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ABSTRACT 

Lygin, A. V., Zernova, O. V., Hill, C. B., Kholina, N. A., Widholm, J. M., 
Hartman, G. L., and Lozovaya, V. V. 2013. Glyceollin is an important 
component of soybean plant defense against Phytophthora sojae and 
Macrophomina phaseolina. Phytopathology 103:984-994. 

The response of soybean transgenic plants, with suppressed synthesis 
of isoflavones, and nontransgenic plants to two common soybean patho-
gens, Macrophomina phaseolina and Phytophthora sojae, was studied. 
Transgenic soybean plants of one line used in this study were previously 
generated via bombardment of embryogenic cultures with the phenyl-
alanine ammonia lyase, chalcone synthase, and isoflavone synthase (IFS2) 
genes in sense orientation driven by the cotyledon-preferable lectin pro-
moter (to turn genes on in cotyledons), while plants of another line were 
newly produced using the IFS2 gene in sense orientation driven by the 
Cassava vein mosaic virus constitutive promoter (to turn genes on in all 
plant parts). Nearly complete inhibition of isoflavone synthesis was found 
in the cotyledons of young seedlings of transgenic plants transformed 
with the IFS2 transgene driven by the cotyledon-preferable lectin pro-

moter compared with the untransformed control during the 10-day obser-
vation period, with the precursors of isoflavone synthesis being accumu-
lated in the cotyledons of transgenic plants. These results indicated that 
the lectin promoter could be active not only during seed development but 
also during seed germination. Downregulation of isoflavone synthesis only 
in the seed or in the whole soybean plant caused a strong inhibition of the 
pathogen-inducible glyceollin in cotyledons after inoculation with P. sojae, 
which resulted in increased susceptibility of the cotyledons of both trans-
genic lines to this pathogen compared with inoculated cotyledons of un-
transformed plants. When stems were inoculated with M. phaseolina, sup-
pression of glyceollin synthesis was found only in stems of transgenic 
plants expressing the transgene driven by a constitutive promoter, which 
developed more severe infection. These results provide further evidence 
that rapid glyceollin accumulation during infection contributes to the in-
nate soybean defense response. 

Additional keywords: disease resistance, Glycine max, lignin. 

 
Biotic stress is a primary cause of soybean crop loss world-

wide, and yield reduction caused by plant pathogens alone has 
been estimated at 11% per year (21). For plants to withstand and 
survive stresses produced by abiotic and biotic constraints, dif-
ferent resistance mechanisms have evolved. The ability to recog-
nize invading microbes and then respond biochemically to prevent 
or limit the invasion in plant cells is a well-established plant 
process that has been studied extensively (4,10–12,16,35). When 
an incompatible reaction occurs between the host and pathogen, a 
resistance response is induced involving multiple parts of the 
innate immune system, which increases the activity of local and 
systemic biochemical pathways that produce compounds that can 
directly restrict pathogen colonization. One essential part of the 
innate immune system is the production of secondary metabolites, 
which are toxic to many pathogens and are either preformed or 
induced after host recognition of pathogen elicitor molecules 
(5,36,37,44,45). There is a large body of experimental results 
indicating the important roles of antimicrobial secondary metabo-
lites in plant defense when they are rapidly produced in effective 
concentrations after pathogen attack and in appropriate plant 
tissues (2,20,48). 

Phenylpropanoids are known to be involved in plant–pathogen 
interactions and can be strongly toxic or inhibitory to pathogens 

