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Infection of rice plants with the sheath blight fungus causes
an activation of pentose phosphate and glycolytic pathways
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Abstract

The response of key regulatory enzymes of the pentose phosphate and glycolytic pathways in disease development
was assessed in genetically-related rice plants resistant and susceptible to the sheath blighRhimattenia

solani The plants were grown and maintained under greenhouse conditions and inoculated at 50% flowering. Uninoc-
ulated healthy plants served as controls. The activities of pentose phosphate pathway enzymes (glucose-6 phosphate
dehydrogenase and 6-phosphogluconate dehydrogenase) increased more than two-fold in both the resistant and
susceptible plants. Activities of ATP- and pyrophosphate-dependent phosphofructokinase and phosphoenolpyru-
vate phosphatase increased in infected plants while activity of phosphoenolpyruvate carboxylase in infected plants
was lower than in the healthy plants. Furthermore, for enzymes with increased activity, the levels were higher in
the resistant line than in the susceptible line. The enhancement of the enzyme activities correlated well with the
post infection period. These data suggest that altered carbohydrate metabolism in sheath blight infections may play
an important role in modulating the rice plant’s response to infection. The isolation of an infection-induced gene
encoding a basic enzyme of pentose phosphate and glycolytic pathways could be used to develop plants with more
resistance towards sheath blight disease.

Introduction exposed to specific biotic stimuli (Pieterse, 1998). In
plant resistance, carbohydrate metabolism plays an
The breeding of pest-resistant cultivars is one of the important role in plant gene responses (Koch, 1996).
primary objectives of many rice improvement pro- Previous results showed alterations in carbohydrate
grammmes worldwide (Khush and Virmani, 1985). metabolism during infection of rice plants with the
Among the most widespread and important diseasessheath blight fungus (Danson et al., 1999). The enzy-
of irrigated rice is sheath blight caused by the fungus matic interface of secondary metabolism with the
Rhizoctonia solanfBonman et al., 1992). Rice breed- carbohydrate metabolism is provided by the shiki-
ers have successfully identified the source of resistancemate pathway, which condenses erythrose-4-phosphate
in cultivated rice germplasm and incorporated genes for and phosphoenolpyruvate of the pentose phosphate
resistance through conventional hybridization. How- and glycolytic pathways, respectively, to produce sub-
ever, major gene(s) linked to high resistance of rice strates for the aromatic amino acids synthesis. Of these
plants to sheath blight disease have not been foundamino acids, phenylalanine and tyrosine are needed as
(Li et al., 1995) and only partial resistance has been precursors for the synthesis of lignin. Early defense
reported (Bonman et al., 1992; Xie et al., 1992). responses by plants to infection have been linked to the
Plants have the ability to acquire an enhanced lignification of infected cells (Bell, 1981). It follows
level of resistance to pathogen attack after being that lignin formation may involve the interaction of
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several metabolic pathways such as the pentose phosat —80°C until used for enzyme extraction. Non-
phate, glycolytic and shikimate pathways (Hrazdina, inoculated plants served as a control.
1994). Extracts were prepared as follows: the leaf sheaths
Aresponse in the key enzymes of pentose phosphatewere cut into small pieces and weighed. Sea sand
pathway and glycolysis during infection would reflect (500 mg) and polyvinylpolypyrrolidone (50 mg) were
an increased demand for NADPH and ATP, respec- added to 1g (fresh weight) of cut leaf sheaths in
tively. Therefore genes encoding for enzymes within 5ml of extraction buffer (100mM Hepes pH 7.5,
those pathways may provide a better understanding of 1 mM EDTA, 5 mM dithiothreitol, 0.5% triton X-100,
how the pathways and resistance mechanisms inter-20% glycerol and 0.5% BSA). The samples were
act. The aim of this work was to investigate changes homogenized by grinding with a pestle in an ice-
in patterns of metabolism that occur during infection chilled mortar and the homogenate was filtered through
by looking at the key enzymes within the pentose one layer of Mira-cloth (Calbiochem-Novabiochem,
phosphate and glycolytic pathways in relation to sheath La Jolla, USA). The homogenate was centrifuged for
blight fungus infection in rice plants. 10 min at 38,009 at 4°C and the supernatant desalted
(25 mM Hepes pH 7.5, 2.5 mM dithiothreitol) by pas-
. sage through a 5-ml Sephadex G-25 column (Hitrap
Materials and methods Desalting, Pharmacia Biotech, Sweden). The desalted

