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Abstract:
Triticum vulgare L. "Rego" plants were grown under controlled environmental conditions and were
inoculated 10 days after planting with lyophilized uredospores of Puccinia striiformis West. The starch
content in diseased leaves decreased from 5 to 9 days, increased from 9 to 12 days to twice that of
healthy leaves, and decreased from 12 to 15 days after inoculation. Electron microscopy revealed the
presence of starch granules in chloroplasts adjacent to fungal hyphae at 12 days after inoculation. Sugar
phosphates, ATP, and inorganic phosphate (Pi) were determined during the infection process. Sugar
phosphates in diseased plants fluctuated in concentration during the infection process; ATP increased
in diseased leaves at 11 days after inoculation; and Pi, an inhibitor of ADP-glucose pyrophosphorylase,
increased from 8 to 10 days, decreased from 10 to 11 days, increased from 11 to 14 days after
inoculation. ADP-glucose pyrophosphorylase was extracted and partially purified from healthy and
diseased leaves and fungal uredospores. The enzyme from healthy and diseased leaves was activated
14.5- and 42-fold, respectively, by 3-phosphoglycerate (3-PGA). Pi inhibited enzyme activity.
ADP-glucose pyrophosphorylase concentration in diseased leaves was 1.5 times greater than in healthy
leaves at 10 and 12 days after inoculation, and decreased to 0.3 that of healthy leaves at 14 days. When
proportionate concentrations of sugar phosphates and Pi found in healthy and diseased leaves during
the infection process were placed in the assay mixture, ADP-glucose pyrophosphorylase activity
closely resembled the pattern of starch accumulation in diseased leaves during the infection process.
Pyrophosphorylase activity was detected in P. striiformis uredospores; it appeared to be more specific
for UDP-glucose, and was not activated by 3-PGA. The accumulation of starch from 10 to 12 days
after inoculation is explained on the basis of regulation of ADP-glucose pyrophosphorylase by changes
in metabolite levels at critical times during the infection process. The decrease in the concentration of
Pi from 10 to 11 days after inoculation appeared to release inhibition of ADP-glucose
pyrophosphorylase and to allow starch synthesis to occur. A contributing factor to starch accumulation
might be activation of ADP-glucose pyrophosphorylase by 3-PGA in combination with the decrease in
Pi.

This decrease in Pi may be the result of conversion to ATP in oxidative phosphorylation, from the
increased respiration rates observed in diseased plants. The decrease in starch content in diseased
leaves from 12 to 14 days may be the result of Pi concentrations increasing to levels resulting in
inhibition of starch biosynthesis, and to the activity of starch degradive enzymes. ADP-glucose
pyrophosphorylase from diseased plants appeared more sensitive to activators than the enzyme from
healthy plants. 
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ABSTRACT
Triticum vulgare L. nRego" plants were grown under controlled 

environmental conditions and were inoculated 10 days after planting 
with lyophilized uredospores of Puccinia striiformis West. The starch 
content in diseased leaves decreased from 5 to 9 days, increased from 
9 to 12 days to twice that of healthy leaves, and decreased from 12 to 
15 days after inoculation. Electron microscopy revealed the presence 
of starch granules in chloroplasts adjacent to fungal hyphae at 12 
days after inoculation. Sugar phosphates, ATP, and inorganic phos
phate (P^) were determined during the infection process. Sugar phos
phates in diseased plants fluctuated in concentration during the in
fection process; ATP increased in diseased leaves at 11 days after 
inoculation; and P^, an inhibitor of ADP-glucose pyrophosphorylase, 
increased from 8 to 10 days, decreased from 10 to 11 days, increased 
from 11 to 14 days after inoculation. ADP-glucose pyrophosphorylase 
was extracted and partially purified from healthy and diseased leaves 
and fungal uredospores. The enzyme from healthy and diseased leaves 
was activated 14.5- and 42-fold, respectively, by 3-phosphoglycerate 
(3-PGA). P^ inhibited enzyme activity. ADP-glucose pyrophosphorylase 
concentration in diseased leaves was 1.5 times greater than in healthy 
leaves at 10 and 12 days after inoculation, and decreased to 0.3 that 
of healthy leaves at 14 days. When proportionate concentrations of 
sugar phosphates and P^ found in healthy and diseased leaves during 
the infection process were placed in the assay mixture, ADP-glucose 
pyrophosphorylase activity closely resembled the pattern of starch 
accumulation in diseased leaves during the infection process. Pyro
phosphorylase activity was detected in P_. striiformis uredospores; it 
appeared to be more specific for UDP-glucose, and was not activated by 
3-PGA. The accumulation of starch from 10 to 12 days after inoculation 
is explained on the basis of regulation of ADP-glucose pyrophosphory
lase by changes in metabolite levels at critical times during the 
infection process. The decrease in the concentration of P^ from 10 to 
11 days after inoculation appeared to release inhibition of ADP-glucose 
pyrophosphorylase and to allow starch synthesis to occur. A contrib
uting factor to starch accumulation might be activation of ADP-glucose 
pyrophosphorylase by 3-PGA in combination with the decrease in P^.
This decrease in P^ may be the result of conversion to ATP in oxi
dative phosphorylation, from the increased respiration rates observed 
in diseased plants. The decrease in starch content in diseased leaves 
from 12 to 14 days may be the result of P^ concentrations increasing 
to levels resulting in inhibition of starch biosynthesis, and to the 
activity of starch degradive enzymes. ADP-glucose pyrophosphorylase 
from diseased plants appeared more sensitive to activators than the 
enzyme from healthy plants.



INTRODUCTION

Obligate plant parasite colonies behave like metabolic "sinks" 

or foreign meristeipatic regions, exerting a "field of dominance" on 
adjacent host tissue. As a result, starch, products of CO^ fixation, 
metal ions and other metabolites accumulate at the infection site at 
the expense of host tissue (11, 23). The magnitude of this parasitic 
sink parallels the pathogen's growth, first becoming evident several 
days after inoculation, building to a climax at sporulatipn and 
decreasing thereafter (Il).

Starch accumulation is a commonly observed phenomenon in 
diseased plants. It has been found to accumulate in plants infected 
with fungi (I, 2, 4, 5, 18, 25, 26, 44), bacteria (23), and viruses 
(7, 20, 40). Generally, starch accumulates in granules in the chloro- 
plasts of photosynthetic tissue, as Akai et al. (l) found in chloro- 
plasts associated with hyphal vesicle formation of Scleropthora 
macrospora (Sacc.) Thir. , Sbaw, and Naras., on rice, and in host 
cytoplasm in non-photosynthetic tissue, as Williams et al. (47) found 
in cabbage hypogotyIs infected with Plasmodiophora brassicae Wor.

There is little detailed} information available on the pattern 
of starch accumulation in diseased plants. Quantitative data is 
scanty. Usually, there is a decrease in starch content around 
parasite colonies soon after infection followed by a subsequent 
increase before and during sporulation and then a decrease thereafter.
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Mains (25) reported that starch gradually disappeared from parenchyma 

sheaths of corn leaves infected with Puccinia sorghi Schw. Ruth 
Allen (5) reported a decrease in starch content of wheat leaf cells 
around colonies of Puccinia recondita Rob. ex Desm. soon after 
infection followed by a subsequent increase, and P. J. Allen (4) 
reported an increase around Erysiphe graminis tritici Em. Ilarchal 
colonies on wheat. Bushnell and Allen (6) observed similar changes 
in barley infected with mildew. Shaw and Samborski (40) observed 

the accumulation of various labelled metabolites, including starch, 
around lesions caused by tobacco mosaic virus and around pustules of 
sunflower rust and Carroll and Kosuge (7) observed that starch gran
ules accumulated in chloroplasts of hypersensitive plants of Nicotiana 

tabacum L. undergoing shock necrosis as result of tobacco mosaic virus 
infection, Inman (17) found that starch accumulated at infection 
sites of Uromyces phaseoli var. typica Arth. in bean leaves through 
the flecking stage and then decreased. Mirocha and Zaki (26), on the 
other hand, reported that starch decreased initially, increased 
sharply just before and during sporulation and then dropped shqrply 
after sporulation in rusted bean leaves. Akai et al. (2) showed 
tt>at starch in rice leaves infected with Cochliobolus miyabeanus 
(lto and Kuribay) Dickson was depleted in the immediate area of 
infection, but accumulated at the periphery of the lesion. Keen and
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Williams (18) reported that starch accumulated in the host cytoplasm 
of cells infected with Plasmodiophora brassicae Wor. during veget
ative growth and decreased during sporulation of the fungus.

Several physiological mechanisms have been proposed to explain 
changes in starch content in diseased plants. Schipper and fairoch^ 
(36) found a (3-ainylase activator present in ungerminated uredospores 

and cell-free extracts of uredospores of Uromyces phaseoli var. typica 
capable of causing starch hydrolysis in the leaves of Phaseolus 
vulgaris L. prior to penetration of the fungus. They suggest that 
this is possibly a mechanism by which the fungus obtains metabolites 
after endogenous reserves in the spore have been depleted early in 
the infection process. This mechanism helps to explain starch 
degradation but not its accumulation. Tanaka and Akai (43) proposed 
that increased starch in rice leaves infected with Cochliobolus 
miyabeanus was due to a decrease in p-amylase activity, and 
Lovrekovich et al. (23) found a causal relationship between starch 
decrease and inhibition of starch phosphorylase in tobacco leaves 
infected with Pseudomonas tabaci (Wolf and Foster) F. L. Stevens.

Keen and Williams (18) found increased specific activities of 

the starch synthetic enzymes, UDPG pyrophosphorylase and starch 
synthetase, during starch accumulation in cabbage hypocotyls infected 
with Plasmodiophora brassicae; and increased starch phosphorylase
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activity, and decreased pyrophosphorylase and starch synthetase 
activity during starch decrease at sporulation. These enzymes were 
believed to be of host origin since they were undetected in the 
fungus. They did not offer an explanation for these changes in 
enzyme activities.