when either constitutively formed (phytoanticipins) or induced 
(phytoalexins). Typical phytoalexins of the family Fabaceae are 
isoflavonoid derivatives, with pterocarpan being the most abun-
dant isoflavonoid skeleton (9). Different tissues of soybean (Gly-
cine max L.) plants can produce the pterocarpan phytoalexin 
glyceollin in response to attack by various pathogens, such as 
Fusarium virguliforme, Heterodera glycines, and Phytophthora 
sojae (6,10,15,22,27,32,35). Glyceollin is the collective name for 
soybean phytoalexins possessing pterocarpanoid skeletons and 
cyclic ether decoration originating from a C5 prenyl moiety. 
Three isomers of glyceollin (I, II, and III), which arise from the 
common precursor glycinol, were described in infected or 
stressed soybean plants and their relative proportions may vary 
depending on plant organ, the reaction type, and environment. 
Glyceollin I was found to be predominant in etiolated tissues (6). 
Results of in vitro tests with glyceollin-amended potato dextrose 
agar indicated significant growth inhibition for several soybean 
pathogens, including Cercospora sojina, Diaporthe phaseolorum 
var. meridionales, Macrophomina phaseolina, P. sojae, Sclero-
tinia sclerotiorum, Phialophora gregata, and Rhizoctonia solani 
(32). 

The biosynthesis of glyceollin occurs via the isoflavonoid 
branch of the phenylpropanoid pathway. Enzymes involved in the 
biosynthesis of soybean isoflavones are formed during early 
stages of flavonoid production in the phenylpropanoid biosyn-
thesis pathway. Genes encoding enzymes involved in isoflavonoid 
and glyceollin biosynthesis have been identified and cloned 
(9,41,46). Several genes controlling later biosynthetic steps have 
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recently been identified; in particular, the penultimate gene of 
glyceollin biosynthesis encoding a pterocarpan-specific prenyl-
transferase (dimethylallyltransferase), responsible for the addition 
of the dimethylallyl chain to pterocarpan (3). 

With plant transformation, the involvement of phytoalexins and 
phytoanticipins in innate immune defense has been demonstrated 
in different plant species. Reduction or increase of the natural 
antimicrobial or antiherbivore compound concentrations in plant 
tissues via genetic engineering resulted in decreased or enhanced 
resistance to pathogens, respectively, in different host–pathogen 
systems (1,7,11,18,19,23,24,31). 

In our previous studies using the soybean hairy root model 
system, we showed that the soybean phytoalexin glyceollin was 
involved in resistance to a variety of soilborne soybean pathogens 
(27–29,31). Transformed hairy root lines containing either soy-
bean isoflavone synthase (IFS2) or chalcone synthase (CHS6) 
genes in sense orientations, designed to reduce endogenous gene 
expression through post-transcriptional gene silencing, had sig-
nificantly lower levels of the isoflavone daidzein, the precursor of 
glyceollin, compared with the nontransformed hairy root control 
lines. When these transformed hairy roots were inoculated with 
the soybean pathogens D. phaseolorum var. meridionales,  
M. phaseolina, Phytophthora sojae, and S. sclerotiorum, they pro-
duced significantly lower levels of glyceollin in response to 
inoculation (32). Consequentially, colonization by M. phaseolina, 
P. sojae, and S. sclerotiorum was correspondingly higher on IFS2-
sense and CHS6-sense transformed roots than on control roots, 
whereas colonization by D. phaseolarum var. meridionales was 
not significantly different from nontransformed control hairy roots. 
These results provided evidence that rapid glyceollin biosynthesis 
during infection may be an important component of innate disease 
resistance in soybean. 

In this study, we describe the effects of isoflavone synthesis 
suppression on susceptibility to soybean pathogens through genetic 
manipulations in either the whole soybean plant or just in the 
seed. We used soybean line 51, previously generated in our group 
and described by Zernova et al. (49), that was transformed with 
the phenylalanine ammonia lyase (PAL5), CHS6, and IFS2 genes 
in sense orientation, driven by the seed-specific lectin promoter, 
and contained very low concentrations of isoflavones in seed 
compared with nontransformed plants. In addition, we tested a 
newly generated soybean line transformed with the IFS2 gene in 
sense orientation driven by the Cassava vein mosaic virus 
(CsVMV) constitutive promoter, and results presented here indi-
cated significant suppression of isoflavone accumulation in the 
whole plant. 

