
Abstract Myo-inositol 1-phosphate synthase (MIPS; EC
5.5.1.4) converts glucose 6-phosphate to myo-inositol 
1-phosphate in the presence of NAD+. It catalyzes the
first step in the synthesis of myo-inositol and pinitol, and
is a rate limiting step in the de novo biosynthesis of ino-
sitol in eukaryotes. Therefore, MIPS is involved in biotic
and abiotic stress via Ca2+ signalling. Seedlings of four
soybean genotypes were inoculated with Fusarium so-
lani f. sp. glycines, the causative agent of sudden death
syndrome (SDS), and differentially abundant mRNAs
were identified by differential display. The genotypes
carried either zero, two, four or six alleles of the quanti-
tative trait loci (QTLs) that control resistance to SDS in
an additive manner. The mRNA abundance of MIPS did
not decrease following inoculation in a recombinant in-
bred line (RIL 23) containing all six resistance alleles of
the QTLs conferring resistance to SDS of soybean. How-
ever, the abundance of MIPS mRNA was decreased in
genotypes containing four, two or no resistance alleles.
The specific activity of the MIPS enzyme in vitro fol-
lowed the same pattern across genotypes. The IP3 con-
tent in the inoculated roots of genotypes with two, four
or six resistance alleles were higher compared to the
non-inoculated root. The results suggests that a non-
additive effect on transcription and translation of MIPS
is established in RIL 23 roots by pyramiding six QTLs
for resistance to SDS. A role of MIPS in the partial resis-

tance or response of soybean roots to F. solani infection
is suggested.
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Introduction

Plants are continuously exposed to pathogens. The range
of plant pathogenic organisms is diverse and includes vi-
ruses, mycoplasma, bacteria, fungi, nematodes, insects,
protozoa and parasitic plants (Agrios 1998). Invasion of
resistant plant tissues by hyphae in the plant fungal-
pathogen interactions can result in the induction and sus-
tained expression of a varied battery of plant defenses
that prevent further pathogen ingress (Dixon et al. 1994).
Plants produce a wide variety of secondary metabolites,
many of which have anti-microbial activities. Several 
defense-associated compounds such as chitinases, β-1,3-
glucanase, pathogenesis-related proteins, phytoalexins,
salicylic acid, active oxygen species and jasmonate have
been identified (Kuc’ 1995; Feys and Parker 2000).

Myo-inositol, a six-carbon-sugar alcohol, is a precur-
sor to compounds that function not only in phosphorus
storage, but also in signal transduction, stress protection,
hormonal homoeostasis and cell-wall biosynthesis
(Morre’ et al. 1990; Loewus and Murthy 2000). Myo-
inositol 1-phosphate synthase (MIPS) is involved in con-
verting glucose 6-phosphate to myo-inositol 1-phosphate.
The conversion of glucose 6-phosphate to 1-L-myo-ino-
sitol 1-phosphate is the first-committed and rate-limiting
step in the biosynthesis of inositol in all eukaryotes 
(Majumder et al. 1997). MIPS is the first enzyme in a
metabolic pathway converting glucose 1-phosphate to
pinitol. Pinotol is a cyclic sugar alcohol involved in the
tolerance of drought stress that accumulates to higher
concentrations in salt-tolerant legumes (e.g., Sesbania
spp.) and in facultative halophytes such as Mesembryan-
themum crystallinum (Bray et al. 2000; also see the re-
view by Bohnert and Sheveleva 1998). Myo-inositol, an
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intermediate of the pinitol biosynthesis pathway, also
acts as a precursor in the synthesis of phosphatidylinosi-
tol 4,5-bisphosphate, which in turn is hydrolyzed by
phosphoinositide-specific phospholipase C (PI-PLC) and
produces inositol 1,4,5-triphosphate (IP3, a soluble mes-
senger) and diacylglycerol (Munnik 2001). IP3 binds to
specific Ca2+ channels on the vacuole membrane and the
rough endoplasmic reticulum, resulting in the release of
Ca2+ to the cytosol. Cytosolic Ca2+ activates calmodulin
and the defense response of the plant cells (for a review
see Morre’ et al. 1990; Loewus and Murthy 2000). IP3
contents were decreased in a soybean cell suspension
culture when challenged by Pseudomonas syringae pv
glycinea (Shigaki and Bhattacharyya 2000) but increased
when treated with stimulants of H2O2 burst (Legendre et
al. 1993). In other studies, IP3 content increased 100 to
160% in Medicago sativa suspension cultures when inoc-
ulated with a glycoprotein elicitor from the phytopatho-
genic fungus Verticillium albo-atrum (Walton et al. 1993).