Several mechanisms of starch regulation in non-diseased plants 
have been proposed. Gibberellic acid in barley aleurone has been 
found to initiate a-amylase synthesis (29). This helps to explain 
starch degradation on the basis of hormonal control in germinating 
seeds; however, gibberellic acid applied to bean leaves produced no 
increase in the activities of a-amylase, p-amylase or starch phos- 

phorylase (10).
Preiss1- group has found that regulation of a-l,4-glucan bio

synthesis (reactions I and 2)

ATP + a-D-glucose-l-phosphate ADP-glucose + PP^ (l)

ADP-glucose + a-1,4-glucan a-1,4-glucosyl-glucan + ADP (2)

in green algae (31, 34) and higher plants (14, 15, 16) occurs at the 

level of ADP-glucose pyrophosphorylase (reaction I). The regulation 
of ADP-glucose pyrophosphopylase involves activation by glycolytic 
intermediates and inhibition by inorganic phosphate. 3-Phospho- 

glycerate is the most potent activator. No activation of plant
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a-134-glucan synthetases by glycolytic intermediates has been observed 
(13, 15).. In contrast, mammalian (21) and yeast (3) glycogen trans- 
glucosylases utilize UDP-glucose as the glucosyl donor and regulation 
occurs at the transglucosylase level (reaction 2). Glucose-6-phos
phate activates mammalian and yeast transglucosylases (9, 33).

Preiss et al. (30) postulated the following mechanism to 
explain regulation of starch synthesis in chloroplasts. In the light, 
the levels of P^ and ADP are decreased because of photophosphoryl

ation. Because of carbon assimilation, the levels of 3-phospho- 
glycerate and other glycolytic intermediates would increase. Simul
taneously, there would be an.increase in reducing power in the cell. 
This sequence of events would lead to an' increase in the formation 

of ATP as well as glycolytic intermediates, and would also activate 
ADP-glucose pyrophosphorylase. An increase in the rate of ADP- 
glucose synthesis would direct the flow of carbon to the formation of 
atarch. In the dark, the P^ and ADP concentrations would increase, 
and glycolytic intermediates would decrease because of cessation of 

photosynthetic carbon assimilation. These events would result in the 
inhibition of ADP-glucose synthesis. Conceivably, the increased 
phosphate concentrations might also cause starch breakdown by the 
enzyme phosphorylase. .No information is available on the concen
trations of effector molecules at the actual site of ADP-glucose



pyrophosphorylase to support this hypothesis. They added that this 
hypothesis does not preclude other mechanisms participating in the 
regulation of starch synthesis. There may be regulation at the site 
of synthesis of the two enzymes, ADP-glucose pyrophosphorylase and 
ADP-glucose: a-1,4-glucan transferase.

The goal of this research was to establish the pattern of starch 
accumulation in wheat leaves infected with Puccinia striiformis West., 
and to investigate the validity of the hypothesis that changes in 
effector molecule concentrations as a result of the host-parasite 

interaction are at least partially responsible for regulation of 
starch accumulation at the level of ADP-glucose pyrophosphorylase.

6



MATERIALS AND METHODS

Seed, Environmental Conditions, Spore Collection, Inoculation of 
Plants

Triticum vulgare L. "Rego" was chosen for this investigation. 
The host plants were grown in a walk-in environment chamber rigidly 
controlled and programmed for temperature, relative humidity, and 
light. The diurnal temperature profile was 15°C/24°C (dark/light). 
The relative humidity was about 957= during the dark period and 657= 
during the light. The photoperiod was 12 hr. Light intensities 
were increased stepwise from 300 to 1,800 to a maximum of 3,500 ft-c 
at a middle of the photoperiod and then decreased through a similar 
range. Under these conditions Rego produces a 3-infection type 
(moderately susceptible: uredia abundant, chlorosis). The host 

plants were grown in four-inch clay pots in sandy loam-peat moss-sand 

( 1:1:1) .

The primary leaves of host plants were inoculated in a settling 
tower 10 days after planting with lyophilized uredospores of Puccinia 
striiformis (ATCC PR No. 35) according to the method of Sharp (38); 

a CO^ gun was used where plants were horizontally oriented to a spore 
shower. Another method of inoculation was also used in which the 
spores were applied to the leaves with a camel hair brush.

After inoculation, the plants were placed in a dark dew chamber 
for 48 hr for spore germination to occur, and then returned to %.he



8

controlled-environment chamber. Control (non-inoculated) plants 
were also placed in the dew chamber to keep treatments similar. The 
term "infection process" is used in this investigation to include all 
phases of development of host-parasite interaction from inoculation 
through pathogen sporulation.

Materials and General Methods
Sugars, sugar phosphates, nucleotide phosphates, pyridine

nucleotides, and enzymes for sugar phosphate analyses were purchased
14from Sigma Chemical Co., St. Louis, Missouri. Sodium carbonate - C

and sucrose-U-^C were purchased from Nuclear Chicago Corporation,
32and sodium pyrophosphate - P was purchased from Amersham/Searle, Des 

Plaines, Illinois.
The following solvent systems were used in decendihg paper chrom

atography on Whatman No. I filter paper: Solvent.A, n-butanol-acetic 
acid-HgO (4:1:5); Solvent B , .n-butano1-pyridine-water (6:4:3); and 

Solvent C, 95% ethanol-pyridine-water (8:2:1).
Radioactivity was quantitatively measured with a Nuclear Chicago 

liquid scintillation counter. The scintillation fluid contained 3.0 
ml absolute methanol and 12.5 ml toluene containing 40 ml Spectrofluor 

and 50 mg p-bis-2(5-phenyloxazoIyI)-benzene per liter. Radioactivity 
on planchets was counted on a Nuclear Chicago Gas Flow Counter at 1480

volts.
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Cpm were converted to dpm for C by the■channel ratio method
32using a standard curve; for P , cpm were converted to dpm by dividing

by the percent efficiency which was determined by counting samples of
32known radioactivity. The loss in radioactivity of P each day was

32corrected for on the basis that P has a half-life of 14.3 daysi 

Starch Determinations
One gram fresh weight of primary leaf blades from both healthy 

and diseased plants was harvested at the same time each day at 10 am, 
cut into 15 mm sections, and boiled three times in 80% ethanol to 
remove chlorophyll and soluble sugars.

The extracted leaf sections were placed ip large test tubes.
The starch remaining behind in the leaves was then hydrolyzed with 15 

ml 52% perchloric acid for 24 hr in a New Brunswick Psychrotherm Shaker 
at 10 rpm. Two ml samples were taken and neutralized with an equal 
volume of 9N NaOH.

Glucose concentrations were determined by the arsenomoIybdate 
method of Nelson (28). A standard curve was established using a-D- 

glucose. The glucose concentrations obtained were multiplied by 0.9 
to calculate starch concentrations. Rates of hydrolysis of known 
amounts of amylose, amylopectin and cellulose were determined. It 

was found that 80% of amylose, 70% of amylopectin and 20% of cellulose 
were hydrolyzed after 24 hr. Hydrolysis of cellulose was not
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corrected for in starch determinations.
To determine products of hydrolysis, sample hydrolysates were 

passed through 1.0 x 5.0 cm Dowex 50W-X8 (H+ form), 200-400 mesh, and 
Dowex 1-X8 (formate form), 200-400 mesh, columns to remove salt ions, 
and the neutral fraction taken to dryness, dissolved in a small amount 
of water, and spotted on Whatman No. I filter paper with reference 
sugars for paper chromatography. Chromatograms were developed in 
Solvents A, B , and C. Reducing sugars on chromatograms were detected 
by the AgNO^ method of Trevelyan et al. (45).

Labelling Experiments
The purpose of labelling experiments was to demonstrate carbo

hydrate accumulation at infection sites. Primary leaves were inoc

ulated only on the top two cm of the apical portion for this experi

ment.
■^CC^ labelling was done in a manner similar to Shaw and

Maclachlan (39). Potted plants were placed in a 6.1 liter plexiglas

cabinet having two outlets. The cabinet contents were placed under a
vacuum of 2 mm of Hg and closed off. ^CO^ was generated in a closed

14system outside one outlet by placing 0.25 ml sodium carbonate - G 
(specific activity 56 mc/m mole) in a well, and adding 2 ml 3 N 
which generated 25 ̂ ic of ^CO^. This gas was leaked into the chamber 
by releasing the vacuum. The cabinet was then closed and placed in



11

the growth chamber for 2% hr to allow fixation of CO^• At the end
of the fixation period the cabinet was flushed out by bubbling the
evacuated air through NaOH, and the plants were returned to the growth

14chamber. For dark fixation of COg; the plants were kept in the dark 
for 1% hr before administering label.

■Leaves were sampled daily following labelling. They were placed 
between filter paper, pressed between glass plates, frozen at -15°C 
for 48 hr, and then autoradiographed on Kodak No-Screen X-ray film at 
-15°C for 24 hr (14 days in the case of dark fixation).

Following autoradiography, chlorophyll and soluble sugars were 
extracted from the leaves in boiling 80% ethanol. The extracted leaves 
were again autoradiographed, cut into two cm sections from tip to base, 
and each section counted in the liquid scintillation counter.

Healthy and diseased plant cuttings were exposed to sucrose-U- 
(specific activity 10.6 mc/m mole) to demonstrate accumulation of 

carbohydrate at infection sites. Leaf cuttings including the leaf 
sheath were harvested daily from six days after inoculation with a 
razor blade during the infection process, placed in test tubes 
containing 0.1 ml sucrose-U-^C (0.11 pc), and allowed to take up the 
label. Distilled water was added to the tubes after the labelled 
material was taken up. After 12 hr the plants were harvested, frozen, 
and autoradiographed on x-ray film.
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Electron Microscopy
Electron microscopy was used to determine the location of the

starch in diseased leaf tissue. The following procedure was used:
2Leaf sections, 2 mm , were cut with a razor blade from healthy and 

diseased leaves and fixed for I hr in 2.5% glutaraldehyde in potassium 
phosphate buffer pH 7.3, followed by three-15 min washing in phosphate 
buffer. The sections were then fixed 4 to 12 hr in 27« osmium tetrox- 
ide followed by three-15 min washings in phosphate buffer.

The sections were dehydrated at room temperature in 20, 50, 70, 
and 100% acetone for 5, 10, 10 and 15 min, respectively, and in 
propylene oxide liquid for 15 min.