MATERIALS AND METHODS 

Plant material. Four-month-old embryogenic cultures initiated 
from immature ‘Jack’ soybean cotyledons and grown on MSD-20 
medium were bombarded with a mixture of expression cassettes, 
using a Biolistic PDS-1000 helium gun (Bio-Rad, Richmond, 
CA) as previously described (49). To obtain constitutive expres-
sion of the soybean IFS2 gene (accession number AF135484, 1.56 
kb), a 3.7-kb fragment cut with EcoRV from the plasmid pILTAB-
357 (The Scripps Research Institute, Division of Plant Biology, 
La Jolla, CA), containing the CsVMV promoter (47) and nos 
terminator, in which the IFS2 gene was inserted in sense orien-
tation in the BamHI restriction site, as described in Lozovaya et 
al. (29), was used to bombard the soybean embryogenic cultures. 
The polymerase chain reaction (PCR) thermocycler programs and 
primers for the IFS2 and hygromycin phosphotransferase (HPT) 
genes, as well as all details of the DNA and RNA extraction and 
analysis procedures, Southern blot hybridization, and reverse-
transcriptase (RT)-PCR analysis, were described in detail in 
previous publications (29,49). PCR amplification for each trans-
gene presence was carried out using 10 plants of each transgenic 

line in four generations to test gene segregation in progeny and 
then 50 plants of the T4 generation were PCR tested. The line that 
showed the transgene presence in the genome of all plants tested 
was determined to be homozygous. To select transformed cul-
tures, we also used for bombardment the HPT gene expression 
cassette with the Cauliflower mosaic virus (CaMV) 35S promoter 
and nos terminator. Embryogenic cultures that survived the 
selection on medium containing hygromycin were transferred to 
plant regeneration medium (14). 

RT-PCR analysis. Seeds of line 51 homozygous for transgenes 
and nontransformed Jack were surface sterilized using 20% com-
mercial bleach solution for 20 min followed by germination on 
1% sucrose and 1% agar medium. Total genomic RNA was ex-
tracted from germinated seed of line 51 at stages 1, 2, and 3, and 
also from roots, stems, and leaves of line 13 seedlings using 
RNasy Plant Mini Kit (Qiagen) and Rnase Free Dnase Set kit 
(Qiagen) to digest DNA during the RNA extraction. The RT 
reaction was performed using the One-Step RT-PCR kit (USB, 
Cleveland). A 10% portion of the RT reaction was used in PCR 
with primer pairs designed to amplify DNA containing the target 
genes and with Taq DNA polymerase (New England Biolabs, 
Inc., Beverly, MA). 

PCR amplification of a 740-bp DNA fragment containing the 
soybean IFS2 gene was used to monitor IFS2 transgene expres-
sion in different tissues by the RT reaction. PCR primers were 
designed from the 5′ untranslated region of the lectin promoter 
(TGA CTC CCC ATG CAT CAC AG) or CsVMV promoter 
(AGG ATA CAA CTT CAG AGA) and 3′ primers in the coding 
region of target gene in sense orientation: IFS2-736: TCG ATC 
CTC TTC TCA TAC TTT CCA ACC TTG AGA. This approach 
enabled us to measure the transgene message and not the message 
of the endogenous gene that has a different 5′ untranslated region. 
This approach was used to differentiate the expression of eight 
different soybean CHS genes by Tuteja et al. (42). RT-PCR primers 
for the endogenous IFS2 gene were used as a positive control for 
the seed analyses (data not shown) and were also used as a nega-
tive control in RT-PCR prepared using extracted RNA treated 
with DNaseI to avoid DNA contamination with Taq DNA poly-
merase but without the reverse transcriptase (data not shown). 

Analysis of phenolic compounds. The content of phenylpro-
panoid compounds was measured separately in each leaf, stem, or 
root of homozygous transgenic and nontransformed plants. 
Multiple plants (five to seven replicates) of each test line were 
grown in the greenhouse. Nontransformed control plants and 
transgenic plants were grown in the same pots because previous 
results indicated that spatial environmental variability influenced 
levels of isoflavone concentration in soybean seed (31). Samples 
of seed, stems, and leaves were freeze dried and ground, and 
soluble phenolic compounds were extracted and then analyzed by 
high-performance liquid chromatography (HPLC), as previously 
described (27,28). Preparation and HPLC analysis of soluble and 
cell-wall-bound phenolic acids are described by Lozovaya et al. 
(26,30). Acetyl bromide lignin measurements were carried out as 
described (33). 