A gene coding MIPS was first isolated from Saccha-
romyces cerevisiae by genetic complementation analysis
(Johnson and Henry 1989) and was used to isolate plant
orthologs (Johnson 1994). Two distinct MIPS genes
were identified in Arabidopsis (Johnson 1994; Johnson
and Burk 1995; Johnson and Sussex 1995; AGI 2000).
Seven sequences hybridized to a MIPS probe in maize
(Larson and Raboy 1999). In soybean there are at least
four MIPS genes (Hegeman et al. 2001). The multiple
MIPS genes in crop plants may be used to atune differen-
tial MIPS expression to specific physiological functions.

Differential display of mRNA (Liang and Pardee
1992, 1995) has been used to identify and annotate
pathogen/stress inducible genes in many plant species.
Examples include alfalfa (Truesdell and Dickman 1997)
inoculated with Colletotrichum trifolii; soybean cell-sus-
pension cultures inoculated with P. syringae pv glycinea
(Seehaus and Tenhaken 1998); and Arabidopsis thaliana
inoculated with cauliflower mosaic virus and CAMV
gene VI (Geri et al. 1999). In this study we used differ-
ential display of mRNA to identify genes that are differ-
entially expressed in response to Fusarium. solani f. sp.
glycines colonization of soybean roots.

F. solani f. sp. glycines (hereafter F. solani) causes
sudden death syndrome (SDS) of soybean (Roy 1997).
In susceptible varieties, the infection leads to root rot,
leaf scorch and premature plant death (Njiti et al. 1998).
In genetic studies, six quantitative trait loci (QTLs) di-
recting SDS resistance have been identified in a cross of
‘Forrest’ (partially resistant) and ‘Essex’ (partially sus-
ceptible). Beneficial alleles at four of the loci (Rfs, Rfs1,
Rfs2 and Rfs3) were derived from Forrest (Prabhu et al.
1999; Iqbal et al. 2001). All four were located on linkage
group (LG) G of the soybean genome. Beneficial alleles
of two loci (Rfs4 and Rfs5) were contributed by Essex
(Chang et al. 1997; Prabhu et al. 1999; Iqbal et al. 2001).
These loci were on LG C2 and I. The resistance loci
were additive and showed no evidence of epistatic inter-
action on either root infection or leaf scorch (Njiti et al.
1998; Meksem et al. 1999).

In this study, we found that MIPS was differentially
expressed in roots of soybean in response to F. solani in-
fection. The specific activity of MIPS was consistent
with the mRNA abundance. Both the transcript abun-
dance and enzyme activity of MIPS were determined in
a non-additive manner by the resistance alleles at the
QTLs conferring resistance to SDS.

Materials and methods

Plant material

The recombinant inbred lines (RIL) were generated from a cross
between Essex and Forrest (Hnetkovsky et al. 1996). Seeds were
obtained from the SIUC germplasm program. The genotypes used
were Forrest (Rfs, Rfs1, Rfs2, Rfs3, rfs4, rfs5), Essex (rfs, rfs1,
rfs2, rfs3, Rfs4, Rfs5), RIL 23 (Rfs, Rfs1, Rfs2, Rfs3, Rfs4, Rfs5)
and RIL 85 (rfs, rfs1, rfs2, rfs3, rfs4, rfs5), (Iqbal et al. 2001; Njiti
et al. 2001). Single-spore descent culture of F. solani f. sp. gly-
cines (ST90) was used for inoculation and the pathogen was as-
sayed as colony forming units (CFU) per g of root dry weight
(Njiti et al. 2001). Briefly, seeds were germinated in a mixture of
sterile sand and soil in the greenhouse. The seedlings were care-
fully removed from the germination trays (2 weeks after planting)
and transferred to a sand and soil mixture containing 104 F. solani
spores/cm3 in styro-foam cups with holes at the bottom. The non-
inoculated control seedlings were transferred to the new soil lack-
ing inoculum (Njiti et al. 2001). The cups were set in a plastic tub
in a completely randomized design. For each treatment there were
36 plants per genotype. Each tub was filled with 1.5 to 2 inches of
water. About 24 samples were kept in each tub. Tubs were either
inoculated or non-inoculated in order to avoid fungal transfer from
inoculated to the control samples. Tubs were randomly placed on
the greenhouse bench. Root samples were collected at different
days after inoculation from both control and inoculated plants. For
sample collection, soil was carefully washed with tap water, roots
were then rinsed with distilled water, blotted on paper towels and
separated from the stem tissues with scissors. The root samples
were immediately frozen in liquid nitrogen and kept at –80 °C.
The genotype of plants was confirmed by markers closely linked
to the SDS alleles (Iqbal et al. 2001). The response of these geno-
types to F. solani infection has been intensively studied (Njiti et al.
1998, 2001). The expected infection severity (IS) and disease se-
verity (DS) by 28 days after inoculation was as in Table 1. 

