-limited resistance in
soybean plants for brown stem rot resis-
tance (1), resistance to sudden death syn-
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drome mostly is limited to the scion or
aerial part of the plant. It appears that the
current evaluations (6,13) used to identify
new sources of resistance are selecting for
resistance conditioned by the aerial part of
the plant. Although implementing sources
of resistance like PI 520.733 and PI
567.374 into breeding programs may im-
prove resistance to F. solani f. sp. glycines
in the foliar symptom stage, using sources
with high levels of root resistance or
whole-plant resistance may improve both
resistance to the root rot and the foliar
symptom stages. Evaluating more soybean
lines with aeroponic chambers and grafting
may help identify lines with root- or
whole-plant resistance.
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