L , , ) material was used as the crude enzyme source.
Tworice lines from a 16th generation hybrid population Assay conditions were as described in the following

cross of Tetepx CA-4-39-21 (Wasano K, Faculty  references except for the variations given: glucose-
of Agriculture, Saga University, unpublished) were 6-phosphate dehydrogenase (Tecsi et al.,1994); 6-
selected for resistance (3F16-15) and susceptibility hosphogluconate dehydrogenase (Tecsi et al.,1994);
(3F16-10) to sheath blight disease. The seeds Obtai”eqﬁTP-dependent phosphofructokinase: 50 mM Tris—
from these plants were sterilized in 70% ethanol q (PH 8.0) (Plaxton, 1990); pyrophosphate-
for 2-3min and 1% sodium hypochlorite for 10min  yependent phosphofructokinase: 50mM  Tris—HCI
prior to soaking in water (24 h) and then sowed in (PH 8.0) (Plaxton, 1990); phosphoenolpyruvate
pots containing commercially produced compost. One phosphatase: 50mM Hepes (pH 7.2), 2U’ lactate
seedling was planted in each pot in arandomized block dehydrogenase (Plaxton, 1990): Pyruvate kinase:
design with two replicates. NPK (14:16:14) 5kg/10a g Hepes (pH 7.2), 10mM Mggl5mm KCl,
served as the basal fertilizer while, NPK6(10 : 16) 0.2mM NADH, 1mM ADP, 2U lactate dehydro-
5kg/10a was applied as a top dressing. The rice plantsgenase and 2mM phosphoenolpyruvate; phospho-
were maintained under standard greenhouse Conditionsenolpyruvate carboxylase: 100 mM Tris—HCI (pH 7.6)
throughout the growing period. (Schuller et al.,1990).

Inoculation of the rice plants with sheath blight All assays were conducted at 3Din a final volume
fungus (maintained on nutrient agar at"2§ was 4t 1 | Changes in NADH or NADP levels were

conducted _essentially as described by Wasano et al. jogessed at 340 nm using a spectrophotometer (UV 160,
(1983). Uninoculated plants served as healthy con- gnimadzu Japan).

trols. The plants were inoculated at a time when

the plants exhibited 50% flowering. Sampling com-

menced immediately after inoculation and after 24, 48, Results

96 and 192 h. The lesion length was determined by

measuring the length of the whole infected third leaf Several key enzymes involved in carbohydrate

sheath area of at least 10 sheaths from each of themetabolism (glucose-6-phosphate dehydrogenase,

two pots (total 20 sheaths) sampled per replicate and 6-phosphogluconate dehydrogenase, ATP-dependent

averaged. phosphofructokinase, pyrophosphate-dependent phos-
The sheaths used in determining the infected area phofructokinase, phosphoenolpyruvate carboxylase,

were preserved for enzyme assays. The samples ofphosphoenolpyruvate phosphatase and pyruvate

infected and healthy sheaths were collected at 10 a.m.kinase) as well as development of pathogenic lesion

Lesionper seand their border areas were also excised were analyzed in the genetically related resistant and

to include about 10cm of the sheaths. The samples susceptible rice selection lines compatible with the

were immediately placed in liquid nitrogen and stored sheath blight fungus. The results indicated significant
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Table 1 Lesion development and relative activity of the key enzymes of glycolysis and pentose phosphate pathway in rice plants
infected with the sheath blight fungus

Time (h) Lesion size (mm) Relative Activity
R S G6PD 6PDH ATP-PFK PPi-PFK PEPase PEPC
R S R S R S R S R S R S

0 0 0 100 100 1.00 100 100 100 1.00 1.00 100 100 0.96 1.00
24 13.36+1.74 11.26+0.34 139 138 152 141 364 317 233 307 156 125 047 0.89
48 14.74£0.72 71.68-129 169 130 206 183 333 347 267 326 171 145 0.28 0.52
96 21.14+0.36 83.74-2.16 199 127 238 190 535 378 421 289 155 197 0.06 0.18
192 25.28+1.52 9858+3.13 214 139 276 197 524 503 523 329 156 217 0.05 0.07

