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Infection by Heterodera glycines Elevates Isoflavonoid

Production and Influences Soybean Nodulation

1

M. ]J. KENNEDY,2 T. L. NIBLACK,3 AND H. B. Krisanan?

Abstract: High-performance liquid chromatography and Sinorhizobium fredii USDA191 nodC-lacZ gene
fusion were used to monitor changes in the isoflavonoid content of soybean roots infected with Het-
erodera glycines isolate TN1. Isoflavonoid concentrations in infected roots of both H. glycinesresistant
Hartwig and susceptible Essex soybean were two to four-fold higher than those of uninfected roots 2 and
3 days after inoculation. The isoflavonoids produced activated the transcription of nodC-lacZ fusion. The
most abundant isoflavonoids were identified as daidzein and genistein by HPLC and GC/MS. Heterodera
glycines increased the number of nodules formed on Essex roots inoculated with B. japonicum
(USDA110) but reduced shoot weight and decreased the net nitrogenase activity of the nodules. Het-
erodera glycines infection of resistant Hartwig did not affect the total number of nodules or their nitrogen-

fixing capacity.

Key words: B-galactosidase, Heterodera glycines, host-parasite relationship, HPLC, isoflavonoid, nema-

tode, nodulation, soybean, soybean cyst nematode.

Soybean (Glycine max (L.) Merr.) is an im-
portant legume crop and serves as a protein
and oil source. Two groups of bacteria,
Bradyrhizobium and Sinorhizobium (rhizobia),
enter into symbiotic association with soy-
bean to form nodules that are able to con-
vert atmospheric nitrogen into ammonia,
which is used by the plant for its growth and
development. This biologically important as-
sociation results in more than 1 x 10 kg of
fixed nitrogen per year in the United States.
In contrast, the soybean cyst nematode, Het-
erodera glycines Ichinohe, can cause serious
damage to soybean. For example, soybean
disease loss estimates for the top 10 soybean-
producing countries in 1994 attributed the
greatest losses worldwide to H. glycines
(Wrather et al., 1997). Cyst nematodes are
known to influence the nodulation of le-
gumes. For example, infection by H. goel-
tingiana on peas and H. trifoliv on white clo-
ver resulted in fewer nodules on their host
roots (Jones and Moriarty, 1956; Taha and
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Raski, 1969), while fumigation experiments
established an inverse relationship between
the densities of H. glycines and the number
of nodules on soybean (Endo and Sasser,
1958; Epps and Chambers, 1962). Different
races of H. glycines have different effects on
soybean nodulation. Race 1 reduced nodu-
lation and nitrogen-fixing capacity and
caused severe chlorosis on soybean. In con-
trast, races 2 and 4 did not affect the growth
of soybean severely (Lehman et al., 1971).
In a split-root study, nodulation suppression
was related to the population density of race
1, and the suppression of nodulation could
be reversed by removal of the nematodes
(Ko et al., 1984). In general, the H. glycines
interaction with soybean leads to reduced
nodulation and reduced nitrogen fixation.
Studies conducted during the past 10
years have established the existence of an
intricate signal-exchange mechanism be-
tween rhizobia and legumes (Denarie et al.,
1996). Soybean plants secrete isoflavonoids
into the rhizosphere, and these metabolites
are perceived by the rhizobia (Phillips,
1992). The isoflavonoids interact with a
regulatory protein, NodD, which then acti-
vates the transcription of several nod genes,
including nodABC (Smit et al., 1992). The
result is the production of lipochitooligosac-
charide return signal, called the nod factor,
which at very low concentrations induces the
formation of nodules on soybeans (Stokker-
mans and Peters, 1994). These observations
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imply a crucial role for isoflavonoids in soy-
bean-rhizobia interactions.

Flavonoids, which are phenylpropanoid-
derived metabolites, are widely distributed
in plants and have a protective function
(McClure, 1975). Several biotic and abiotic
factors can influence the production of fla-
vonoids (Graham, 1989, 1991). Even though
it is known that nematode infection ad-
versely affects nodulation, it is not known if
this interaction also affects isoflavonoid pro-
duction. Our study was undertaken to deter-
mine the effect of H. glycines infection on
isoflavonoid production and to examine the
effects of infection on nodulation of soy-
bean cultivars susceptible and resistant to H.
glycines.