RNA isolation

Roots were ground into a fine powder in liquid nitrogen and RNA
was extracted by the Qiagen RNeasy Plant Mini Kit (Qiagen,
Chatsworth, Calif., U.S.A.) according to the manufacturer’s in-
structions. RNA samples were treated with DNase in order remove
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Table 1 F. solani root infection and SDS disease severity on soy-
bean seedlings at 28 days after inoculation with about 5,000 fun-
gus spores per cm3 of plant-growth medium. Data includes four
experiments and five single plant replications. DS = degree of se-
verity of SDS leaf symptoms rated on a scale of 1–9. IS = infec-
tion severity was measured as CFU (Colony forming units per
gram of root dry tissue)

Genotype DS IS (CFU)

Forrest 1.2 312
Essex 2.2 1,195
RIL23 1.1 107
RIL85 2.3 1,155



any residual DNA in the preparation. After DNase treatment,
RNA was purified by a RNeasy mini-spin column (Qiagen, Chats-
worth, Calif., U.S.A.). RNA quality was determined by electro-
phoresis on a formaldehyde-agarose 1.2% (w/v) gel, followed by
staining with ethidium bromide. RNA was quantified by spectro-
photometry at 260 nm.

Differential display of mRNA

RNA samples from roots at 14 days after inoculation were used
for differential display of mRNA using RNAimage kits (Gene-
Hunter, Nashville, Tenn., U.S.A.). A total of 72 primer combina-
tions generated with 24 random 5′ primers (H-AP1 to H-AP24)
and three poly-T 3′ primers H-T11M (H-T11G, H-T11C, H-T11A)
(Cat. No. G501–G503, GeneHunter, Nashville, Tenn, U.S.A.)
were used to identify differentially expressed cDNAs in soybean
roots following inoculation by F. solani under greenhouse condi-
tions. Equal amounts (0.2 µg) of total RNA was used from F. so-
lani inoculated and non-inoculated (control) samples. Reverse
transcription used an H-T11M primer. After reverse transcription,
a portion of the cDNA was used for PCR employing the same 
H-T11M primer and a random 13-nucleotide primer. Samples
were separated by electrophoresis in a 5% (w/v) acrylamide gel
with a 0.5× TBE buffer. Gels were transferred onto Whatman
3 MM filter paper, dried and used to expose BioMax MR films
(Kodak, Rochester, N.Y., U.S.A.).

The differentially abundant transcript fragments (as judged 
by difference in intensity, or the presence or absence of bands)
were identified. The cDNA bands were excised from the gel and
re-amplified by the appropriate primer combination. The PCR
products were electrophoresed on a 2% (w/v) agarose gel. Unique
bands were purified by the gel purification kit (Qiagen, Chats-
worth, Calif., U.S.A.), ligated into pGEM vector (Promega, Madi-
son, Wis., U.S.A.) and used to transform DH10B electro-compe-
tent cells (Gibco BRL, Rockville, Md., U.S.A.). The recombinant
clones were picked and stored in freeze-culture media.