The sections were then infiltrated with embedding plastic and 
propylene oxide (1:1 v/v) for one hr at 40°C. The embedding plastic 
consisted of CIBA Araldite epoxy resin (#6005) and DDSA hardener 
(1.43 voI. of resin/1.0 vol„ of hardener), and BDMA accelerator (0.034 
vol. accelerator/2.43 vol. resin-hardener mixture). The specimens 

were embedded at 60°C for 24 hr to allow polymerization of plastic.
Specimen blocks were trimmed with a razor blade, thin-sectioned 

with glass knives on a Reichert Om Us ultramicrotome, and mounted on 

copper grids. Sections were then stained with 2% aqueous uranyl 
acetate for \ hr and with Reynold’s lead citrate (32) for 3-5 min.

Sections of several hundred cells from four specimen blocks at
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each sampling date were examined using a Zeiss EM-9A electron micro
scope operating at 60 kv. Photographs were taken on Agfa-Gevaert 
(Scientia) or on Kodak LR Estar Safety Base film.

Photosynthesis and Respiration

A Gilson Differential Respirometer equipped with a light bar was 
to measure photosynthesis and respiration rates. Measurements were 
made at 25°C. Readings were taken at 10 min intervals for 50 min 
following a 30 min equilibrium period. The change in O^ occurring 
between 20 and 40 min was used to calculate rates. This change was 
converted to îl dry gas at standard conditions. Gross photosynthesis 
was calculated by adding the respiration rate to the photosynthetic 

rate.
For photosynthetic measurements the CO^ concentration was main

tained at 0.03% in the flasks using a 0.2M NaGO^-NaHGO^ buffer pH 9.9 
(46). Four or five freshly harvested primary leaf blades were placed 
in 3.0 ml of the buffer; buffer only was used as a blank. ■Respiration 
rates were measured in the dark. Center wells contained 0.2 ml 20%
KOH to absorb CO^ in the system, and strips of filter paper were 
placed in the center wells to increase the surface area of the KOH. 
Four or five leaf blades were placed in each flask with 3.0 ml dis
tilled water. Following measurements leaves were oven dried and
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weighed. All experiments were replicated five times.

Determination of. Sjugar Phosphates, ATP, and Inorganic Phosphate
Leaves from healthy and diseased plants were harvested, weighed, 

and frozen at -15°G until all samples were obtained. Then they were 
lyophilized oversight, weighed and boiled twice in 80% ethanol. The 
ethanol extracts were combined, extracted twice with petroleum ether 
(ligroin 30-60°C) to remove chlorophyll, vacuum evaporated to approx
imately 5 ml, taken to dryness with an air blower at room temperature, 
and stored desiccated at -15°C. The dried material was dissolved in 
I ml distilled water and passed through 1.0 cm x 2.0 cm columns of 
Dowex 50W-X8 (H+ form), 200-400 mesh, then Dowex 1-X8 (formate form), 
200-400 mesh. The anion fraction which contained the sugar phosphates, 
ATP, and inorganic phosphate was eluted off Dowex I with 6 N formic 
acid, taken to dryness with the air blower, and stored at -15°C.

The sugar phosphate and ATP concentrations were determined 
according to tjie method of Latzko and Gibbs (19). The compounds were 

assayed in the following sequence: glucose-6-phosphate, fructose-6- 
phosphate-, glucosq-l-phosphate, ATP, dihydroxyacetone-phosphate, 
glyceraldehyde-3-phosphate, fructose-1,6-diphosphate, and 3- 

phosphoglyceric acid.
Concentrations of compounds were determined in a final volume 

of 3.0 ml using a Beckman DU Spectrophotometer at 340 mp; distilled
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water was used as a blank.
Glucose-6-P, fructose-6-P, glucose-l-P, and ATP were assayed as 

follows. The following solutions were added per ml: initially 100 
moles triethanoIamine-HCl buffer pH 7.6; 0.2 p. moles TPN; 5 p. moles 
MgCl2 ; 0.5 unit glucose-6-P dehydrogenase ( A  A = glucose-6-P), then 
the addition of 0.5 unit phosphohexoseisomerase ( A  A = fructose-6-P), 
then the addition of 0.5 unit phosphoglucomutase (A  A = glucose-l-P), 
and finally the addition of 3 ̂ u moles glucose and 0.5 unit hexokinase 
( A a = ATP).

Dihydroxyacetonephosphate, glyceraldehyde-3-P, fructose-1,6- 
di P were assayed as follows. Initially, 100 p. moles triethanolamine- 
HCl buffer pH 7.6; 50 p moles EDTA pH 7.6; O'.I ju moles DPNH; 0.5 unit 

a-glycerophosphate dehydrogenase ( A A  = dihydroxyacetonephosphate), 
then the addition of 0.27 unit triose-P isomerase ( A  A = glycer-r 
aldehyde-,3-P), and finally the addition of 0.55 unit aldolase ( A  A = 
dihydroxyacetonephosphate + glyceraldehyde-3-P from fructose-1^6-di P).

Glycerate-3-P was assayed as follows. 100 moles triethanol
amine HCl buffer pH 7.6; 5 p moles MgCl2 ; 0.1 u mole DPNH; 2.8 units 
glyceraldehyde-3-P dehydrogenase ( A A =  1,3-PGA); and then the 
addition of 0.2 unit gly cerate-3-P kinase ( A  A = 3-PGA).

Inorganic phosphate was determined by the method of Fiske and 
SubbaRow (12). A standard curve was established using pure KgHPO^
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in distilled water.

Preparation of 'ADP-Glucose Pyrophosphorylase
The enzyme was prepared by a method from Ghosh and Preiss (16). 

Protein concentration was measured by the method of Lowry et al. (24).
Step I. Ten gram quantities of healthy primary leaves were cut 

into I cm sections, placed in an OmniMixer (Sorvall) with 70 ml chilled 
acetone and homogenized at full speed for I min. The homogenate was 
passed under vacuum through a Buchner funnel containing Whatman Wo. 42 
filter paper and followed by several volumes of chilled acetone. The 
acetone powder was dried on the filter paper and stored desicated at 
-15°C. The filter papers were cut up into small pieces and taken up 
in 0.05 M Tris-HCl1 buffer pH 7.5 containing I mM EDTA and 2.5 mM re
duced glutathione (GSH), passed through two layers of cheesecloth to 
remove cellulose fibers and filter paper, and centrifuged at 40,OOOx 
g for 15 min. The supernatant fluid was used as the source of 

pyrophosphorylase.
Step 2. ADP-glucose pyrophosphorylase was further purified by 

heat denaturation at 65°C for 5 min in a water bath then quickly cool-. 
ed in cold water. Denatured protein was removed by centrifugation at 

20,OOOx g for 15 min.
Step 3. The supernatant, which contained all enzymatic activity, 

was fractionated with solid ammonium sulfate into 0-40% and 40-60%
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saturation fractions, centrifuged at 20,OOOx g for 15 min, taken up in 
0.05 M Tris-HCl buffer containing I mM EDTA and 2.5 mM reduced glut
athione , and dialyzed overnight against the same buffer at 4°C. The 
40-60% ammonium sulfate fraction was used for enzyme assays. No
further purification of the enzyme was made. The ammonium sulfate

ofraction was stored at 4 C.

Preparation of Pypophosphorylase from Fungal Spores
Non-Iyophilized Pr striiformis uredospores from another col-, 

lection, were homogenized in a Braun MSK cell homogenizer for 10 min 
using 0.10-0.11 mm glass beads and 0.05 M Tris-HCl buffer, pH 7.5, 
containing I mM. EDTA and 2.5 mM reduced glutathione. The homogenate 
was centrifuged at 40,000x g for 15 min, and the supernatant used as 
the enzyme source. The enzyme preparation was further purified by 
heat denaturation and ammonium sulfate fractionation as described for 

the plant enzyme preparation.

Assay of Pyrophosphorylase Activity
Pyrophosphorylase activity was assayed according to the method

of Shen and Preiss (42) whereby pyrophosphoroIysis of ADPfglucose
32 32was followed by the formation of ATP- P in the presence of P P^. 

Sodium pyrophosphate- P (specific activity 189.5 mc/m mole) was taken 
up in 53 ml of 0.01 M sodium pyrophosphate to yield 5 x IO^ dpm/pl at
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the commencement of experiments. The reaction mixture, which
contained 30 yi moles of Tris-HCl buffer (pH 7.5), 3 p. moles of MgClg,

320.2 mole of ADP-glucose, 0.5 p mole of P P^ (specific activity
0.4-2.2 pclyL mole), 5 )x moles of KF, and the enzyme preparation in a
final volume of 0.5 ml, was incubated in conical centrifuge tubes at
37°C for 10 min in a water bath. The reaction was stopped by the
addition of 3 ml of 57« cold trichloroacetic acid (TCA), and 0.1 ml

320.1 M unlabelled sodium pyrophosphate was added to dilute the P P^.
Then, 0.1 ml Norit A suspension (150 mg/ml) was added to absorb the 

32ATP- P formed. The Norit A suspension was centrifuged in a clinical 
centrifuge and the supernatant discarded, washed twice more with 3 ml 
of cold 57« TCA and once with 3 ml cold distilled water. . After washing 

the Norit A was suspended in 2 ml of aqueous solution of 50% ethanol 
containing 0.1% NH^. One ml of this suspension was dried in a 
planchet and counted in the gas-flow counter; or alternatively, the 
dried Norit A was suspended in 15 ml of Cab-O-Sil gel (Beckman 
Instruments) dissolved in liquid scintillation fluid and counted in 

the liquid scintillation counter.

T



RESULTS

Preliminary results using IKI staining indicated the presence 

of starch in diseased wheat leaves. The positive reaction for starch 
was most pronounced 12 days after inoculation indicating the highest 
concentration of starch at that time. Under the microscope the 
starch appeared to be located in chloroplasts of host cells adjacent 
to intercellular fungal hyphae, and in immature uredospores at the 
periphery of pustules. The chloroplasts appeared more "granular" 
with starch and smaller than those in healthy leaves.

Pattern of Starch Accumulation
The starch content of wheat leaves inoculated with Puccinia 

striiformis was followed from 5, through 15 days after inoculation 
(Fig. I). Starch content decreased from 5 to 9 days during the 
flecking stage, increased from 9 to 12 days with the peak concen-.: 
tration occurring at 12 days, and then decreased sharply from 12 to 
15 days. At 12 days after inoculation the starch content of 
diseased leaves was 1.8 times greater than in healthy leaves.

