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ABSTRACT

COMPARATIVE EFFECTS OF HELMINTHOSPORIUM CARBONUM

AND HELMINTHOSPORIUM VICTORIAE TOXINS

ON SUSCEPTIBLE PLANT TISSUES

by Mong-shang Kuo

The pathogenicity of Helminthosporium carbonum to certain kinds

of corn (Zea mays) depends on production of a substance (HC-toxin)
which selectively affects susceptible corn. Thus H. carbonum and its
toxin are similar to H. victoriae and its toxin (HV-toxin), which are

specific to certain kinds of oats (Avena ggtivum). The objective of

this work was to determine the physiological and biochemical effects

of HC-toxin on plant tissues, and to compare such effects with those
caused by HV-toxin. Many effects of HV-toxin are previously described

in the literature. Experiments fall into the following comparative
categories: (1) effects of toxin on growth of host and non-host plants; (2)
factors affecting apparent uptake and activity of toxin; (3) effects

on cellular permeability; and (4) effects on cellular metabolism, includ-
ing respiration, protein and RNA synthesis, and carboxylation.

Corn inbred lines and hybrids which are susceptible, intermediate,
or resistant to H. carbonum infection in the field were tested for sen-
sitivity to HC-toxin. Susceptible corn was affected by low concentra-
tions of toxin (0.5 yg/ml). Resistant corn required much higher concen-

trations (50 ug/ml) for comparable effects, while a corn line with
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intermediate resistance to the fungus was intermediate in sensitivity
to the toxin. This correlation is further evidence for the significant
role of HC=-toxin in disease development. Similar correlations are
known for HV-toxin. The discovery of these intermediate types indicate
that there are quantitative differences in toxin receptors or trans-
porting system in cells.

It is known from previous work that HV-toxin uptake and acti-
vity is not closely coupled with expenditure of cellular energy. In
contrast, HC-toxin was found to require energy from metabolism of sus-
ceptible tissue during the time of toxin exposure. Apparent uptake of
HC=toxin by susceptible tissues was affected by temperature, lack of
oxygen, uncouplers of oxidative phosphorylation, and respiratory in-
hibitors used during the limited time of toxin exposure. Activity of
both toxins on susceptible tissues was affected by toxin concentra-
tions and exposure times, suggesting that uptake may be governed by a
rate limiting mechanism.

Growth of H. carbonum-susceptible seedlings was stimulated by
HC=-toxin at 00028‘pg/m1, and growth of resistant seedlings was stimu-
lated by 0069‘pg/m1. Incorporation of amino acids and uridine into TCA-
insoluble cellular components were also stimulated after brief exposures
to toxin. These phenomena have never been observed with HV-toxin.
Electrolyte leakage from toxin treated leaf tissues of susceptible corn
developed very slowly with HC-toxin, in comparison with HV-toxin. There
was no significant effect of toxin (25‘pg/m1) on leakage of electrolytes

after 4 hours exposure. A longer exposure time resulted in electrolyte
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loss, decreased synthesis, and inhibition of growth. Previous work
has shown that susceptible oat tissues had increased loss of electro-
lytes almost immediately after exposure to HV-toxin.

A well-known effect of H. victoriae-infection of HV-toxin treat-
ment is a rapid and dramatic stimulation of gas exchange. In contrast,
H. carbonum-infection and HC-toxin were found to cause a relatively
slow and weak respiratory response in susceptible tissues.

The earliest effect of HC-toxin observed to date was an in-
crease in CO2 fixation by plant tissues in the dark. Data indicated
that the stimulation of CO2 fixation by HC-toxin was not a direct
effect on carboxydismitase, but resulted from a stimulation in con-
version of ribose-5-phosphate to ribulose-l, 5-diphosphate. However,
the effect of HC-toxin on CO2 dark fixation was shown to be a secondary

event in action of the toxin.
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INTRODUCTION

Helminthosporium carbonum toxin (HC-toxin) was first iso-

lated in 1965 by Scheffer and Ullstrup (45) from culture filtrates
of H. cafboﬂum Ullstrup race 1. Later, the host selective toxic
compound was purified and crystallized (39). Several lines of
evidence indicated that this substance is a primary determinant
of pathogenicity of H. carbonum to corn. In addition to the host
specific primary determinant, a second toxic metabolite was iso-
lated and given the trivial name "carbtoxinine." The second com-
pound was equally toxic to both susceptible and resistant plants.
My studies have been confined to the effects of the host-specific
compound on both susceptible and resistant plants. The role of
carbtoxinine in disease development has not been evaluated.