Evaluation of the effects of pathogen colonization on plant 
phenolic compounds. Transgene homozygote lines 13 and 51 
and nontransformed Jack soybean were used to determine the 
concentrations of phenolic compounds after inoculation with  
P. sojae and M. phaseolina in the same experiments using the 
same plants. These particular lines were selected from 27 trans-
genic lines screened for isoflavone levels in comparison with the 
nontransformed controls from the set of 10 transgenic lines which 
contained <50% of the isoflavone levels of the control lines. 

Plants were grown 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 Horti-
culture Inc.), placed inside a flat with drainage holes (number 
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T1020; Hummert International), and fertilized at planting with 
slow-release pellets (Osmocote 19-6-12; 1 to 2 pellets/cm2). The 
experimental design was a randomized complete block with three 
replications or blocks. The experimental unit was four plants of 
each line planted in a row of four pots. 

To determine biochemical changes caused by P. sojae infection, 
cotyledons were detached from 10 1-week-old seedlings of each 
plant of lines 13 and 51 and nontransformed Jack in the experi-
ment and inoculated with P. sojae race 1. The detached cotyle-
dons of control and transgenic plants were first transferred to 
moist blotting paper placed inside 8.5-cm-diameter plastic petri 
dishes. Then, a few cuts were aseptically done on the cotyledon 
surface with a new, sterile, sharp scalpel blade, prior to placing 
potato dextrose agar (PDA) plugs with P. sojae, cut from the 
margin of 5-day-old V8A cultures on the cotyledons. As a nega-
tive control, PDA plugs without P. sojae were placed on 10 addi-
tional cotyledons of each line. The cotyledons were kept in the 
dark at room temperature, ≈22°C. Samples from the inoculated 
and control cotyledons were collected at 24, 48, and 72 h 
postinoculation for biochemical analysis. 

To measure the effect of M. phaseolina colonization on trans-
genic lines 13 and 51 in comparison with nontransformed Jack 
soybean, a cut-stem inoculation technique was used (43). V2-
stage plants in the experiment were inoculated using the cut-stem 
technique and the extent of necrosis from the inoculation point 
was measured 72 h after inoculation and incubation in a green-
house maintained at 30°C. An M. phaseolina isolate labeled Mp3 
that was collected in Urbana, IL was used in this test. Healthy 
stem and necrotic tissue below the apical inoculation point were 
sampled for biochemical analysis. 

For evaluating the response of the transgenic lines to P. sojae, 
an agar layer test was used (13). Transgenic Jack line 13 and 

nontransgenic Jack were planted into plastic cups containing fine 
silica sand inoculated with a V8-10 agar culture of P. sojae race 1 
placed approximately in the middle of each cup prior to sowing. 
Three replicate cups of each soybean line were planted. Three 
weeks after planting, the plants were removed from the pots and 
the roots were washed free of sand and examined for root 
symptoms. 

In another experiment, soybean radicals were evaluated for 
colonization by M. phaseolina after inoculating with conidia fol-
lowing the procedures of Ma et al. (34). Conidia produced by an 
M. phaseolina isolate from Pinetree, AR were suspended in 
sterile, distilled water. Inoculum was quantified and diluted to 

 

Fig. 1. Southern blot analysis of line 13, transformed with a mixture of expression cassettes containing Cassava vein mosaic virus/isoflavone synthase (IFS2) in 
sense orientation and the 35S/hygromycin phosphotransferase. Genomic DNA was digested with A, BamHI that released the full-length IFS2 gene or B, Cla I to 
identify the copy number of IFS2 cassette. Hybridization was carried out with IFS2 probe. First lane, DNA from line 13; second lane, nontransformed plant DNA
(‘Jack’); third lane, IFS2 cDNA. 