R: Resistant rice line (3F16-15), S: susceptible rice line (3F16-10), G6PD: glucose-6-phosphate dehydrogenase, 6PDH:
6-phosphogluconate dehydrogenase, ATP-PFK: ATP-dependent phosphofructokinase, PPi-PFK: pyrophosphate-dependent
phosphofructokinase, PEPase: phosphoenolpyruvate phosphatase, PEPC: phosphoenolpyruvate carboxylase.

differences during post infection. Although phos- and susceptible line was significant at 96 and 192 h
phoenolpyruvate carboxylase is not a glycolytic for glucose-6-phosphate dehydrogenase and 48, 96
enzyme, Plaxton (1996) called the pathway to pyru- and 192h for 6-phosphogluconate dehydrogenase,
vate via phosphoenolpyruvate carboxylase reaction respectively. Infection seems to have had an effect on
as a ‘alternative route of glycolysis’. Thus phospho- the gradual increase in enzyme activities of glucose-
enolpyruvate carboxylase will be considered among 6-phosphate dehydrogenase and 6-phosphogluconate
the glycolytic enzymes in the results presented here. dehydrogenase as the levels of these enzymes in the
Lesion development in infected sheaths of both healthy control plants remained unchanged for both
the susceptible and resistant lines was initially simi- lines.
lar at 24 h (Table 1). However, by 48 h large differ- Among the four glycolytic enzymes assayed, ATP-
ences in lesion size were observed. Lesion size in theand pyrophosphate-dependent phosphofructokinase
susceptible line increased 6- and 9-fold by 48 and and phosphoenolpyruvate phosphatase activities
192 h, respectively. Overall, lesion development in the increased afterinfection. The ATP-and pyrophosphate-
resistant line was slow and not significantly different dependent phosphofructokinase activities more than
between 24 and 192 h. doubled 24 h after infection (Figure 2) in both lines
Samples used in the measurement for lesion and were similarly enhanced after 48 h. Thereafter,
development were further used for enzyme analysis the increase in the resistant line was more than
of the pentose phosphate and glycolytic pathways. the susceptible line. At the end of the sampling
By 24h, two enzymes of the pentose phosphate period, both ATP- and pyrophosphate-dependent
pathway, glucose-6-phosphate dehydrogenase and 6phosphofructokinase had increased 5-fold in the resis-
phosphogluconate dehydrogenase, were induced whertant line, and by about 3-fold in the susceptible line.
compared to the uninfected control plants (Figure 1). The difference in activity between the resistant line
Enzyme induction at 24h for glucose-6-phosphate and susceptible line was significant at 96 and 192 h for
dehydrogenase was similar in both lines. However, ATP-dependent phosphofructokinase, while there was
by 48h the increase in activity seen in the resis- no significant difference for pyrophosphate-dependent
tant line was greater than the increase observedphosphofructokinase at any of the sampling times.
in the susceptible line. A similar observation was In the healthy controls of both lines, the two enzyme
noted for 6-phosphogluconate dehydrogenase. Theactivities were barely detected. Omitting ADP in the
two rice lines exhibited large differences in enzyme pyruvate kinase assay to determine phosphoenolpyru-
activities in relation to infection in later stages. vate phosphatase contamination indicated very low
By 192h, both glucose-6-phosphate dehydrogenaseactivity for pyruvate kinase, therefore only the results
and 6-phosphogluconate dehydrogenase activities infor phosphoenolpyruvate phosphatase are reported.
the resistant line had doubled and tripled which The increase in phosphoenolpyruvate phosphatase
was slightly more than in the susceptible line. The occurred early after plant infection (24 h) and contin-
difference in enzyme activity between the resistant ued until the end of the sampling period. In contrast,
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particularly for biotrophic fungal pathogens. Unfor-
Glucose 6-phosphate tunately, relatively limited information regarding the
120 dehydrogenase - physiology of tissue resistant to fungal infection is
available. In view of these shortcomings, the response
of several key enzymes within the glycolytic and pen-
tose phosphate pathways was investigated in relation
to fungal diseases using the sheath blight fungus of
rice plants as our model. Based on the results obtained
from the present study we postulate that infection
causes an activation of both pathways resulting in an
enhancement of the key enzymes.