MATERIALS AND METHODS

Preparation of roots for flavonoid analysis:
Soybean cyst nematode isolate TN1 (race 5)
was maintained on the susceptible cultivar
Essex in pots in a 27 °C water bath in the
greenhouse. Seeds of Essex and the resistant
cultivar Hartwig were surface-sterilized by
immersion for 5 minutes in 95% ethanol fol-
lowed by 5% sodium hypochlorite. The
seeds were rinsed with deionized water and
germinated in petri plates containing 1%
water agar at 30 °C for 2 days. Two-day-old
soybean radicles of both cultivars were trans-
planted into 13-cm-diam. x 10-cm clay pots
(10 seedlings per pot) containing 100 cm®
sterilized field sand (loamy sand; 84% sand,
4% silt, 12% clay, pH 7.9, 0.3% organic mat-
ter) and inoculated the same day with 2,000
surface-sterilized second-stage juveniles (J2)
of H. glycines isolate TN1 per plant. Pots
were then maintained at a constant tem-
perature of 27 °C within a water bath in a
greenhouse (Yen et al., 1995). Two and 3
days after planting, seedlings were removed
from the sand and roots were harvested and
used for isoflavonoid extraction. In order to
examine if wounding could also influence
the isoflavonoid content of soybean roots,
we made 20 pricks with fine-tipped forceps
on 2-day-old Essex roots. The wounded
plants were transferred to pots that were
maintained at 27 °C as described above.

HPLC analysis of soybean root flavonoids:
Freshly harvested soybean roots were
ground with a pestle and mortar to a fine
paste (1 g root/5 ml solvent) in 50% etha-
nol. The slurry was transferred to 125-ml
flasks and placed on a mechanical shaker
overnight. The ethanolic extracts were cen-
trifuged at 12,000g for 15 minutes. The
clear supernatant was sterilized by passage
through 0.45-pm filters and stored at -20 °C
until used. Further purification of flavo-
noids was carried out with HPLC. The crude
flavonoids were dried in vacuo, re-suspended
in 5 ml 10% ethanol, and loaded on C18
Sep-pak cartridges (Waters Associates, MA).
The cartridges were washed with 5 ml 10%
ethanol, and the bound flavonoids were
eluted with 5 ml 50% ethanol. This flavo-
noid fraction was filtered through 0.2-pm
membranes, and 100-pl aliquots were
loaded onto a Gilson HPLC (Gilson, Middle-
ton, WI) fitted with a C18 reversed-phase
column. A 60-minute linear gradient from
25% to 100% methanol was used to elute
the flavonoids at a flow rate of 2 ml/minute.
The eluting compounds were monitored at
262 nm. Two peaks that were highly potent
in inducing the S. fredii USDA191 nodC-lacZ
fusion (described in the following para-
graph) were further characterized by gas
chromatography and mass spectrometry, es-
sentially as described earlier (Krishnan,
1998). Root preparations examined by
HPLC were Essex inoculated with H. glycines
and Essex inoculated with water (control).
Three extractions were prepared and ana-
lyzed for each treatment.

Influence of H. glycines on nod gene induction
and mnitrogenase activity: Sinorhizobium fredii
USDA191mm17 carries a lacZ fusion in nodC
(Krishnan and Pueppke, 1991). This con-
struct was grown in yeast extract-mannitol
(YEM) medium (Vincent, 1970) for 3 days at
30 °C. A 200-pl aliquot of 3-day-old culture
was transferred to 5 ml of YEM media to
which the soybean root flavonoids (100 to
200 pl) had been added. The cultures were
grown overnight at 30 °C in an orbital
shaker. B-galactosidase assays were carried
out with onitrophenyl B-D-galactopyrano-
side (ONP) as the substrate (Miller, 1972).
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The assays were conducted on triplicate
samples, and each experiment was repeated
twice.