Hybridization of fragments identified by differential display
of mRNA to the Forrest-infected root cDNA library

A cDNA library of 24,500 clones was constructed from Forrest-
infected roots in pGEM vector using the Clontech SMART PCR
cDNA synthesis kit (Cat. # K1052-1, Clontech, Palo Alto, Calif.,
U.S.A.) according to the manufacturer’s instructions. The cDNA
fragments isolated from differential display were labeled with 
α-32PdCTP and used as probes to identify clones from the root
cDNA library. About 24,500 clones of the root cDNA library were
spotted on Hybond-N+ (Amersham, Piscataway, N.J., U.S.A.) ny-
lon filters in a 3 × 3 high-density array using a Flexys Robot
(Gene Machines, Ann Arbor, Mich. U.S.A.). The colonies were
grown overnight on filters laid on LB agar media containing ampi-
cillin. Bacterial colonies were lysed and DNA was fixed on the
membrane according to Connell et al. (1998). The DNA was
cross-linked to the membrane by the Spectrolinker XL-1500 UV
cross-linker (Spectronics, Westbury, N.Y., U.S.A.) at an optimal
setting before hybridization. Pre-hybridization and hybridization
were carried out in Churches buffer at 55 °C (Connell et al. 1998).
After high-stringency washes, the filters were used to expose Bio-
Max-MR X-ray films overnight. The positive clones were picked
from the library and sequenced.

DNA sequencing and primer design

DNA sequencing used ABI (Foster City, CA, U.S.A.) big dye ter-
minator chemistry on an ABI377 automated DNA sequencer.
Clones were sequenced by one pass using the M13 forward or re-
verse primer. Vector and/or adaptor sequences were removed and
the rest of the sequence was used for BLAST searches. Primers
were designed for the differentially abundant transcripts using

“GeneFisher” primer design software available on the web
(http://bibiserv.techfak.uni-bielefeld.de/~). Tm was set between 55
to 65 °C to encourage the specific amplification of the mRNAs.
The primer sequences selected for MIPS amplification were for-
ward primer 5′GGGTAGTATAGGATTCTCTTCTTTATTC 3′ and
reverse primer 5′ATAGCTGAGGCTTGGGTGAG 3′ with a Tm of
59.9 and 59.2, respectively, as calculated by the primer design
software. These primers encompassed a 380-bp fragment in the
cDNA.

Quantitative RT-PCR

The changes in abundance of differentially expressed mRNAs
were verified by quantitative RT-PCR as follows. Total RNA from
roots (2 µg) was used to synthesize cDNA with random decamer
primers according to the manufacturer’s instructions (RETRO-
script First-Strand cDNA Synthesis Kit, Cat. # 1719, Ambion,
Austin, TX, U.S.A.). For gene-specific amplification from cDNA,
the number of cycles was optimized to stop the reaction at the ex-
ponential stage so that amplification was quantitative. The Quan-
tumRNA 18S Internal Standard (Ambion, Austin, TX, U.S.A.,
Cat. # 1716) was included in all PCR amplifications. The reac-
tions were carried out in a 50-µl volume containing 1 µl of RT re-
action, 5.0 µl of 10× PCR buffer, 4 µl of 2.5 mM dNTPs, 4 µl
(20 pmol total) of each gene-specific primer, 4 µl of 18S Prim-
er:Competimer mix (1 µl of 5 µM 18S PCR primer pair was
mixed with 9 µl of 5 µM 18S PCR Competimers: Ambion, Austin,
TX, U.S.A., Cat. # 1716), 0.25 µl (1.25 units) of Taq DNA 
polymerase (Gibco BRL, Rockville, M.D., U.S.A.), 0.5 µl of 
α-32PdCTP (10 µCi/µl) and water to a 50-µl final volume. PCR
amplifications were carried out in a Perkin Elmer 9600 thermal
cycler programmed for an initial hold of 3 min at 94 °C followed
by 25 cycles of 94 °C for 20 s, 60 °C (or annealing temperature of
the specific primer) for 30 s, and 72 °C for 1.5 min. The reactions
were kept at 72 °C for 5 min followed by a 4 °C hold.

After the completion of PCR cycles, 10 µl of gel loading dye
was added to each reaction, samples were heated for 3 min at
95 °C and immediately cooled on ice. The samples were separated
by electrophoresis through a 5% (w/v) denaturing acrylamide gel.
The gel was dried onto Whattman 3 MM filter paper and used 
to expose BioMax-MR X-ray film. The films were scanned in a
Kodak Digital Science Image Station 440CF (Kodak, Rochester,
N.Y., U.S.A.) and band intensities were measured using Kodak 1D
Image Analysis Software. MIPS band intensities were normalized
to the 18 S ribosomal internal control for comparison of relative
gene expression under different treatments and in different geno-
types.