There are indications that HC-toxin is chemically similar
to a determlnant of pathogenicity (HV-toxin) produced by Helmin-
thosporium victoriae Meehan and Murphy. In each case the host-
selective determinant is accompanied by a less toxic non-specific
metabolite. The intact host-selective toxins do not react with
ninhydrin, but after acid hydrolysis, amino acids are present.
Therefore, at least part of each toxin molecule appears to be a
peptide. The two pathogens, H. carbonum and H. victoriae, are

sexually compatible, and approximately 1/4 of the progeny of a



cross produced both toxins (46). All information available
to date suggests a similarity between these two host selective
compounds in both structure and function. However, HC-toxin
does not affect oats and HV-toxin has no effect on corn.

There are many studies of HV-toxin as a factor in
disease development and as a model for the chemical basis of
pathogenicity. The compound is extremely toxic to susceptible
oat tissues and is highly selective in the plants that are
affected. Plants resistant or immune to H. victoriae are not
affected by HV-toxin. Several lines of evidence suggest that a
primary or significant lesion of the toxin is in the plasma
membrane of susceptible cells (41). The toxin causes increased
02 uptake and loss of electrolytes from susceptible but not
from resistant tissues. Among other biochemical effects, HV-
toxin also inhibits incorporation of cl4 amino acids and uridine
into TCA precipitable cellular components of susceptible but not
of resistant tissues. Uptake of HV-toxin does not seem to depend
on cellular metabolism, but may be a simple physical process
(43, 44).

Little is known about HC-toxin and its biochemical
effects on host tissues, which are the subjects of my study.
The plan of the work is a comparison of HC- and HV-toxins in
their actions. Experiments were designed to fall into the

following broad comparative categories: (1) effects of the



toxins on growth of host and non-host plants; (2) studies of
toxin uptake; (3) effects on cellular permeability; and (4) effects
of toxin on cellular metabolism, including respiration, protein

and RNA synthesis, and carbon dioxide incorporation.
LITERATURE REVIEW

A leaf spot disease with symptoms similar to those caused

by Cochliobolus heterostrophus Drechs. (Helminthosgofium magdis

Nishikado and Miyake) was first reported in 1941 on certain in-
bred lines of dent corn (50). The causal fungus was first
identified as H. maydis because it was similar to that species
in morphology and effects on corn plants. The fungus in ques-
tion was designated as a new species in 1944. The binomial,

Helminthosporium carbonum Ullstrup, was given because the fungus

caused a characteristic charred appearance of infected corn
ears (51). Two morphologically indistinguishable races of H.
carbonum were recognized on the basis of host specificity, symp-
toms produced, and virulence (50).

H. carbonum race 1 proved to be much more virulent than
race 2 to certain corn hybrid and inbred lines. Therefore, race
1 and its interactions with susceptible corn have received
considerable attention. Resistance to race 1 is inherited in
a simple dominant manner. The gene pair controlling resistance

and susceptibility, Hm/hm, is located on chromosome 1 between

the p and br loci (52). Another locus, Hmy/hm, on chromosome



9, was found to function as a modifying gene, giving an inter-
mediate reaction to the disease (35). Intermediate expressions
of disease resistance are also determined by two additional
alleles at the hm locus in chromosome 1.