Labelling-. Experiments
Autoradiographs are shown in Figures 2 and 3 of ethanol- 

extracted healthy and diseased leaves following labelling.
Leaves were inoculated at the tips to demonstrate movement of label 

with time. Both healthy and diseased leaves appeared uniformly
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Figure I. Variation of starch content of leaves infected with

Puccinia striiformis from 5 to 15 days after inoc
ulation expressed as the difference in starch content 
between diseased and healthy leaves. The vertical 
lines indicate the divisions of stages of host-
parasite interaction.
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Figure 2.
14Puccinia striiformia-infected wheat leaves fed CO 

8 days after inoculation and sampled 8 to. 12 days 
after inoculation. Note accumulation of radio
activity (white areas) at diseased leaf tips at 9, 
10, 11, and 12 days, and in the new leaves in the 
leaf sheath of all leaves. H = healthy leaves, an4 
D = diseased leaves. Numbers indicate days after

Photograph of an autoradiograph of healthy and

inoculation.
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Figure 3.
Puccinia striiformis-infected wheat leaves fed CO 
8 days after inoculation and sampled 13 to 15 days 
after inoculation. Note that diseased leaf tips 
remain more heavily labelled (white areas) than the 
rest of the leaf blade, and that the new leaves in 
the leaf sheaths of all leaves remain the most 
heavily labelled. H = healthy leaves, and D = 
diseased leaves. Numbers indicate days after inoc

Photograph of an autoradiograph of healthy and
14

ulation.
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labelled at eight days after inoculation (day of administering "^CC^) 
(Fig. 2), although infection sites at the diseased tips could be seen 
faintly. Translocation of label between the time of feeding and 
freezing of leaves, or greater fixation of label in that area could 

account for this.
Op. succeeding days both the diseased leaf tips and the leaf 

sheath areas accumulated label (Fig. 2 and 3). The diseased leaf 
tips accumulated and retained more label than any place else on the 
leaf blades. The leaf sheath regions became more heavily labelled 
than the diseased leaf tips probably because the meristematic tissues 
of new emerging leaves in this area are greater metabolic "sinks" 
than the relatively small parasitic colonies at the diseased leaf 
tips. Healthy leaves appeared uniformly labelled throughout the 
blade from 8 to 15 days.

The radioactivity counting data for these leaves, which were 
cut into two-cm sections from tip to base, is reported in Table I. 

Immediately following labelling there was generally uniform radio
activity in all two-cm leaf sections except the base (10-12 cm) 
sections which had the most label. The blade sections of healthy 

leaves gradually decreased in radioactivity with time. The sections 
from the leaf sheath region remained high in label. In contrast, tip 
sections of diseased leaves accumulated label from 8 to 10 days, and
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.TABLE I. Radioactivity of leaf sections from healthy and diseased* 
primary leaves after administering ^CO 2  eight days after 
inoculation. Leaves were autoradiographed, boiled in 80% 
ethanol to remove soluble materials, sectioned,^nd counted" 
in a liquid scintillation counter. Each value represents 
the total cpm for three leaves.

Leaf sections 
(tip to base) 8

Days
9

after
10

inoculation 
11 12 14

cm cpm
Healthy

0 - 2 300 90 70 60 100 50
2 - 4 190 85 90 60 100 70
4 - 6 260 80 70 70 60 60
6 - 8 230 85 70 90 50 50
8 - 10 230 240 480 300 490 270
10 - 12 410 1850 800 710 870

Diseased
0 - 2 130 270 290 220 165 140
2 - 4 130 100 70 80 40 50
4 - 6 160 50 60 60 60 40
6 - 8 170 80 60 60 50 40
8 - 10 270 30 140 400 210 240 •

I0i—
1

c•i

12 650 720 610 470 460 340
* Diseased leaves were inoculate^ ^ith P_. striiformis uredospores at

the apical portions only (0-2 cm).
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had higher levels of radioactivity throughout the infection process 
compared to non-diseased tissue on the same leaf. The other leaf 
sections further down the blade gradually lost label with time, prob
ably to the diseased tips and to the meristematic regions of emerging 

leaves.
Autoradiography of paper chromatograms spotted with perchloric

acid hydrolysate of labelled diseased leaf tips indicated that most of
the label was in glucose and some in xylose. The labelled glucose
indicated that the accumulated carbohydrate might be in starch.

14Autoradiographs of healthy and diseased plants fed ■ CO^ in 

the dark revealed very little fixation i.of label. Leaves could barely 
■be seen even after two weeks exposure to x-ray film indicating that 
dark fixation of CO^ is contributing little to the accumulation of 

carbohydrate.
Results from healthy and diseased leaf cuttings fed sucrose-U- 

daily from 6 to 15 days during the infection process were similar 

to those obtained in the 1^CO2 experiments. The entire leaf blade 
including the sheath was uniformly labelled except for accumulation of 
label at infection sites at the tips of diseased leaves. Figure 4 
shows a photograph of an autoradiograph of labelling in leaf cuttings 
at 6 and 11 days after inoculation. At 6 days the diseased leaves 
showed no accumulation of label at the tips, but at. 11 days after ■
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Figure 4. Photograph of autoradiograph of healthy and Puccinia
■14atriifbrmis-infected wheat leaves fed sucrose-U- C 

at 6 and 11 days after inoculation. Note the 
accumulation of radioactivity (white areas) in the 
diseased leaf tips at 11 days after inoculation.
H = healthy leaves, and D = diseased leaves. Numbers 

indicate days after inoculation.
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inoculation pustule sites showed heavy labelling. This accumulation 
of label was during the period of starch accumulation suggesting 
mobilization of carbohydrate for starch synthesis.

Electron Microscopy
Chloroplasts in healthy leaves at all sampling dates were 

normal in appearance (Figures 5, 7, and 9). The grana lamellae were 
well developed and interconnected at regular intervals by intergrana 
lamellae. The internal lamellar system was embedded in a finely 
granular stroma, and bounded by the chloroplast envelope (an inner 
and outer membrane). No starch granules were observed in any of the 
chloroplasts examined. Small electron dense osmiophilic globules were 

seen in most chloroplasts.
Chloroplasts in diseased leaves were similar in appearance to 

those observe4 in comparable healthy leaves at 7 days after inocul
ation, and also in host cells distant from the fungus at later sampling 
dates. At 10 days after inoculation chloroplasts in cells adjacent to 
intercellular fungal hyphae departed from normal plastid appearance 

(Fig. 6). Chloroplasts with osmiophilic globules were commonly 
observed. These globules were larger in size and less electron 
opaque than those observed in plastids of healthy leaves. -No starch 
granules were observed in plastids of diseased leaves at 7 or 10 days

after inoculation.
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•Figure 5

Figure 6.

rSl
A chloroplast in a cell of a non-infected wheat leaf 
(control) 10 days after inoculation showing no evi
dence of disorganization. The chloroplast envelope, 
grana lamellae, small osmiophilic globules, and stroma 
are present. (24,800X) CE = chloroplast envelope, .
G = grana lamellae, I = intergrana lamellae, 0 = 
osmiophilic globules, and ST = stroma.

A chloroplast in a cell of a wheat leaf infected 
with Puccinia striiformis 10 days after inoculhtion 
showing little evidence of disorganization. Less 
electron opaque bodies are seen. Portion of fungus 
is also seen. (28,800X) CE = chloroplast envelope,
G = grana lamellae, I = intergrana lamellae, 0 = 
osmiophilic globules, ST = stroma, W = cell wall and 

F = fungal tissue.
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Figure 7.

Figure 8.

A chloroplast in a cell of a non-infected wheat leaf 

(control) 12 days after inoculation also showing no 
evidence of disorganization or starch granules.
(24,000X) CE = chloroplast envelope, G = grana 
lamellae, I = intergrana lamellae, 0 = osmiophilic 
globules, ST = stroma ,and T = tonoplast.

Chloroplasts in a cell of a wheat leaf infected with 
Puccinia striiformis 12 days after inoculation^each 

containing one starch granule . Osmiophilic
bodies are present. (22,600X) CE = chloroplast 
envelope, G = grana lamellae, I = intergrana lamellae, 
O = osmiophilic globules, ST = stroma, and S = starch 

granule.'
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Figure 9.
cKA chloroplast in a cell of a non-infected wheat leaf 

(control) 15 days after inoculation showing no evi
dence of disorganization or starch granules. 
(30,400X) CE = chloroplast envelope, G = grana 
lamellae, I = intergrana lamellae, 0 = osmiophilic 
globules, ST = stroma, T = tonoplast,and W = cell 

wall.

Figure 10. A chloroplast in a cell of a wheat leaf infected
with Puccinia striiformis 15 days after inoculation 
showing large osmiophilic bodies present which 
seemed to have displaced some of the chloroplast 
contents. No starch granules were present. (30,900X) 

CE = chloroplast envelope, G = grana lamellae, I = 
intergrana lamellae, 0 = osmiophilic globules,

ST = stroma, and W = cell wall.
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At 12 days after inoculation (Fig. 8) starch granules were 
observed in many chloroplasts of cells adjacent to fungal hyphae. 
Usually one or two small starch granules were seen within a chloro- 
plast. Each granule appeared to jae surrounded by an electron trans
parent region. The evident displacement of chloroplast contents near 
the starch granules seemed to indicate that the granules had increased 
in volume within the plastids. Some plastids became distended, how
ever, rupturing of the plastidial envelopes from increased size of 
starch granules was rare. Osmiophilic globules were commonly observed 
in the stroma, and were more numerous and often less electron opaque 

than those observed in healthy plastids.
At 15 days (Fig. 10) after inoculation very few plastids were 

observed to contain starch granules. The most striking feature was 
the presence of many large osmiophilic globules in some chloroplasts 
near fungal tissue (Fig. 10). These appeared larger in size than 
those observed earlier in the disease cycle (Fig. 6 and 8). These 
globules appeared to have displaced some of the chloroplast contents 
which indicated that the globules may have increased in size. De
generation and general djsarray of internal structure of some 
chloroplasts was observed in some cases, probably the result of 

approaching cell death.