Protein extraction

Total soluble proteins were extracted according to Francs et al.
(1985). Roots of 4–6 plants were crushed in a mortar pestle, pre-
cooled under liquid nitrogen. The fine powder (200 mg) was re-
suspended on ice in 1 ml of 30 mM Tris-Cl buffer (pH 7.5), 1 mM
of DTT, 1 mM of ascorbic acid, 1 mM of EDTA-Na2, 6 mg of in-
soluble PVP 40, and 1 mM of phenyl methyl sulfonyl fluoride
(PMSF) was used to inhibit protease activity. The samples were
centrifuged three-times at 20,000 g for 25 min each to clarify the
supernatant. The clarified supernatant was assayed for total pro-
tein, enzyme activity and IP3 content.

Protein estimation

A colorimetric protein assay was used according to Bradford
(1976). Protein solution (100 µl) was added to 5 ml of the Brad-
ford reagent and the absorbance was measured at 595 nm. A bo-
vine serum albumin (BSA) standard curve was used.
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Enzyme assay

Inositol biosynthesis was measured by the rapid colorimetric
method of Barnett et al. (1970). Crude extract (200 µl) was incu-
bated with 200 µl of 5 mM D-glucose 6-phosphate and 100 µl of
5 mM NAD for an appropriate time at 37 °C. The reaction was
quenched by the addition of 200 µl of 20% (w/v) trichloroacetic
acid. The precipitated protein was removed by centrifugation. Ex-
actly 500 µl of the supernatant was incubated for 1.5 h with 500 µl
of 0.2 M NaIO4. One millilitre of 1 M Na2SO4 was added to the
supernatant to remove the excess NaIO4. For the measurement of
inositol monophosphate, a 2 ml reagent mix [0.4 ml of 3 M
H2SO4, 0.4 ml of 2.5% (w/v) ammonium molybdate, 0.8 ml of
H2O and 0.4 ml of 10% (w/v) ascorbic acid] was added and incu-
bated for 1.5 h at 37 °C. The absorbance was measured at 660 nm
and enzyme units were calculated. A standard curve for 0.05 to
0.7 µM of myo-inositiol phosphate was used to determine the
amount of inositol phosphate in each sample.

D-myo-inositol 1,4,5-triphosphate (IP3) [3H] content assay

Aliquots of samples from the protein extraction step were reacted
with perchloric acid by adding 0.2 vol of 20% (v/v) perchloric 
acid to the clarified supernatant and incubated on ice for 20 min.
Proteins were sedimented by centrifugation at 6,000 g for 15 min
at 4 °C. The supernatant was decanted into plastic tubes and the
pH was adjusted to 7.5 with ice-cold 10 M KOH. KClO3 was re-
moved by centrifugation at 2,000 g for 15 min at 4 °C. IP3 concen-
tration was measured using an [3H] IP3 assay kit (Amersham
Pharmacia Biotech, N.J., U.S.A., Cat. No. TRK 1000) following
the manufacturers instructions. An IP3 standard curve was plotted
employing the 5th-order inverse logarithmic regression model us-
ing the statistical program “Data fit” version 7.1.44 developed by
Oakdale engineering, Pa., U.S.A.. The standard curve was used for

the IP3 determination in the unknown samples. IP3 concentration
was converted to pmol/µg of soluble protein to compensate for ex-
traction differences.

Results

Differential display of mRNA identifies MIPS

Differentially amplified cDNA fragments from the dif-
ferential display of mRNA were used as probes to screen
a Forrest cDNA library prepared from roots inoculated
with F. solani. The BLAST search revealed that the
cDNAs have significant homology to MIPS, calmodulin-
like protein, glyceraldehyde 3-P dehydrogenase, vacuo-
lar ATP synthase, a ribosomal protein, elongation factor
1 beta, a ribosomal protein L24, and four ESTs. Se-
quence alignment showed 100% homology to the soy-
bean MIPS gene from cv Williams (AF293970) over
408 bp but with a 10-bp 5′ extension. The translation
start codon (ATG) at nucleotide number 72 predicted a
115 amino-acid polypeptide with 100% homology to 
the “Williams” predicted MI3PS (AF293970). It also
showed that the predicted sequence (115 amino acids)
has 100% homology to soybean MI1PS (AY038802) and
95% similarity to MI1PS isolated from Phaseolus vul-
garis (AF282263).
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Fig. 1a, b Quantification
of MI-1-P synthase mRNA
abundance by RT-PCR. 
a A 380-bp cDNA fragment
identified as Fi65E19 was am-
plified using two primers de-
signed from the sequence of the
differentially expressed mRNA.
Universal primers for the 18 S
rRNA gene (489 bp) were used
as an internal control. Fi = RNA
isolated from the roots of For-
rest genotype that was inoculat-
ed by F. solani, Fc = RNA iso-
lated from the roots of Forrest
genotype that was not inoculat-
ed by F. solani but kept under
the same conditions, Ei = Essex
inoculated, Ec = Essex non-
inoculated, 23i = RIL 23 inocu-
lated, 23c = RIL 23 non-inocu-
lated, 85i = RIL 85 inoculated,
85c = RIL 85 non-inoculated. 
b RT-PCR amplified fragments
(380 bp) were quantified using
a Kodak Digital Science Image
Station 440CF and band inten-
sities were measured using 
Kodak 1D Image Analysis
Software. The data was nor-
malized to a 18S ribosomal
gene (489 bp) which was used
as an internal control