Influence of H. glycines on nodulation: Nodu-
lation tests were performed on 2-day-old soy-
bean radicles dipped into a suspension of B.
japonicum USDA110 containing approxi-
mately 108 cells/ml. The seedlings were im-
mediately transferred to 13-cm-diam. x 10-
cm clay pots containing autoclaved loamy
sand. In order to study the effect of H. gly-
cines on nodulation, soybean seedlings that
had and that had not been inoculated with
B. japonicum USDA110 were planted in pots
infested with and in pots not infested with
2,000 J2 of H. glycines isolate TN1. Four rep-
licate pots were included for each of the
four combinations. Plants were grown at
28 °Cin a growth chamber at 400 pmol pho-
tons/m?/sec with a 12-hour photoperiod.
The plants were irrigated with sterile water
as needed. The number of H. glycines in soy-
bean roots 33 days after transplanting was
determined from examination of acid fuch-
sin-stained roots under a microscope (Byrd
et al.,, 1982). Nitrogen-fixation capacity of
soybean nodules was measured by their abil-
ity to reduce acetylene (Schwinghamer et
al.,, 1970). The experiment was repeated
once. Fresh weights of shoots also were mea-
sured.

Data analysis: Means separation was per-
formed with the least square means
(LSMEANS) option of general linear model
(GLM) procedure of SAS (SAS Institute,
Cary, NC). The level of probability used for
identification of significant differences be-
tween means was 0.05.

RESULTS

HPLC analysis of soybean root flavonoids: Fla-
vonoids isolated from Essex 2 days after
transplanting were resolved into several
peaks (Fig. 1A). A similar profile was also
obtained for infected roots 3 days after
transplanting, except that there was a mea-
surable increase in peaks that eluted be-
tween 30 and 40 minutes (Fig. 1C). These
peaks were higher in H. glycinesinfected
roots at both 2 and 3 days after soil infesta-

tion (Fig. 1B,D). When HPLC peaks were
collected individually and assayed for their
ability to induce the S. fredii USDA191 nodC
gene, the bulk of the inducing activity was
present in two peaks that eluted at 32 and 34
minutes. Authentic daidzein and genistein
(Sigma) eluted at 32 and 34 minutes, respec-
tively. The identity of the active compounds
as genistein and daidzein was verified by gas
chromatography and mass spectrometry.
Electrostatic spray mass spectrum revealed
peaks at m/z 271 and 255, which corre-
sponded to the pronated genistein and daid-
zein, respectively. Daidzein levels increased
four- or three-fold in infected roots over un-
infected roots at 2 and 3 days after soil in-
festation. Genistein levels increased about
two-fold in infected roots over uninfected
roots at both 2 and 3 days. There was also an
increase in the peak heights of genistein and
daidzein in 3-day-old uninfected roots com-
pared with 2-day-old roots (Fig. 1). Similar
HPLC profiles were obtained from two
other tissue extractions.

Influence of H. glycines on nod gene induction
and nitrogenase activity: The crude ethanolic
root extract from Essex 2 days after inocula-
tion induced the expression of nodC-lacZ fu-
sion; however, extracts from soybean roots
infected with H. glycines had a higher induc-
ing activity (Fig. 2). Similar results were ob-
tained from extracts of Hartwig roots. The
nodCinducing activity was also greater in
roots 3 days after inoculation, except that
inducing activity was much less evident on
Hartwig than on Essex (Fig. 2). We also
found that wounding soybean Essex roots
also elevated the nodC-lacZ fusion. Ethanolic
extract from Essex roots 2 days after wound-
ing had nodCinducing activity of 322 + 34
Miller units in comparison to the control
treatment, which exhibited 126 + 16 Miller
units.

Influence of H. glycines on modulation:
Bradyrhizobium japonicum USDA110 was able
to nodulate both Essex and Hartwig effi-
ciently. Essex had an average of 19 and
Hartwig 13 nodules per plant. Inoculation
with H. glycines increased the number of
nodules in the susceptible cultivar Essex.
The number of nodules on seedlings in-



344 Journal of Nematology, Volume 31, No. 3, September 1999

- 0.85
A_Control
£
oy
o
©
N
®
@
o
=
©
£
2
2 Daidzein
i— Genistein
- 075 Daidzein| B.H. glycines
£
c
N
«©
N
®
3
= Genistein
2
Q
23
<
0 10 20 30 40 50
Time (minutes)
Fic. 1.

e {045 C.Control
c Daidzein
o™
[(=]
N
®

?é Genistein
[]
2

[o]

1%
o)
<

112 Daidzein D.H. glycines

£

| -

o

©

N

®

[0

O

c

©

£

Q

3

< / Genistein

0 10 20 30 40 50

Time (minutes)

Representative HPLC chromatogram from ethanolic root extracts showing elevation of daidzein and

genistein levels in soybean roots infected with Heterodera glycines. Two-day-old radicals of soybean cultivar Essex were
inoculated with 2,000 second-stage juveniles (J2) of H. glycines isolate TN1. A) Four days after transplant, no
nematodes. B) Four days after transplant, 2 days after ]2 inoculation. C) Five days after transplant, no nematodes.