39

Respiration and Gross Photosynthesis
The differences between the respiration and gross photosynthetic 

rates of healthy and diseased leaves are illustrated in Fig. 11. (The 
actual values are presented in Appendix Tables I and II.) Both photo
synthesis and respiration rates in diseased leaves gradually increased 
during the infection process through the flecking stage. Photo
synthesis peaked at 8 days and then gradually decreased, and respir
ation rate peaked at 10 days and then gradually decreased during 
sporulation. .The respiration r^te of diseased leaves was three times 
greater than healthy leaves at 10 days; and photosynthesis was 1.7 and 
1.6 times greater in diseased leaves than in healthy leaves at 8 and 
10 days, respectively, after inoculation. The peak of respiration and 
gross photosynthetic rates in diseased leaves coincides with the 
beginning of sporulation, but precedes maximum starch accumulation by 

several days.

Changes In Levels of Sugar Phosphates, ATP, and Inorganic Phosphate
Differences between diseased and"healthy leaves in concentrations 

of metabolic intermediates involved in starch biosynthesis during the 
infection process are shown in Figures 12, a-h, and 13. (The actual 
values are presented in Appendix Table III). During the period when 
starch is lowest at 8 to 9 days (Fig. I), all measured sugar phos
phates, ATP, and Pj, in diseased leaves were at the same levels as in
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Figure 11. Respiration and gross photosynthetic rates of leaves
infected with Puccinia striiformis from 3 to 16 days 
after inoculation expressed as the difference in rates 
between diseased and- healthy leaves. Gross photo
synthetic rate is equal to the sum of the apparent 
photosynthetic rate and the respiration rate. The s-

, vertical lines indicate the division of stages''"of

host-parasite interaction.
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Figure 12.(a-d) Variation in quantities of metabolites in leaves
infected with Puccinia striiformis from 8 to 14 days 
after inoculation expressed as the differences in 
concentrations between diseased and healthy leaves.
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Figure 12.(e-h) Variation in quantities of: metabolites in leaves
infected with Puccinia striiformis from 8 to 14 days 
after inoculation expressed as the differences in
concentrations between diseased and healthy leaves.
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Figure 13. Variation in inorganic phosphate content in leaves
infected with Puccinia striiformjs from 8 to 14 days 
after inoculation expressed as the difference in 
concentration between diseased and healthy leaves. 
The vertical line indicates the division of stages 

of host-parasite interaction. ^
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healthy leaves. Then, as starch increased from 9 to 12 days (Fig? I) 

some marked changes topk place. Glucose-l-p]iosphate (Fig. 12 b) 
increased sharply from 8 to 10 days and then decreased sharply from 
10 through 12 days. Fructose-6-phosphate (Fig. 12 c) and fructose-1,
6-,diphosphate (Fig. 12 d) showed little change during this period. 
Dihydroxyacetonephosphate (Fig. 12 e) increased in concentration 
from 8 to 10 days and then decreased from 10 to 11 days. Glycer- 
aldehyde-3-phosphate (Fig. 12 f) showed an increase at 12 days. 
3-Phosphoglyceric acid (Fig. 12 g) showed a slight change in concen
tration during this period; and ATP increased slightly at day Tl. 
Inorganic phosphate (Fig. 13), an inhibitor of ADP-glucose pyrophos- 
phorylase, increased sharply from 8 to 10 days, decreased sharply 
from 10 to 11 day$, and then increased from 11 to 12 days.

When starch content decreased from ,12 through 15 days, glucose- 
1-phosphate•increased slightly compared to that of healthy leaves; 
glucose-6-phosphate increased sharply, and fructose-6-phosphate showed 

a slight increase in concentration. Fructose-1,6-diphosphate and 
dihydroxyacetonephosphate showed decreases in concentration. Glycer- 
aldehyde-3-phosphate showed a slight decrease and 3-phosphoglyceric 
acid and ATP showed no change. Inorganic phosphate increased slightly 

from 12 to 14 days.



ADP-Glucose Pyrophosphorylase Experiments

The purification procedure used forl:the preparation of ADP- 
gIucose pyrophosphorylase from healthy wheat leaves is summarized in 
Table II. A purification of 8.5-fold was achieved under the specified 
conditions, and 99% of the total activity of the enzyme was in the 
40-60% ammonium sulfate fraction. The same purification procedure 
was followed for the preparation of the enzyme from diseased plants 
11 days after inoculation and the ammonium sulfate step is summarized 
in Table III. In enzyme assays of all experiments, one m unit is 
equal to one mp mole of ATP formed under the specified conditions.

The requirements for the pyrophosphoroIysis of ADP-glucose are 
presented in Table IV. The data show that ADP-glucose ?. inorganic 
pyrophosphate, and enzyme must be simultaneously present for the 

reaction to occur. MgClg is also required for optimum activity, but 
its absence does not stop the reaction. Fluoride, which was added to 
the crude preparations to inhibit inorganic pyrophosphatase, was not 

required in the assay of the purified enzyme preparation- The sub
stitution of 3-phosphoglycerate, the enzyme activator, in place of the 
substrate, ADP-glucose, resulted in no formation of Norit-adsorbable 

radioactivity indicating that 3-phosphoglycerqte itself was not 

involved in the reaction.
Figure 14 shows tfi£ effect of protein concentration on the rate



TABLE II. Purification of ADP-glucose pyrophosphorylase from healthy wheat leaves.

Step

■ ’ ---- —--

Volume;■ Protein
Specific
activity

Total■ 
activity Yield

Purifi
cation

ml mg/ml- m units*/mg m units* 7, fold

I. Acetone powder 60 2.73 4.7 760 100 I

2. Heat treatment 53 1.37 9.6 745 98 2.1
3. Ammonium sulfate

0-407, 3.2 5.13 6.8 112 15 1.5
40-607, 5.1 3.72 39.8 750 99 8.5

* One m unit is defined as I mp mole of ATP formed under the conditions described in 

the assay procedure.



.TABLE ILL. Purification of ADP-glucose pyrophosphorylase from diseased wheat leaves.

Step •Vo Iume Protein
Specific
activity

Total
activity

Ammonium sulfate

ml mg/ml m units*/mg m units*

0-40% 3.4 6.36 4.4 95
40-60% i—Im 2.82 8.9 128

* Qne m unit is defined as I mp mole of ATP formed under the conditions described in 
the assay procedure.
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TABLE IV. Requirements for pyrophosphorolysis of ABF-glucose.
The conditions of the experiment are described in the 
assay procedure. The 40-607« ammonium sulfate fraction 
was—used. The specific activity of the P-P was 3.9 x 
10§ dpm per p. mole. 1

J

Reaction Conditions ATP formed

mp moles-mg ^-IO min ^
Complete 32.4
- ADP-glucose <0.1

-• MgCl2 13.8
- KF 36.7
32P P^ added after incubation <0.1

-•ADP-glucose + 0.88 mM 3-PGA* 0.3
Reaction heat denatured at zero time - <0.1

* 3-PGA is the abbreviation for 3-phosphoglycerate.

-Pt
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Figure 14. Effect of protein concentration (40-60% ammonium 
sulfate fraction) on the rate of pyrophosphorolysis 
of ADP-glucose. Conditions are described in the 

materials and methods.
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of ATP synthesis, and the effect of ADP-glucose on the rate of re

action is shown in Figure 15. The concentrations of substrate used
did not saturate the enzyme. The K , as determined from them _ OLineweaver-Burk (22) plot (Fig. 16), was 1.08 x 10 M, and the V max

2was 1.18 x 10 mp moles/mg/10 min.
Tables V and VI show the substrate specificity of enzyme prep

arations from healthy and diseased leaves, respectively, for ADP- 
glucose and UDP-glucose. ADP-glucose as the substrate resulted in 
greater enzyme activity with both'preparations than did UDP-glucose. 

The possibility exists of two glucose-nucleotide phosphorylase re
actions in these ammonium sulfate fractions; or that one ADP-glucose 
pyrophosphorylase had greater affinity for ADP-glucose than for UDP- 
glucose. GDP-glucose, CDP-glucose and TDP-glucose were not tried as 
substrates.

Figure 17 shows the pH optima for pyrophosphorolysis of ADP- 
glucose in the presence of enzyme preparations from healthy and 
diseased leaves in various buffers. The pH optimum for the enzyme 
preparations from healthy leaves was 7.0. The enzyme preparation 
from diseased leaves appeared to have two optima, one at pH 7.5, and 
a lesser one at pH 9.0. •

The activation or inhibition of ADP-glucose pyrophosphorylase in 
the presence of the enzyme preparations from healthy and diseased 
leaves, respectively, with various metabolites at pH 7.5 are shown
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Figure 15. Relationship between ADP-glucose concentration and
velocity of ADP-glucose pyrophosphoroIysis. The 
conditions are described in the materials and methods 
except that the ADP-glucose concentration was 

varied.
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Figure 16. Effect of ADP-glucose concentration on the velocity 
of ADP-glucose pyrophosphorolysis plotted in the 
•double reciprocal manner of Lineweaver and Burk (22). 

The data were taken from Figure 15.
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TABLE V. Substrate specificity of the enzyme preparation from 
healthy leaves. The conditions of the experiment are 
■described in the assay procedure. Tho 40-607= ammonium 
sulfate fraction was used.

Substrate Gone.
■>

ATP formed

mM- nyu moles-mg -10 min

ADP-glucose 0.38 22.8
UDP-glucose 0,38 10.2
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TABLE VI. Substrate specificity of the enzyme preparation from
diseased leaves. The conditions ddr the .experiment are 
described in the assay procedure. The 40-607. ammonium 
sulfate fractions was used. Diseased leaves were 
harvested 11 days after inoculation.