mRNA abundance of differentially expressed sequences

The mRNA abundance of MIPS was determined by
quantitative RT-PCR (Fig. 1a). An 18S ribosomal RNA
gene was used as an internal control during the RT-PCR,
and the band intensities were normalized with the inten-
sity of the control. The RT-PCR was repeated once;
therefore, error bars are not shown (Fig. 1b). At 14 days
after inoculation in Essex and Forrest, MIPS mRNA
abundance was reduced in response to infection by F. so-
lani (Fig. 1a and b) to 21–24% of the non-inoculated
controls. In contrast, the MIPS mRNA abundance in the
resistant recombinant inbred line (RIL 23) was increased
by 13% in the inoculated sample. The expression of
MIPS in the susceptible RIL 85 was decreased by 6%.
However, the greatest abundance of MIPS mRNA in RIL
85 was 25–50% lower than all other genotypes and treat-
ments. 

The mRNA abundance of the calmodulin-like protein,
glyceraldehyde 3-P dehydrogenase, and vacuolar ATP
synthase, remains unchanged in inoculated samples when
analyzed by quantitative RT-PCR at 14 days after inocu-
lation. Earlier and later time points were not assayed.

Enzyme activity of myo-inositol-1-phosphate synthase

Specific activity of MIPS in the protein extract prepared
from roots of Forrest, Essex, RIL 23 and RIL 85 after 14
days of inoculation was determined (Fig. 2). In non-inoc-
ulated samples, MIPS specific activity was higher in 
RIL 23 (5.18 ± 0.08 units/mg) compared to Forrest 
(4.7 ± 0.10 units/mg), Essex (4.59 ± 0.03 units/mg) and
RIL 85 (3.0 ± 0.1 units/mg), correlating with the mRNA
abundance and allelic complements of the genotypes. 

In RIL 23 inoculated samples, there was no signifi-
cant (P = 0.0518) decrease in MIPS activity (4.49 ±
0.14 units/mg) compared to the non-inoculated roots.
However, in both Forrest (2.01 ± 0.083 units/mg; 
P = 0.0027) and Essex (2.5 ± 0.01 units/mg; P = 0.0002),
the enzyme activity decreased significantly in the inocu-

lated roots. In RIL 85 there was no significant reduction
(P = 0.1174) in activity but the enzyme was constitutive-
ly low (2.7 ± 0.02 units/mg).

To relate enzyme activity to root development in RIL
23 and RIL 85 the specific activity of MIPS was mea-
sured at 3, 7, 14 and 21 days after inoculation (Fig. 3). A
steady, inoculation independent increase in the MIPS ac-
tivity is evident in RIL 23 roots from day 3 onwards,
which may peak by day 21. In RIL 85, there was no sig-
nificant change in the activity of MIPS from day 3 to day
21 regardless of the inoculation state. The differences
between inoculated and non-inoculated samples were not
significant for either genotype at any time. 

Comparison in change of mRNA abundance 
and MIPS activity after inoculation

The percentage of changes in both mRNA abundance
and MIPS activity in roots was calculated at 14 days 
after inoculation (Fig. 4). After inoculation, Essex and
Forrest MIPS mRNA abundance decreased by 21–24%
and MIPS specific activity decreased by 46–56%. In RIL
23, the mRNA abundance increased by 13% after inocu-
lation but MIPS specific activity decreased by 15% com-
pared to non-inoculated roots. In RIL 85, the mRNA
abundance decreased by 6% and MIPS activity de-
creased by 10% compared to the non-inoculated roots. 