Fig. 3. Isoflavonoids in whole soybean seed of ‘Jack’ and line 13: A, con-
centration of isoflavones; B, proportion; and C, concentration of isoflavone 
precursors. 

Fig. 2. Reverse-transcriptase polymerase chain reaction (PCR) with RNA,
extracted from root, leaf, and developing seed from line 13 transformed with a
mixture of cassettes—Cassava vein mosaic virus (CsVMV)/isoflavone syn-
thase (IFS2) with gene in sense orientation and 35S/hygromycin phospho-
transferase—and from nontransformed plant (‘Jack’). Primers for the 5′
untranslated part of the CsVMV promoter and the IFS2 were used. Abbrevi-
ations: r = root, l = leaf, sd = seed; + indicates PCR with DNA extracted from
transformed plant. 
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deliver ≈500 conidia to each inoculated radicle in a 10-µl drop. At 
72 h after inoculation and incubation at 28°C, necrotic lesion 
lengths were measured. 

Statistical analysis. Statistical analysis of metabolite data was 
done by one-way analysis of variance and t test, using the algo-
rithm incorporated into Microsoft Excel 2010 (Microsoft Corp., 
Seattle, WA). Differences were confirmed to be statistically 
significant at P < 0.05. 

RESULTS AND DISCUSSION 

Molecular and biochemical characterization of constitutive 
expression of the IFS2 gene in transgenic soybean. Soybean 
transgenic line 13, selected from a collection of transgenic soy-
bean plants generated through bombardment of embryogenic 
cultures with transformation cassettes containing the IFS2 gene 
and the selectable marker HPT gene, showed very low isoflavone 
content in T0 generation plants. Southern blot analysis of the ge-
nomic DNA of line 13 plants homozygous for the IFS2 transgene 
showed the presence of the full-length IFS2 transgene with 
BamHI restriction enzyme (used for gene cloning), and a single 
cutter restriction enzyme, ClaI, showed the presence of two 
transgene copies (Fig. 1A and B). 

RT-PCR showed the expression of the IFS2 transgene in roots, 
leaves, and seed of this line of plants (Fig. 2). Changes in phenyl-
propanoids caused by expression of the IFS2-sense transgene 
under the constitutive promoter were determined in seed, leaves, 
and roots of line 13 plants in comparison with nontransformed 
plants. Total accumulation of all three main soybean isoflavones 
(genistein, daidzein, and glycitein) in the transformed plants was 
significantly lower than the nontransformed control, although 
relative proportions of each isoflavone were not changed (Fig. 3A 
and B). Concentration of isoflavone precursors in transformed 
seed was several-fold higher than nontransformed seed (Fig. 3C). 
These results with high probability indicated that post-transcrip-

Fig. 4. Concentration of isoflavonoids in different parts of ‘Jack’ and line 13
soybean seed: A, isoflavones in cotyledons and embryo axes and B, precursors 
of isoflavones in embryo axes; * indicates significant differences between
transformants and control (P ≤ 0.05). 

Fig. 5. (Iso)flavonoid concentrations in the control ‘Jack’ and transgenic line 
13 in A, leaves; B, stems; and C, roots; * indicates significant differences
between transformants and control (P ≤ 0.05). 
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tional silencing with homologous IFS2 DNA occurred in these 
plant tissues. Similar effects were previously found in our studies 
with transformed hairy roots (29). 

It has to be pointed out that, in our previous studies, when 
transgenes were driven by the cotyledon-specific lectin promoter, 
inhibition of only daidzein and genistein synthesis occurred 
whereas glycitein synthesis, which primarily took place in the 
embryo axis and not in the cotyledon (Fig. 4A), was not influ-
enced by the transgene expression (49). We found accumulation 
of isoflavone precursors in the embryo axes of line 13 transgenic 
seed, with isoliquiritigenin, a putative precursor of glycitein (25) 
accumulating to a higher level than the nontransformed control 
(Fig. 4B). 