Substrate Gone. ATP formed

mM moIes- -10 min

0.38 8.9ADP-glucose
UDP-glucose 0.38 5.9
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Figure 17. Effect of pH on ADP-glucose pyrophosphorolysis with
the enzyme preparations from healthy and diseased 
leaves. A carbonate buffer was used at pH 6.0, a 
Tris-HCl buffer from pH 7.0 to 8.5, and a glycine- 
NaGH buffer from pH 9.0 to 10.0. The conditions are 
described in the materials and method's except^ that

the buffers varied.
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in Tables VII and VIlI. The best activator was 3-phosphoglycerate, 
giving 14.5- and 42-fold increases in activity, in healthy and 
diseased preparations, respectively, compared to the preparations 
with no activator. Fructose-1,6-dip^osphate was one-eighth and one- 
seventh as effective as 3-phosphoglycerate in enzyme preparations 
from healthy and diseased leaves, respectively. Dihydroxyacetone- 
phosphate gave a 1.6-fold stimulation to the enzyme preparation from 
diseased leaves, but was inactive with the enzyme preparation from 
healthy leaves. Mannitol and arabitol were inactive with the prepar
ation from healthy plants, but were inhibitory with the preparation 
from diseased leaves. The reverse was true for glucose-6-phosphate 
and fructose-6-phosphate. Enzyme inhibition was observed in both 
preparations with glyceraldehyde-3-phosphate. ■Ribose-5-phosphate was 
tested only with enzyme preparation from diseased leaves and was as 
effective as fructose-1,6-diphbsphate as an activator.

The stimulation of ATP synthesis by varying the concentration of 

3-phosphoglyceric acid (3-PGA) is shown in Figure 18. As seen, the 
saturation curve for 3-PGA did not follow first-order (Michaelis- ;

■Menton) kinetics, but was sigmoidal in nature suggesting that more
",

than one molecule was bound to the enzyme and that these activator |

sites were interacting. The expression ' i

■ log fv/(V - v)l = n log (S) - log K iv i— max —I
L ■ !
C - . 'I
C '
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■TABLE VII. Effect of metabolic intermediates on ATP synthesis using the enzyme
preparation from healthy wheat leastea.. The conditions of the experi
ment are described in the assay procedure. The concentrations of 
compounds present in the reaction mixture are listed in the table.

Relative
increase

Compound Cone. ATP formed or decrease

None

mM mp moles-mg ^=IO min  ̂

34.4
Glucose-6-phosphate 0.91 21.8 0.6
Fructose-6-phosphate 0.91 21.0 0.6
Fructose-1,6-diphosphate 0.91 57.0 1.7
Dihydroxyacetotiepho sphate 0.88 34.0 1.0
Glyceraldehyde—3-phosphate 0.91 8.9 0.3
3-Pho sphoglycerate 0.88 420.0 14.5

Mannitol 0.91 24.4 0.8
Arabitol 0.91 26.0 0.9



TABLE VIII. Effect of metabolic intermediates on ATP synthesis using the enzyme 
preparation from diseased wheat leaves. 'The condition of the experi
ment are described in the assay procedure. The concentrations of 
compounds present in the reaction mixture are listed in the table.
The diseased leaves were harvested 11 days after inoculation.

Compound Cone. ATP formed
Relative 
increase 
or decrease

iriM mji moles-mg ^-10 min ^

None 8.9

■Glucose-6-phosphate 0.91 7.7 0.9
Fructose-6-phosphate 0.91 10.0 1.1
Fructose-1,6-diphosphate 0.91 49.4 5.5
Dihydroxyacetonephosphate 0.88 14.2 1.6
Glyceraldehyde-3-phosphate 0.91 2.3 0.3
3-Phosphoglycerate 0.88 376.0 42.0

Mannitol 0.91 3.1 0.3
Arabitol 0.91 0.2 • 0.1
,Ribo se-5-phosphate 0.91 50.0 5 = 6
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Figure 18. Dependence of rate of ADP-glucose pyrophosphorolysis 
on the concentration of activator, 3-phosphoglycerate 
(3-PGA). The conditions of the assay are described 
in the materials and methods except that the con
centration of 3-phosphoglycerate was varied. The
insert shows a plot of log v/V -v vs. log of 3-PGAmax
concentration.
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has been used for the treatment of kinetic data whose rate vs. con
centration curves were sigmoid shaped. Changeux (8) introduced this 
equation as the empirical Hill equation; v is the reaction rate, V 
is the rate attained when the enzyme is saturated with activator, (S) 
is the substrate or activator concentration, K is the product of n 
dissociation constants of the n binding sites, and n is defined as the 
interaction coefficient or apparent kinetic order of reaction with 
respect to (S) and n is dependent on the total number of substrate or 

activator binding sites as well as their strength of interaction. When 
the interactions are strong n will approximate the actual number of 
binding sites. If the interactions are weak n will be less than the 
number of actual binding sites. On the other hand, n will have a 
value, of one if there are no interactions even though there can be 

more than one substrate.
In the insert of Figure 18, log v/(V - v) is plotted against 

log (S) and a straight line is obtained with slope n. The slope 
obtained for 3-phosphoglycerate was 2.16 suggesting that there were 
more than two, perhaps three or four, binding sites on the enzyme 

for this activator.
Phosphate was found to be a potent inhibitor of ADP-glucose 

pyrophosphorylase. Figure 19 shows the effect of phosphate on the 
rate of ATP synthesis. The inhibition curve was of sigmoidal form. 

Plotting the data as log v/(V max - v) vs. log of inorganic phosphate
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OV

Figure 19. Inhibition of ATP synthesis by inorganic phosphate.
The reaction conditions are described in materials 
and methods except that the concentrations of in
organic phosphate varied. The insert shows a plot
of log v/V - v vs. log of inhibitor concentration, max
V is defined as velocity in absence of the > max
inhibitor.
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concentration (insert Fig. 19) gave an interaction coefficient of 1.47. 
Ttjie for phosphate was 1.41 x 10  ̂mM.

Changes in.Enzyme Concentration
Figure 20 shows the differences in ADP-glucose pyrophosphorylase 

concentration in healthy and diseased leaves at 10, 12, and 14 days 
after inoculation. (The actual values are presented in Appendix 
Table IV.) The concentration of the enzyme vfas 1.5 times greater in 
diseased plants on days 10 and 12, but decreased at 14 days to 0.3 
that of healthy plants. The specific activities of the enzyme from 
diseased plants were also higher on days 10 and 12, and lower on day
14. These values are based on assays of acetone powders.

ADP-GTucose Pyrophosphorylase Activity Using Proportionate Concen
trations of Metabolites Found in Healthy and Diseased Leaves During 

the Infection Process
Table IX shows the concentrations of metabolites placed in the 

assay mixture with the enzyme to simulate the metabolite:enzyme ratio 
concentrations found in healthy and diseased leaves 8 to 14 days after

inoculation. These values were calculate^ proportionately from the
!

concentrations of metabolites found in healthy and diseased leaves 
reported in Appendix Table III assuming 250 m units of ADP-glucose 
pyrophosphorylase per g dry weight of healthy leaves and 2.7 m units
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Figure 20. Variation in the concentration of ADP-glucose
pyrophosphoryla.se in leaves infected with Puccihia 
striifo'rmis from 10 to 14 days after inoculation 
expressed as the difference in m units of enzyme 
concentration between diseased and healthy leaves.
One m unit is defined as the I mp mole of ATP^formed 
under the conditions described in the assay procedure.
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TABLE IX. Concentrations of metabolites used in the assay of ADP-glucose pyrophos- 
phoryla.se. These values were calculated proportionately from concen
trations of metabolites found in healthy and diseased leaves reported in 
Appendix Table III assuming 250 m units^of enzyme per g dry weight of 
healthy leaves and 2.7 units of enzyme per assay mixture.

Days after inoculation
Metabolite 8 10 11 12 14

np moles /assay
Glucose-6-phosphate ■Healthy 1.50 0.31 2.15 7.75 0.94

Diseased 0.68 6.34 2.48 2.24 3.01
Fructose=6=phosphate Healthy 0.75 0.00 0.82 4.53 0.59

Diseased 0.16 0.00 0.49 2.99 0.19
Fructose-1,6=diphosphate Healthy 0.18 0.23 0.00 0.76 2.96

Diseased 1.67 1.35 0.09 0.75 0.15
Dihydroxyacetonephosphate Healthy 0.13 0.61 0.83 1.51 4.43

Diseased 0.00 2.71 0.83 1.49 0.20
Glyceraldehyde-3-phosphate Healthy 0.00 0.31 0.66 0.00 0.00

Diseased 0.00 0.14 1.00 1.49 0.30
3-Phosphoglyceric acid Healthy 0.62 0.46 1.33 0.51 1.48

Diseased 0.84 0.55 1.00 0.60 2.00
Inorganic phosphate Healthy 246 162 1040 365 170

Diseased 267 686 181 130 65
* Gne m unit is defined as I mp. mole of ATP formed under the conditions described in the

assay procedure.



76

of enzyme used per assay. An enzyme preparation from healthy leayes 
was used for all assays. The results.of these simulations are plotted 
in Figure 21 as the differences ifi enzyme activity between simulated

' . r

metabolite preparations from diseased and healthy leaves. The actual 
values are presented in Appendix Table V. ATP and glucose-1-phosphate 
could not be used since they are products of the reaction in the 
enzyme assay. Figure 21 shows that pyrophosphorylase activity dev 
creased from 8 to 10 days after inoculation, increased sharply from 
10 to 12 days after inoculation, and then decreased sharply from 12 to 
14 days. This pattern of activity closely resembles that of starch 
accumulation (Fig. I). These results are evidence -for the regulation 
of starch accumulation by changes in metabolite concentrations during 

the infection process.