D) Five days after transplant, 3 days after J2 inoculation.

fected with both H. glycines and B. japonicum
was 53% greater than on seedlings without
H. glycines; however, the nodules were
smaller and weighed 37% less than the nod-
ules produced on nematode-free roots
(Table 1). Acetylene reduction assays indi-
cated that nodules from plants infected with
both H. glycines and B. japonicum had 29%
lower nitrogenase activity than nodules on
plants inoculated with B. japonicum alone
(Table 1). In addition, although inoculation
with both H. glycines and B. japonicum led to
an increase in the number of nodules on
Essex, the increase was not reflected in
shoot weights. Plants infected with H. gly-
cines alone and B. japonicum plus H. glycines
had fresh weights by 24% and 6% lower, re-
spectively, than control plants. Inoculation

of Essex with B. japonicum alone increased
shoot fresh weight by 47% over that of con-
trols (Table 1). In contrast, the resistant cul-
tivar Hartwig showed no changes in shoot
weights among the treatments, with an aver-
age shoot weight of 2.2 g. Only a small in-
crease in the shoot fresh weight (from 2.1 to
2.2 g) was noted for plants inoculated with
B. japonicum. Similarly, the nitrogen-fixing
capacity of the nodules, measured in terms
of nitrogenase activity, was not significantly
affected by H. glycines infection (Table 1).
Hartwig plants at 33 days after infection with
H. glycines contained very few nematodes in
their roots. In contrast, Essex plants inocu-
lated with H. glycines had an average of 1,250
nematodes/plant and those with both H. gly-
cines and B. japonicum had 950.
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F16. 2. Enhancement of isoflavonoid production by
Heterodera glycines infection. Two-day-old soybean
radicles of cultivar Essex and Hartwig were exposed to
2,000 second-stage juveniles of H. glycines isolate TN1 of
water, and were grown in soil at 27 °C (+ = infested with
H. glycines ]2; — = uninfected). Isoflavonoid production
was measured as B-galactosidase activity from ethanolic
root extracts incubated with S. fredii USDA191 contain-
ing the reporter gene lacZ fused to the common nodu-
lation gene nodC. Bars in each treatment followed by a
different letter are significantly different at P = 0.05.

DiscussioN

The nod genes of the soybean symbionts
B. japonicum and S. fredii are activated by iso-
flavonoids (Krishnan and Pueppke, 1991;
Smit et al., 1992). Thus, changes in the con-
centration of isoflavonoids in soybean roots

TABLE 1.

can be indirectly measured by monitoring
the activity of nod genes that have been
fused to a reporter gene such as 3-galactosi-
dase. In this study, we used S. fredit USDA191
nodC-lacZ fusion to detect changes in isofla-
vonoids from soybean roots. Our results
confirm that daidzein and genistein are
abundant in soybean root extracts and show
that their concentrations are elevated by H.
glycines infection. The latter observation is
consistent with those of an earlier study,
which demonstrated an increase in the tran-
scription of enzymes involved in the later
stages of the phenylpropanoid pathway in
soybean cultivars inoculated with H. glycines
(Edens et al., 1995).

Daidzein and genistein were identified
previously as the most abundant isoflavo-
noids in both seed and root exudates of soy-
bean (Graham, 1991; Grady et al., 1995;
Pueppke et al., 1998; Smit et al., 1992). In
addition to their well-established role as in-
ducers of nod genes, they can attract rhizo-
bia (Caetano-Anolles et al., 1988), influence
polysaccharide production (Dunn et al.,
1992), and protect plants against pathogens
(Graham, 1989). The elevated levels of fla-
vonoids detected in our study in response to
H. glycines infection raise the question of
whether these compounds have a protective
role against H. glycines infection. Our obser-
vation that the isoflavonoid content in-

Effect of Heterodera glycines and Bradyrhizobium japonicum on nodulation, growth, and nitrogen-fixing

capacity of ‘Essex’ (H. glycines susceptible) and ‘Hartwig’ (H. glycines resistant) soybean 33 days after inoculation

with nematodes and rhizobium.