The use of genetically-related selection lines
minimized the influence of cultivar differences on
the results. Both 3F16-15 and 3F16-10 lines used
as resistance and susceptible selection lines respec-
tively are compatible with the sheath blight fungus
(Wasano, unpublished). The two lines were contin-
uously screened for sheath blight disease resistance
over several years. After inoculation the develop-
- ment of sheath blight disease was monitored on
the third leaf sheaths over the 192h period. The
response of the key enzymes of the pentose phos-
- phate pathway, glucose 6-phosphate dehydrogenase
and 6-phosphogluconate dehydrogenase, showed an
early response to infection soon after inoculation.
There were changes for both enzyme activities in
the healthy plants leading to the conclusion that
. the activation of these enzymes was a result of
infection (Sindelarova et al.,1997; Tesci et al.,1994).
0 40 80 120 160 200 This increase was higher in the resistant plants.
The pentose phosphate pathway furnishes NADPH
to the plasma membrane NADPH-oxidase respon-
Figure 1 The effect of sheath blight infection on the activi- sible for the HO, 'pro'ductlon (qu'n et al.,1997).
ties of the pentose phosphate pathway enzymes in resistant (R)H20. from the oxidative burst triggers the hyper-

Enzyme Activity
(umol g1 b1
©
S B
)
]

D
<

&

6-phosphogluconate +
dehydrogenase

fao—
<@
<

o0
<

Enzyme Activity

(umol g1 h-1y

(=)
(=]

8

Time post infection (h)

and susceptible (S) rice selection lines (infected plamtsy, sensitive death of challenged cells and functions in
e S; uninfected plantsa R, o S). Bars indicate) standard  surrounding cells as a diffusible signal for induc-
deviations. tion of defense genes encoding enzymes involved in

cellular protection (Levine et al.,1994) or associated

phosphoenolpyruvate carboxylase showed a decreasedvith systemic acquired resistance (Chen et al.,1993).
activity in infected sheaths early in the infection An activation of the pentose phosphate pathway also
period (24 h), but this declined steadily towards the reflects an enhanced demand for the precursors for the
end of the sampling period. The decrease was highersynthesis of amino and nucleic acids in the infected

in the resistant line than the susceptible line. However plants.

this difference was only significant at 24 and 48h  Except for pyruvate kinase and phosphoenolpyru-
respectively. vate carboxylase, all the glycolytic enzyme activities

assayed increased in the infected plants as compared

with healthy controls and more soin the resistant plants.
Discussion The activities of ATP- and pyrophosphate-dependent

phosphofructokinase and  phosphoenolpyruvate
The carbohydrate physiology of host—pathogen rela- phosphatase started to increase at early infection
tionships has been a topic for extensive study, period. By the end of the experiment all the enzyme
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Figure 2 The effect of sheath blight infection on the activities of glycolytic pathway enzymes in resistant (R) and susceptible (S) rice
selection lines (infected planta:R, e S; uninfected plantsA R, o S). Bars indicate<£) standard deviations.

activities had increased more than two-fold. How- syntheses, such as nucleic acids and proteins. There-
ever, there were no changes in the healthy control fore, pyrophosphate-dependent phosphofructokinase
plants for both ATP- and pyrophosphate-dependent is activated when such macromolecule syntheses
phosphofructokinase attributing the increase to infec- occur in the cells (Kubota and Ashihara, 1990). The
tion. ATP-dependent phosphofructokinase catalyzes high pyrophosphate-dependent phosphofructokinase
the maintenance pathway and pyrophosphate- activity observed in the infected sheaths could be an
dependent phosphofructokinase catalyzes the indication of high glycolytic activity.

adaptive pathway. During response to an environ- Phosphoenolpyruvate phosphatase activity in-
mental perturbation plants adapt by regulating the creased with infection while phosphoenolpyruvate
pyrophosphate-dependent phosphofructokinase cat-carboxylase and pyruvate kinase activities declined
alyzed pathway. Plants use fructose-2,6-bisphosphateto barely detectable levels. Phosphoenolpyruvate
to regulate the adaptive pathway at the reversible phosphatase is inhibited by orthophosphate and its
pyrophosphate-dependent phosphofructokinase stepspecific activity increases following orthophosphate
(Black et al.,1987). Pyrophosphate is used in place deprivation (Plaxton, 1996), whereby cellular ATP and
of ATP to enhance the ATP vyield of glycolytic ADP levels decrease, then pyrophosphate-dependent
pathway (Plaxton, 1996) and is a byproduct of phosphofructokinase may function as a glycolytic
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enzyme and/or orthophosphate generating enzyme.References
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