Pyrophosphorylase Activity in P. striiformis Uredospores
Table X shows the specific activities and substrate specificities 

of pyrophosphorylase extracted from fungal spores. In the 0-407. 
ammonium sulfate fraction UDP-glucose as substrate gave 2.5 times 
greater activity than ADP-glucose as substrate. In the 40-607. ammonium 
sulfate fractions the activities were approximately the same.. Also, 
3-phosphoglycerate was tested yrith this spore preparation, but there 
was no activation of the enzyme.
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Figure 21. Variation in the rate of ADP-glucose pyrophos- 
phorylase activity using proportionate concen
trations of metabolites found in healthy and 
Puccinia striiformis-infected plant leaves from 8 
to 14 days after inoculation. Data is expressed 
as the difference in enzyme activity between

preparations. The 
preparation from

healthy leaves.

diseased and healthy metabolite 
assays were made with an enzyme
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TABLE X. ADP-glucose pyrephosplioryIase activity in Puccinia striiformis urdeospore 
preparations. The conditions of the experiment are described in the 
assay procedure. The concentration of sugar nucleotide substrate was 
0.38 iriMo

Step Substrate Volume Protein
Total
activity

Specific
activity

ml mg/ml m units* ni units*/mg

Ammonium sulfate

0-40% ADP-glucose 0.9 0.38 1.38 4.0
UDP-glucose 0.9 0.38 3.10 9.0

40-60% ADP-glucose 0,6 0.36 2.73 8.4
UDP-glucose 0.6 0.36 3.00 . 9.2

* One m unit is defined as I mp mole of ATP formed under the conditions described in
the assay procedure.
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DISCUSSION

The evidence presented indicates that starch accumulates in 
wheat !,eaves infected with Puccinia Striiformisa Starch determin
ations from 5 to 15 days after inoculation (Fig. I) show that starch 
declines during the flecking stage, increases in concentration through 
the beginning of sporulation and then decreases. These results are 
supported by electron micrographs of healthy and diseased host cells 
which show starch, granules in chloroplasts of leaf cells of diseased 
plants only at 12 days after inoculation (Fig. 8). It was expected 

that chloroplasts in diseased leaves would be packed with starch 
granules as Akai et al. (I) and Carroll and Kosuge (7) found in 
chloroplasts of diseased hosts; however, only one or two small starch 
granules were seen in chloroplasts of cells adjacent to fungal hyphae 
at the time of maximum starch accumulation. Presumably this quantity 
of starch contained in several hundred chloroplasts could account for 
most of the accumulated starch found in diseased leaves. No starch 
accumulated in the host cytoplasm, as occurs in non-photoSynthetic 
tissue (18); but a positive reaction for starch with IKI was observed 
in immature spores at pustule peripheries. This observation warrants 
further investigation.

Other evidence supporting starch accumulation was the positive 

reaction to IKI for starch in chloroplasts of host cells adjacent to 
fungal tissue giving chloroplasts of diseased leaves a "granular"

C
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appearance at 12 days after inoculation (preliminary results). These 
may be the starch granules observed in electron micrographs (Fig. 8). 
Further evidence is the demonstration of the accumulation of carbo
hydrates at diseased leaf tips following ^ C O 0 and sucrose -^C label-

1 I
ling experiments (Fig. 2, 3, and 4). Accumulation of metabolites at 
infection sites has been shown to be an active process in diseased 
tissue by Shaw and Sambofski (42).

These results generally agree with reports for other obligate 
plant parasites. The actual timing of starch accumulation in tissues 
during the infection process seems to vary with the parasite. In 
fungal diseases the starch accumulates during the vegetative growth 
of the fungus and then decreases during sporulation (I, 4, 5, 18, 26). 
In viral diseases, starch accumulates in deteriorating plastids at 
cell death (7). Discrepancies in results of various authors may be 
largely due to the lack of uniformity in the conditions of their 
experiments. Starch content will vary depending on environment, 
plant age, and stage of infection (4, 17).

The reaction producing ADP-glucose from ATP and glucose-1- 
phosphate seems to be a main control point for polysaccharide synthesis 

in bacteria and green plants (16, 30, 35). Preiss proposed a mechanism 
to explain diurnal starch variations in spinach leaf based on the 
regulation of ADP-glucose pyrophosphorylase (30). It seems that a
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similar mechanism might explain variations in starch content in 
diseased wheat leaves.

Some basic assumptions had to be made to propose a mechanism to 
explain starch variations in rust diseased leaves; a) the mechanism 
proposed by Preiss is assumed to be correct; b) harvesting leaves at 
the same time each day eliminates most variation in metabolite levels 
due to diurnal fluctuations; c) non-diseased wheat leaves have a 
relatively low rate of starch biosynthesis since no starch granules 
were observed in chloroplasts from non-diseased leaves at any sampling 
date; and d) metabolite changes observed in diseased leaves are a 
reflection of what is occurring in both host and pathogen since host 
and parasite could not be separated. Another factor which is 
recognized but not dealt with is compartmentation of metabolites.
No data are available on the concentrations of metabolites at 

enzyme sites.
The data presented establish the presence of ADP-glucose pyro- 

phosphorylase in both healthy and diseased leaves (Tables TI and III), 
and that it is activated and inhibited by.various metabolites 
suggesting that it is an allosteric or regulatory enzyme (Tables VII 
and VIII). The saturation curves for 3-phosphoglycerate (Fig. 18) 
and inorganic phosphate (Fig. 19) indicate the presence of allosteric 
sites on the enzyme (16). The properties of ADP-glucose
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pyrophosphorylase from wheat leaves generally agree with those found 
for other plant tissues (30, 35).

ADP-glucose is the sole glucosyl precursor for starch synthesis 
(30), therefore it appears that starch synthesis is controlled by 
regulation of ADP-glucose synthesis. The levels of activators such 
as 3-phosphoglycerate, fructose-1,6-diphosphate (and; possibly other 
glycolytic intermediates) and inhibitors such as inorganic phosphate 
would control the rate of starch synthesis.

In non-diseased plants the balance between activators and 
inhibitors (3-phosphoglycerate and inorganic phosphate in particular) 
in light and dark regulate the rate of ADP-glucose synthesis (16, 30, 
35). The data suggest that in diseased leaves the levels of inorganic 
phosphate, and to a lesser extent the levels of effector molecules, 
regulate the rate of starch synthesis through ADP-glucose pyrophos
phorylase.

The decrease of starch in diseased leaves from 8 to 9 days 
(Fig. I) can be explained on the basis that the levels of inorganic 

phosphate in non-diseased leaves are somewhat inhibitory to ADP- 
glucose pyrophosphorylase. At eight days after inoculation the level 
of inorganic phosphate is about the same in diseased leaves as in 

healthy leaves, and thus inhibitory. Thus, since starch is probably 
not being synthesized at a very rapid rate and the respiration rate
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of the host-parasite interaction is near a peak (Fig. 11) as a result 
of fungal respiration and enhancement of host respiration by the 
fungus (37), carbohydrate reserves are probably being depleted. An 
increase in respiration accompanies infection of plant tissues by 
many pathogens (41).

The increase in starch from 9 to 10 days is difficult to explain 
in relation to ADP-glucose pyrophosphoryIase since inorganic phosphate 
increases in diseased leaves, and thus should inhibit starch bio
synthesis. The only explanation at hand is that the effect of in
organic phosphate is being overcome by an unknown activator, for 
example, ribose-5-phosphate in the pentose pathway (Table VIII). The 
enzymes of the pentose pathway have been observed to be more active 
in diseased plants (41). The increase in inorganic phosphate during 
8 to 10 days after inoculation may be contributed in part by the 
use of ATP by the fungus for biosynthetic processes involved in re
production, and in part by accumulation from other plant parts as 

observed by Mukherjee and Shaw (27). The carbohydrate for starch 
synthesis may be the result of accumulation of carbohydrate (Figs. 2, 
3, and 4) from other plant parts, and from photosynthesis (Fig. 11).

The starch content increases sharply from 10 to 12 days after 
inoculation. At the same time the inorganic phosphate level decreases 

sharply from 10 to 11 days followed by an increase from 11 to 12 days.
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This decrease seems to be a most significant factor in the accumu
lation of starch on those days® Inhibition of ADP-glucose pyro- 
phosphorylase activity would be. released by the decrease in inorganic 
phosphate and starch biosynthesis could occur from 10 to 12 days 
after inoculation. A contributing factor to starch biosynthesis 
might be activation of pyrophosphorylase by 3-phosphoglycerate (Fig. 
12 g), the most potent activator of ADP-glucose pyrophosphorylase. 
Although the concentration of this compound does not greatly change 
during the disease cycle, the combination of a decrease in inorganic 
phosphate concentration and the concentration of 3-phosphoglycerate 
present could conceivably cause activation of the enzyme. The 
decrease in inorganic phosphate may be due to increased respiration 
converting ADP and P^ to ATP as evidenced by the increase in ATP 

observed at 11 days after inoculation (Fig® 12 h).
Other contributing factors in the increase in starch content 

are the changes in other sugar phosphate concentrations. Glucose-6- 
phosphate, which is slightly inhibitory to ADP-glucose pyrophosphory
lase (Table VII), decreased in concentration from 10 to 12 days after 
inoculation (Fig. 12 b). This may have resulted in a release of 
inhibition of the enzyme allowing starch synthesis to occur. The 

same might be true for fructose-6-phosphate (Fig. 12 c) which showed 
a slight decrease in concentration from 10 to 12 days after
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inoculation. The possibility of unknown activators stimulating 
starch synthesis also exists, for example, pentose pathway inter
mediates.

The decrease in starch content in diseased leaves from 12 to 
15 days after inoculation can be attributed to the increase of in
organic phosphate concentration to levels resulting in inhibition of 
starch biosynthesis. The starch content, then would decrease as the 
result of the activity of starch degradative enzymes.

Experimental evidence to support this mechanism of starch accum
ulation is the activity of ADP-glucose pyrophosphorylase from healthy 
plant leaves in the presence of proportionate concentrations of sugar 
phosphates and inorganic phosphate found in healthy and diseased 
plants during the infection process (Fig. 21). The activity of 
the enzyme closely parallels the starch curve (Fig. I) and is 

almost the reciprocal of the phosphate curve (Fig. 13). When the 
phosphate content of diseased leaves was high the enzyme activity was 

low and when phosphate levels were low, enzyme activity was high.
The increase in starch from 9 to 10 days is not explained by these 
data since enzyme activity decreased between 8 and 10 days. As 
stated before the presence of an unknown activator in diseased 
leaves could conceivably overcome inhibition by inorganic phosphate.
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Another factor involved in this problem is the change in con
centration of ADP-glucose pyrophosphorylase activity during the 
infection process (Fig. 20). The concentration of this enzyme in 
diseased leaves increased from 10 to 12 days and decreased sharply 
from 12 to 14 days. The specific activity also dropped from 12 to 
14 days (Table VI, Appendix). The increased enzyme concentration 
would not necessarily increase the rate of enzyme activity in 
diseased plants, but it would increase the capacity of the system for 
synthesizing starch at the period during the disease cycle when starch 
was increasing. The low enzyme concentration and specific activity 
at 14 days would help explain the decrease in starch content on that 

day.
The increased enzyme concentration in diseased leaves may be 

due to the contribution of enzyme by the fungus, or to enzyme induc
tion by the fungus. The only evidence supporting the view of enzyme 
contribution by the fungus is the slight different pH curve observed 
for the enzyme preparation from diseased leaves (Fig. 17). Enzyme 
activity in fungal uredospores (Table X) indicated that a fungal en
zyme would have a greater specificity for UDP-glucose which was not 
observed in the enzyme preparation from diseased leaves (Table VI). 