Nodule Shoot
Nodules fresh fresh Nitrogenase

Treatment per plant weight (mg) weight (g) activity®
Essex control — — 1.7a —
Essex + H. glycines® — — 1.3a —
Essex + B. japonicum® 19a 9.8a 2.5b 24.0a
Essex + B. japonicum + H. glycines 29b 6.2b 1.8a 17.1b
Hartwig control — — 2.1a —
Hartwig + H. glycines” — — 2.2a —
Hartwig + B. japonicum* 13a 11.0a 2.2a 19.8a
Hartwig + B. japonicum + H. glycines 15a 10.6a 2.2a 18.6a

Values are the average of two experiments with four replications each. Means separation was performed with the least square
means option of general linear model procedure of SAS. Values in the same column followed by the same letter are not significantly

different at P = 0.05.
# pmoles per gram fresh weight per hour.

" Two-day-old soybean seedlings were planted in 100 cm? sterilized soil infested with 2,000 second-stage juveniles.
¢ Two-day-old soybean radicles were dipped into a suspension of B. japonicum USDA110 containing 10® cells/ml.
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creases in both resistant and susceptible cul-
tivars in response to H. glycines infection sug-
gests that they do not. Several other studies
have clearly shown that flavonoid concentra-
tions can be influenced by several biotic and
abiotic stresses. Nitrogen levels, light inten-
sity, and developmental stage of the plant
have all had pronounced effects on the con-
centration of flavonoids (Graham, 1991).
The interaction of rhizobia with legume
roots can also lead to an increase in the fla-
vonoid content of the roots (Pueppke et al.,
1998). We have also found that wounding
elevates the isoflavonoid content in soybean
roots. Thus, increased isoflavonoid content
results from a wide variety of factors and ap-
pears non-specific.

Several investigators have studied the ef-
fect of H. glycines infection on nodulation
(Barker et al., 1972a, 1972b; Huang and
Barker, 1983; Hussey and Barker, 1976; Ko
et al., 1984; Lehman et al., 1971). In addi-
tion to nematodes, other pathogens, such as
Rhizoctonia (Orellana et al., 1976), soybean
mosaic virus, and bean pod mottle virus (Tu
et al., 1970), have been shown to affect
nodulation. In general, a deleterious effect
occurs. However, it has been shown that sev-
eral factors can influence the H. glycines-
soybean interaction. The time of H. glycines
inoculation had significant influence on
nodule development. The greatest inhibi-
tion of nodule formation occurred when the
soybean roots were simultaneously inocu-
lated with rhizobia and H. glycines (Barker et
al., 1972a). This inhibition was also depen-
dent on the H. glycines host race present,
with some races showing only marginal inhi-
bition of nodulation (Lehman et al., 1971).

Different nematodes affect nodulation dif-
ferently. Endoparasites, such as Meloidogyne
hapla and Pratylenchus penetrans, greatly
stimulated nodule formation, whereas an ec-
toparasite, Belonolaimus longicaudatus, had
only a marginal effect (Hussey and Barker,
1976). In the present study, we observed
that while H. glycines infection increased the
number of nodules on soybean cultivar Es-
sex, the accumulative nitrogen-fixing capac-
ity of these nodules was reduced. Other
workers (Orellana et al., 1978) have also re-

ported deleterious effects of pathogens on
nitrogen-fixing capacity in soybean. The
lower nitrogen-fixing capacity of nodules
from H. glycinesinfected plants has been at-
tributed to alteration in the content of
leghemoglobin, an abundant protein that
plays a crucial role in facilitating oxygen dif-
fusion within the nodules (Huang and
Barker, 1983). The varied effect of H. gly-
cines on soybean nodulation reported in the
literature may be due to several factors in-
cluding soybean cultivar, nematode popula-
tion density, soil type, growth conditions,
temperature, soil moisture, light, H. glycine
host race, time of inoculation, and the con-
centration of rhizobia. More research is
needed to evaluate the significance of these
factors to soybean yield losses caused by H.
glycines.
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