Concentrations of IP3 in roots

The highest IP3 concentration was observed in RIL23 in-
oculated roots (Table 2). IP3 concentration in RIL23 was
3.1 ± 0.46 pmol/µg in non-inoculated roots compared to
7.0 ± 0.24 pmol/µg in inoculated roots, i.e., 2.26-fold
higher in the inoculated roots. In RIL85, IP3 content was
3.0 ± 0.08 pmol/µg in non-inoculated roots compared to
1.9 ± 0.16 pmol/µg in inoculated roots, i.e., 1.5-fold low-
er in the inoculated roots. The IP3 concentration was
slightly higher in Forrest (four resistance alleles) in 
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Fig. 2 Specific enzyme activi-
ty of MI-1-P synthase in soy-
bean roots at 14 days after
inoculation. The T-bar shows
the standard error of the means
(SEM)



the inoculated root, 3.6 ± 0.06 pmol/µg compared to 
2.4 ± 0.14 pmol/µg in the non-inoculated roots. In 
Essex (two resistance alleles), the IP3 content was 2.8 ±
0.13 pmol/µg in non-inoculated compared to 6.1 ±
0.24 pmol/µg in the inoculated roots, i.e., 2.18-fold 
higher in the pathogen inoculated roots. The mean IP3
content in all the genotypes were significantly higher
(1.64-times) in inoculated compared to the control root

samples (P = 0.0001). Only in the case of RIL85, did IP3
content decrease after inoculation. 

Discussion

The slight, but non-significant, increase in mRNA abun-
dance of MIPS in the inoculated samples of RIL 23 (con-
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Fig. 3 Specific activity of
MIPS at 3, 7, 14 and 21 days
after inoculation in RIL 23
(carrying six resistance alleles)
and RIL 85 (carrying six sus-
ceptible alleles). The T-bar
shows the standard error of the
means (SEM)

Fig. 4 A comparison of the
percentage change in MIPS
mRNA abundance and MIPS
specific enzyme activity at
14 days after inoculation



taining resistance alleles of the six QTLs) contrasted
with the parent varieties (which each contained either
four or two resistance alleles) where the MIPS mRNA
significantly decreased. The above effect in RIL23 ap-
pears to be the product of interaction of at least two
QTLs, with one or more being derived from each parent.
It is noteworthy that, in the roots without fungal inocula-
tion, the mRNA abundance is similar in Essex, Forrest
and RIL 23 (Fig. 1a and b). Additional evidence that at
least two of the resistance alleles control MIPS non-
additively was that both mRNA abundance and enzyme
activity were significantly lower in RIL85 by 14 days 
after transplanting, irrespective of inoculation.

The specific activity of the MIPS enzyme decreased
significantly in all the soybean lines when infested with
the pathogen. The percentage decrease in enzyme activi-
ty was double the decrease in mRNA abundance in the
Forrest (56%) and Essex (45%) varieties (Fig. 4). How-
ever, in inoculated RIL 23, the MIPS specific activity de-
creased by just 15%. These results suggest that factors
other than mRNA abundance determine MIPS activity.
Among the factors controlling MIPS activity may be
fungal inhibition of epigenetic factors, allosteric 
effectors, and/or expression of isozymes of GmMIPS1
(Hegeman et al. 2001). These factors are related to the
bi-allelic contrast between RIL 23 and the other geno-
types.

The IP3 contents were significantly increased in Essex
(two resistance alleles) and RIL 23 (six resistance al-
leles). The increase in Forrest was less compared to the
RIL 23 and Essex genotypes (Table 2). In RIL 23, the re-
sistance alleles were contributed by both Forrest and 
Essex varieties, while the genes contributing toward IP3
accumulation may be contributed by Essex. These genes
could be the elicitor recognition elements, toxin resis-
tance elements (Njiti et al. 1998) or other elements di-
rectly or indirectly involved in the resistance response.
Overall, the higher level of IP3 content in RIL 23 seems
to be an additive effect of the QTL from Essex and 
Forrest in response to pathogen inoculation. The additive
nature of the increase in IP3 content was further con-
firmed by a decrease in IP3 content in the inoculated
roots of RIL85, a genotype with no resistance allele. In

field and greenhouse studies, it was observed that the
QTL on LG C2, when contributed by Essex, has a signif-
icant impact on SDS resistance to leaf scorch but not on
root resistance (Njiti et al. 1998; Triwitayakorn, unpub-
lished data). The quantitative, additive inheritance of the
soybean resistance to SDS suggests that several bio-
chemical pathways or metabolic responses are involved
in the continuum between resistance and susceptibility to
the fungal infection (Iqbal et al. 2001).