The major isoflavone of soybean roots in plants tested was 
daidzein, whereas genistein was the major isoflavone in soybean 
leaves and approximately equal concentrations of these two 
isoflavones were present in stems (Fig. 5). Glycitein was not de-
tected in roots, stems, or leaves, as we also previously reported 
(33). Both daidzein and genistein concentrations were several-
fold lower in leaves, stems, and roots in plants of transgenic line 
13 compared with the nontransformed control plants; instead, 

these transgenic plants accumulated high levels of isoflavone 
molecular precursors (Fig. 5A to C). Lower levels of isoflavone 
concentrations in transgenic plants were concomitant with  
higher accumulation of isoflavone precursors and also with a 
greater flux of metabolites through the alternative branch of the 
phenylpropanoid pathway, leading to accumulation of hydroxy-
cinnamic acids. Levels of both soluble and cell-wall-bound 
phenolics were higher in transgenic plants than in nontransformed 
plants (Fig. 6), although there was no difference in composition 
and proportion of these phenolic compounds. These changes  
in phenolic compounds were consistent with previously reported 
results of our studies with the soybean hairy-root model system 
(29). 

Molecular and biochemical characterization of cotyledons 
of line 51 plants transformed with the IFS2 gene driven by the 
lectin promoter. The soybean seed lectin Le1 promoter has been 
shown to be seed-preferable (8,38,39). In our previous studies, we 
found that the IFS2 gene driven by the Le1 promoter was highly 
expressed in cotyledons but not in the embryo axis of developing 
seed of line 51 plants, with a very low level of the IFS2 expres-
sion detected in leaf and root tissues (49). These results confirmed 

Fig. 6. Soluble phenolic acids and cell-wall ester-bound phenolics in different parts of soybean plants: A, soluble phenolics in leaves; B, cell-wall-bound phenolics 
in leaves; C, soluble phenolics in roots; D, cell-wall-bound phenolics in roots; E, soluble phenolics in seed; F, cell-wall-bound phenolics in seed. Abbreviations:
pHBA = p-hydroxybenzoic acid, pHBAl = p-hydroxybenzaldehyde, VA = vanillic acid, SyrA = syringic acids, VN = vanillin, SAL = syringaldehyde, CoumA =
coumaric acid, and FerA = ferulic acid; * indicates significant differences between transformants and control (P ≤ 0.05). 
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that the Le1 promoter is active specifically in seed tissues and not 
in other tissues. 

In this study, we assayed the IFS2 transgene expression in line 
51 during seed germination and seedling development (Fig. 7). 
Interestingly, isoflavone synthesis appeared to be nearly com-
pletely suppressed in young emergent cotyledons of transgenic 
plants compared with the nontransformed control plants during 
the 10-day observation period whereas the precursors of iso-
flavone synthesis accumulated, with their concentration gradually 
increasing over time in the transgenic cotyledons. RT-PCR results 
confirmed the expression of the IFS2 in cotyledons at these early 
stages of seedling development (Fig. 7). Reduced β-glucuronidase 
activity when driven by soybean seed lectin L1 promoter was 
previously reported in the cotyledons and hypocotyl of developing 
transgenic Arabidopsis seedlings for ≈5 days after being placed in 
the growth chamber (40). Even though we did not find any 
notable changes in phenolic metabolism of soybean vegetative 
tissues in older established transgenic plants transformed with the 
genes driven by the L1 seed lectin promoter, the question arises of 
whether such dramatic modifications of phenolic metabolism in 

cotyledons at very early stages of transgenic seedling develop-
ment could affect plant growth and seedling disease resistance. 

Testing of homozygous transgenic lines 13 and 51 for re-
sponse to soybean pathogens. Transgenic line 51, previously 
described by Zernova et al. (49), and newly generated line 13 
(described above) were used to test their response to infection by 
the soybean pathogens M. phaseolina and P. sojae. 