Also the enzyme preparation from spores was not activated by 3-PGA, 
whereas the enzyme preparation from diseased leaves was stimulated
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more by 3-phosphoglycerate than the enzyme preparation from healthy 
leaves.

The significance of enzyme induction by the fungus would warrant 
further research. Keen and Williams (18) reported increased specific 
activities of UDP-glucose and ADP-glucose pyrophosphorylase during 
the vegetative cycle of Plasmodiophora brassicae-infected cabbage 
hypocotyls before starch content reached a maximum, and found de
creased activities of these enzymes during starch decrease accompanied 
by a higher specific activity of starch phosphorylase. They found 
that these were host enzymes, and offered no explanation for their 

increased activities. A possible explanation is enzyme induction by 

the fungus.
An interesting observation which deserves further study is the 

greater stimulation of enzyme activity by activators with the prepar
ation from diseased leaves (Tables VIl and VIII). The activators 3- 
phosphoglycerate and fructose-1,6-diphosphate stimulated the enzyme 
preparation from diseased leaves about three times more effectively 
than enzyme preparation from healthy leaves. Two possibilities exist 
for increased sensitivity to activators of the enzyme from diseased 
leaves. One possibility is that the fungus Is secreting an enzyme 

or enzymes which cleave or alter portions of the host pyrophosphorylase 
tertiary and quaternary structure. This could cause a change in the
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binding properties of the enzyme for activators and/or substrate. 
Another possibility is that the accumulation of metabolites such as 
metal ions at infection sites could bind with the pyrophosphorylase 
altering its structure.

Some limitations in the interpretation of these results are: 
a) The concentrations of metabolites at the actual site of ADP- 
glucose pyrophosphorylase are not known- b ) The host and pathogen 
could not be separated so that the contributions of each to the 

metabolite and enzyme concentrations in the determinations is not 
known, c) Different results may have been obtained with the enzyme 
from diseased leaves.

The importance to the fungus of starch accumulation is not 
known. It seems to accumulate too late in the disease cycle to be of 
greatest value to the fungus during sporulation. It could be used 
by the fungus for late sporulation during the host tissue senescence. 
In Nicotiana infected with tobacco mosaic virus (7) starch accumul
ates during chloroplast deterioration with no apparent advantage to 
the virus. It is quite possible that starch accumulates in diseased 
plants because the altered balance of metabolites which affect ADP- 
gTucose pyrophosphorylase is conducive for starch biosynthesis. In 
other words, the host-parasite interaction alters the metabolism in 

the host in such a way that starch is synthesized as a result of
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increased ADP-glucose pyrophosphorylase activity.
Future work on this particular aspect of host-parasite inter

action should include further purification of ADP-glucose pyrophos
phorylase from healthy and diseased leaves and fungal spores to 
determine if their properties are the same or different, and further 
study of the sensitivity of the pyrophosphorylase from diseased 
leaves to various effector molecules since, greater activation of 
pyrophosphorylase was observed with 3-phosphoglycerate and fructose- 
1,- 6=diphosphate. Also, it would be interesting to determine if 
starch accumulation could be artificially inhibited by increasing 
the concentration of inorganic phosphate to inhibitory levels in 

diseased plant leaves by feeding plants phosphate through the roots. 
Another study would be to determine the role, if any, df pentose 
pathway intermediates on starch biosynthesis since ribose-5-phosphate 

was observed to activate the enzyme preparation from diseased leaves. 
Another important aspect of this problem would be to study the 
relative roles of starch phosphorylase and amylases in starch 

accumulation and degradation.
The significance of this investigation to plant pathology is 

that altered changes in the metabolism of diseased plants as a result 
of host-parasite interaction may be explained on the basis of 
regulation of allosteric enzymes. For example, an increase in
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photosynthetic rate in a diseased plant may be the result of an 
effector molecule in the pentose pathway activating carboxydismutase, 
the enzyme which fixes CG^ to form.3-phosphoglycerate in photo
synthesis. The basis for resistance or susceptibility of plants to 
a pathogen may also be explained by regulation of allosteric enzymes 
in some instances. For example, a metabolite which increased in 
concentration as a result of host-parasite interaction might activate 
an enzyme catalyzing the production of a substance which is inhibit
ory to a parasite, and thus, may be the basis of resistance to that 
parasite. Alternatively, inhibition of the enzyme by a metabolite 
as a result of host-parasite■interaction may be the reason a host is 

susceptible to a pathogen.



SUMMARY

The variation in starch content in wheat leaves infected with 
Puccinia striiformis was followed from 5 to 15 days after inoculation. 
Starch decreased in concentration from 5 to 9 days after inoculation 
during the flecking stage,, increased sharply from 9 to 12 days during 
sporulation reaching a concentration 1.8 times that of healthy leaves 
on the 12th day, and then decreased sharply thereafter. Electron 
micrographs indicate that the starch accumulates in chloroplasts 
of host cells adjacent to fungal hyphae.

A mechanism to explain the accumulation of starch in diseased 
leaves is presented and discussed. This mechanism is based on the 
regulation of ADP-glucpse pyrophosphorylase, a starch biosynthetic ■ 
enzyme, by changes in the levels of effector molecules during the in
fection process^ADP-glucose pyrophosphorylase was found in both 
healthy and diseased plants and some of its properties were examined. 
Variations in sugar phosphates, ATP, ajid inorganic phosphate concen
trations were measured during the infection process.. The activity 

of ADP-glucose pyrophosphorylase using proportionate concentrations 
of these metabolites found in healthy and diseased plants during the 
infection process was very similar to the variation, observed in 
starch concentrations, and the inverse of the variations observed 
in inorganic phosphate concentrations. The data suggest, then, that 
changes in the concentrations of effector molecules, particularly
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inorganic phosphate, during the infection process are at least 
partially responsible for the regulation of starch accumulation 
at the level of ADP-glucose pyrophosphorylase in wheat leaves infect

ed with P. striiformis.
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APPENDIX TABLE I. Respiration rates of healthy and diseased leaves.
Respiration rates were measured in the dark at 
25°C. 20% KOH was placed in the center wells to
absorb COg*

Days after 
inoculation

Respiration Rate Relative
increaseHealthy Diseased

Ail Og/mg dry wt/hr
3 1.40 1.50

5 1.15 . 1.30 1.2
7 1.25 2.10 1.7
8 1.20 3.25 CM

10 1.20 3.70 3.0

11 1.05 2.75 2.6

12 1.05 2.55 2.4

14 1.25- 2.75 2.2

16 1.30 2.25 1.7
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APPENDIX TABLE II. Gross photosynthetic rates of healthy and diseased
leaves. Rates were measured at 25°C. A 0.2 -M 
Na„CO^-NaHCOg buffer pH 9.9 was used to maintain 
a CO^ concentration of 0.03%.

Days after
Net photosynthetic rate

Relative
inoculation Healthy Diseased increase

3
5
7
8
10
11
12
14

jil O^/mg dry wt/hr
3.35
3.00
3.30 
2.90 
3.20 
2.55 

2.95
3.30

3.30 
3.35
4.30

4.95 
5.05 
4.20

3.95 
4.10 
3.60

1.1
1.3
1.7
1.6
1.6
1.4
1.3
1.216 3.10



APPENDIX TABLE III. Concentrations of metabolites found in healthy and diseased 
plants during the infection process.

Metabolite 8
Days after inoculation 
10 11 12 14

mp moles/g dry wt

Gluco se-1-pho sphate Healthy 11 561 . 140 282 69
Diseased 47 101 154 125 56

Glucose^6-phosphate Healthy 140 29 201 723 88
Diseased 63 592 231 209 281

Fructose-6-phosphate Healthy 70 0 77 423 55
Diseased. 15 0 46 279 18

Fructose-1,6-diphosphate Healthy 17 22 0 71 276
Diseased 156 126 8 70 14

Dihydroxyacetonephosphate Healthy 12 57 ■ 77 141 413
Diseased O 253 77 139 19

3-Phosphoglyceraldehyde Healthy O 29 62 0 0
Diseased O 13 93 139 28

I,3-Phosphoglycerate Healthy 23 29 0 0 413
Diseased 78 25 16 0 19

3-Phosphoglycerate Healthy 58 43 124 14 138
Diseased 78 51 . 93 56 187

Adenosine triphosphate Healthy 93 57 124 56 13
Diseased 63 26 .232 55 56

Inorganic phosphate* Healthy 23 15 96 34 16
Diseased 25 64 17 12 6

* > 1 moles/g dry wt
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APPENDIX TABLE IV. Changes in specific activities and concentration of ADP- 
glucose pyropho spho ryI as e in healthy and diseased leaves 
during the infection process. The acetone powders were 
used for enzyme assays.

Days after 
inoculation VoIume Protein

Specific
activity

Total.
activity

Dry wt 
of leaves

Concentration of 
enzyme in plant

ml mg/ml m units'/mg m units " mg m units/mg dry wt

10 Healthy 16.6 0.91 2.13 32 130 0.25
Diseased 15.0 1.20 3.10 56 150 0.38

12 Healthy 20.2 0.94 2.45 46 150 0.31
Diseased 20.0 1.58 2.70 85 185 0.46 ’

14 Healthy 21.8 0.82 3.25 59 195 0.30
Diseased 23.2 0.94 1.05 23 220 0.095

* One m unit is defined as I.mp mole of ATP formed under the conditions described

in the assay procedure.
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APPENDIX TABLE V. ADP-glucose pyrophosphorylase activity in the
presence of proportionate concentrations of 
metabolites found in healthy and diseased leaves 
during the infection process.

Days after Ratio of activities
inoculation ATP formed Diseased/Healthy

-I -Imjj. moles-mg -10 min

8 Healthy 1.25
0.45

Diseased 0.57
10 Healthy 4.20

0.41
Diseased 1.73

11 Healthy 1.02
3.04

Diseased 3.10
12 Healthy 3.86

1.48
Diseased 5.72

14 Healthy 4.62
0.46

Diseased 2.12
Control (no

metabolites) 19.10 ™ * —
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