Potentially, MIPS plays an important role in initiating
and/or maintaining the soybean defense response to F.
solani infection. IP3 was increased in the fungus-inocu-
lated genotypes containing two, four or six resistance al-
leles of the loci conferring resistance to SDS. The in-
crease in IP3 content in intact roots after inoculation with
the fungal pathogen was consistent with earlier studies
where the glycoprotein elicitor from the phytopathogenic
fungus increased the IP3 content in cell-suspension cul-
tures. The co-relation of IP3 content with gene pyramids
was further predicted by its decrease in the genotype
containing no allele of the loci conferring resistance to
SDS. Gene pyramiding also helped maintain MIPS activ-
ity even after inoculation. It further helped generate ge-
notypes producing higher levels of IP3 content, a known
activator of cellular-defense response.

There has been extensive physiological and biochem-
ical evidence for the importance of inositol in plants in-
cluding its role in seed germination, membrane forma-
tion, cell-wall biogenesis and stress response (Loewus
1990; Laxalt et al. 2001; Munnik 2001). The sustained
higher expression of MIPS in RIL-containing resistance
alleles of the six QTLs for SDS may be indicative of a
stress response that produces strengthened cell walls
and increased signal transduction. The MIPS when mea-
sured in soybean roots responded to the stage of devel-
opment, F. solani infection and the plant genotype
(Fig. 3), all factors that affect the extent of SDS disease
progression.

MIPS1 and MIPS2 were sequenced from root ESTs li-
braries, but Northern hybridization and immuno-detec-
tion assays were unable to detect GmMI1PS1 expression
in soybean roots (Hegeman et al. 2001). We detected 
the expression of GmMIPS1 in roots by quantitative 
RT-PCR which is more sensitive than Northern hybrid-
ization. We also confirmed that the enzyme activity was
correlated with the mRNA abundance. The isoform ana-
lyzed by Hegeman et al. (2001) was abundant in imma-
ture cotyledons.

Pyramiding beneficial alleles has been a widely ap-
plied practice by plant breeders for the development of
varieties with traits that are affected by multiple genes
(Stuber et al. 1999). DNA markers have been used to in-
crease the efficiency of pyramiding genes for yield, dis-
ease resistance (Kelly et al. 1995; Kloppers and Pretorius
1997; Iqbal et al. 2001), pest resistance (Web et al. 1995;
Porter et al. 2000) and abiotic stress (Flowers et al. 2000;
Cho et al. 2002). Constructing large gene pyramids with
DNA markers is arduous, error prone and associated
with low yields. Biochemical markers for gene pyramids
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Table 2 D-myo-inositol 1,4,5-triphosphate (IP3) assay. IP3 con-
centrations were determined using the IP3 standard curve. IP3 was
quantified as pmol/µg of soluble protein present in the sample

Sample IP3 Total IP3/total protein 
pmol/ml protein (pmol/µg) ± SEM

µg/ml

RIL23 Control 473.5 153.35 3.1 ± 0.46
RIL23 Inoculated 631.0 90.44 7.0 ± 0.24
RIL85 Control 170.5 56.15 3.0 ± 0.08
RIL85 Inoculated 280.3 144.5 1.9 ± 0.16
Forrest Control 401.5 164.0 2.4 ± 0.14
Forrest Inoculated 325.5 90.4 3.6 ± 0.06
Essex Control 401.5 144.9 2.8 ± 0.13
Essex Inoculated 635.0 103.35 6.1 ± 0.24



are potentially useful tools for breeders. However, bio-
chemical and metabolite analyses of the effects of gene
pyramiding have not been reported.

Further studies will include determining the complete
sequence of the gene and its alleles, determining its posi-
tion in the integrated genetic and physical map in rela-
tion to known resistance QTLs (Zobrist 2000) and analy-
sis of protein abundance using isoform-specific antibod-
ies. We also aim to elucidate its role in resistance re-
sponse and its relationship with QTL gene pyramiding,
and a potential germplasm screening tool for gene pyra-
mids.
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