Response of transgenic plants to P. sojae infection. We used 
the detached soybean cotyledon assay developed by Graham et al, 
(16,17) to test the biochemical response of 10-day-old transgenic 
plants of lines 51 and 13 to P. sojae. Noninoculated cotyledons of 
both transgenic lines had ≈5- to 10-fold lower genistein and daid-
zein concentrations than noninoculated, nontransformed control 
plants (Fig. 8). Changes in isoflavonoid levels in cotyledons of 
nontransformed and transgenic plants were analyzed 24 and 72 h 
after inoculation with P. sojae (Figs. 8 and 9). Results indicated 
that isoflavone levels in noninoculated and inoculated cotyledons 
of nontransformed plants did not substantially differ after 24 h 
after inoculation; however, isoflavone levels significantly in-
creased in noninoculated, nontransformed cotyledons, whereas 

Fig. 7. Effect of the isoflavone synthase (IFS2) gene expression (A) when controlled by soybean L1 promoter on phenolic metabolism (B) in soybean cotyledons 
or emerging seedlings (C).  
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there were no marked changes in isoflavone level in inoculated 
nontransformed cotyledons 72 h after inoculation (Fig. 8). There 
were trends observed in transgenic cotyledons, with the iso-
flavone concentrations approximately an order of magnitude less 
than in nontransformed cotyledons. Accumulation of the phyto-
alexin glyceollin occurred only in the P. sojae-inoculated, nontrans-
formed cotyledons (Fig. 9). It was not detected 24 h after inocu-
lation in noninoculated, nontransformed cotytledons. Glyceollin 
was present in noninoculated, nontransformed cotyledons 72 h 
after inoculations at concentrations several-fold lower that of 
inoculated cotyledons. Induction of glyceollin biosynthesis in 
detached nontransformed cotyledons could be caused by wound-
ing and by P. sojae infection. Nevertheless, glyceollin concentra-
tion was much higher in inoculated than noninoculated cotyledons, 
especially with increasing time after inoculation, demonstrating 
the induction of glyceollin biosynthesis by P. sojae infection. 

Isoflavone precursors accumulated in cotyledons of both trans-
genic lines 13 and 51, with higher concentrations found in line 13, 
where the IFS2 transgene was driven by the constitutive  
CaMV 35S promoter. There were differences between the trans-
genic lines in the concentrations and ratio of precursors, possibly 

caused by the expression of two other genes of phenolic me-
tabolism, PAL5 and CSH6, in line 51 but not in line 13, in addi-
tion to the IFS2 gene (49). Reduction of glyceollin accumulation 
in transgenic cotyledons with suppressed isoflavone synthesis, 
infected with P. sojae, led to greater observed cotyledon damage 
(data not shown). 

We also inoculated untransformed plants and plants of line 13 
with P. sojae and found severe damage of transgenic plants 
compared with the nontransformed Jack plants 21 days after 
planting (Fig. 10). 

Response of transgenic plants to M. phaseolina infection. 
Using the cut-stem inoculation technique (43), the mean length of 
necrosis of nontransformed Jack plants was 26.6 ± 3.4 mm, 
whereas it was 34.6 ± 2.5 mm for line 13 and 32.0 mm for line 51 
plants. There also were significantly longer lesions on radicles of 
the transgenic line 13 compared with nontransformed controls 
(Fig. 11). 

These results indicated the increased susceptibility of line 13 to 
M. phaseolina colonization compared with the nontransformed 
plants Jack and transgenic line 51 expressing transgenes only in 
seed. 

 

Fig. 9. Isoflavone precursors, naringenin, liquiritigenin, isoliquiritigenin, and phytoalexin glyceollin in detached cotyledons of 10-day-old soybean plants 24 and 
72 h after inoculation with Phytophthora sojae race 1. 

 

Fig. 8. Isoflavones, daidzein, and genistein in detached cotyledons of 10-day-old soybean plants 24 and 72 h after inoculation with Phytophthora sojae race 1. 
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Stem segments of these plants infected with M. phaseolina 
were used for soluble and cell-wall-bound phenolic analysis 24 
and 72 h after inoculation (Figs. 12 to 14). Both inoculated and 
noninoculated line 51 and nontransformed control plants had 
similar patterns of isoflavone, flavonoid, and cell-wall-bound 
phenolic contents 24 h after inoculation. This pattern persisted 72 h 
after inoculation. Only traces of isoflavones and glyceollins were 
detected in line 13 stems, with the IFS2-sense gene driven by the 
35S constitutive promoter, whether inoculated or not, indicating 
strong suppression of the biosynthesis of those compounds. 
Further evidence of strong suppression was found in the higher 
accumulation of isoflavone precursors and cell-wall-bound phe-
nolics in plants of line 13 compared with nontransformed control 
plants. This accumulation was probably due to silencing of the 

endogenous IFS2 gene through interference in translation by the 
transcript of the transgenic IFS2-sense gene. 

Lignin content increased equally in stems of both nontrans-
formed and transgenic lines 13 and 51 in response to M. phaseo-
lina infection (Fig. 15). However, there was no difference in lig-
nin concentration measured between stem samples compared. 

Conclusion. Results in this study clearly demonstrated a sig-
nificant reduction of phytoalexin glyceollin production in trans-
genic lines transformed with a gene that suppresses glyceollin 
biosynthesis. These results are consistent with previously reported 
studies describing similar suppression of isoflavone synthesis and, 
related to this, markedly reduced root capacity to produce gly-
ceollin and increased susceptibility to pathogen infection in many 
independent soybean hairy root lines (used as a model system) 
transformed with the same transgenes (27–29,31). The effect of 
reduced glyceollin accumulation led to increased susceptibility to 

Fig. 11. Colonization of soybean radicals by Macrophomina phaseolina. 

Fig. 10. ‘Jack’ and transgenic plants line 13 at 21 days after inoculation with
Phytophthora sojae race 1. 

Fig. 12. Concentrations of daidzein, genistein, and phytoalexin glyceollins in 
stems of 14-day-old soybean plants 24 and 72 h after inoculation with Macro-
phomina phaseolina. 
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two soybean pathogens compared with nontransformed control 
plants. This result supports the hypothesis that rapid glyceollin 
accumulation during infection contributes to the innate soybean 
defense response. 

No sources of complete resistance in soybean or in other plant 
species have been found for a number of soybean pathogens, such 

as M. phaseolina (causing charcoal rot), S. sclerotiorum (causing 
Sclerotinia stem rot), and F. virgiliforme (causing sudden death 
syndrome). These pathogens, and potentially all other pathogens 
that are generalists, appear to have the capacity to avoid recogni-
tion by host resistance genes that recognize pathogen-associated-
molecular-pattern products. Partial resistance to these pathogens 

 

Fig. 13. Isoflavone precursors, naringenin, liquiritigenin, isoliquiritigenin, and flavonol kaempferol in stems of 14-day-old soybean plants 24 and 72 h after
inoculation with Macrophomina phaseolina. 

 

Fig. 14. Cell-wall-bound phenolics in stems of 14-day-old soybean plants 24 and 72 h after inoculation with Macrophomina phaseolina: VA = vanillic acid, 
pBAl = p-hydroxybenzaldehyde, VN = vanillin, SAL = syringaldehyde, CoumA = coumaric acid, and FerA = ferulic acid. 
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has been reported but this kind of resistance has not been widely 
used to develop commercial soybean cultivars, possibly because 
of the low heritability associated with this kind of resistance. 
Variation in partial resistance in soybean genotypes may be due to 
variable innate resistance controlled by quantitative trait loci. 
Strengthening the innate defense system through genetic trans-
formation may complement or exceed the capacity of genetic 
partial resistance. The demonstration of glyceollin suppression 
increasing susceptibility to two soybean pathogens in this study 
suggests that the genetic engineering of the phenylpropanoid 
pathway to increase the biosynthesis of glyceollin in different 
plant tissues could help improve the management of pathogens 
and possibly also pests. 
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