Spore germination and host penetration by H. carbonum were
similar on resistant and susceptible corn leaves (20). Pene-
tration occurred about 12 hr after inoculation; no differences
were noted in the rapidity with which resistant and susceptible
leaves initially reacted to penetration by H. carbonum. The fungus
then ramified rapidly through susceptible parenchyma and chlorgnchyma
tissues. In contrast, penetration pegs of the fungus were con-
fined to the initially penetrated epidermal cells in resistant
tissue. This can be taken as an indication that resistance is
expressed within 12 hours of inoculation. The fungus was viable
in resistant tissue for at least 60 days after inoculation, and
was re-isolated at that time.

Several papers have been concerned with the nature of re-
sistance to H. carbonum, but this problem has not been solved. A
substance which inhibited growth of H. carbonum was found in infected
tissues of resistant plants (23). The inhibitor was said to be
localized near the sites of infection, and was extracted from the
tissues 5 days after inoculation. Somewhat different results
were reported by Hale and Roane (14), who indicated that growth

of H. carbonum in vitro was inhibited by alcoholic extracts of

diseased susceptible plants, but not by extracts of diseased

resistant plants or by extracts of uninfected resistant and



susceptible plants. Therefore the role of the inhibitory sub-
stance in disease resistance should be re-examined.

Infection by obligate parasites has been reported to
stimulate CO2 fixation by plant tissues in the dark (48). Later,
this effect was reported for infection by a non-obligate parasite
(33). A considerable reduction of CO, fixation in the dark was
observed in H. carbonum-infected susceptible corn tissues (28).
Further studies using cell-free extracts from plants inoculated
with a low concentration of inoculum (25 x 10% spores/ml) re-
vealed that carboxylation was stimulated 4 hours after fungus
penetration occurred (16 hours after inoculation), but before
visible symptoms were evident. In contrast, inoculation with
heavy spore suspensions (1 x 108 spores/ml) caused a reduction
in carboxylations. The stimulation could have been caused by in-
creased’énzyme concentrations or by stimulatory factors, but this
point was not clarified. Also, the extent to which either the
host or parasite was responsible for increased CO, fixation was
not evaluated. Following the initial stimulation, infection caused
a rapid decrease in carboxylase activities by extracts from in-
fected leaves. An inhibitor was implied as an explanation of
‘reduced carboxylation (29).

Corn leaf spot caused by H. carbonum has been used as a
model for still other studies of plant reactions to infection.
Malic acid was decreased in infected susceptible seedlings, while
isocitric acid was greatly increased. Malca (28) suggested a

role for isocitric acid in development of disease caused by H.



carbomum, but just how this compound is involved is not clear.
Changes in the levels of Krebs cycle intermediates following
infections and chemical injuries have been reported by several
workers (5, 7, 27, 58). It has been suggested that such changes
could be traced to carboxylation of pyruvate or phosphoenol
pyruvate. Three such carboxylases are known to be present in
tissues of higher plants. They are the malic enzyme, phophoenol-
pyruvate carboxykinase, and phosphoenolpyruvate carboxylase
(58). The reduction of malic acid content in H. carbonum in-
fected susceptible corn tissue was said to be correlated with

a reduction in CO, fixation in the dark (28).

Carboxydismutase, a key enzyme of phofosynthesis, is
thought to be confined to chloroplasts. Activity of this enzyme
is known to be altered in infected rice plants, resulting in a
reduction in CO, dark fixation ( 1). Increased carboxylation
of ribose-5-phosphate, forming 3-phosphoglycerate, was reported
in cell-free extracts from H. carbonum infected corn leaf tissue
(29). This preparation was identical to leaf protein fraction-I.
For a long time leaf protein fraction-I was thought to be a
multifunctional substance containing carboxydismutase, phosphori-
bose isomerase, and phosphoribulose kinase activities (1). Re-
cently, however, carboxydismutase was separated by Trown (49)
from the associated enzymes. Thus it is possible that the
stimulation of carboxylation by H. carbonum infection could result

from effects on intracellular sites other than on chloroplasts.



Malca et al (29) suggested that, in early stages of H.
carbonum infection, stimulated activity in the pentose pathway
might result in increased production of ribose-5-phosphate and
stimulated photosynthetic activity. Infection has been reported
to stimulate the activity of glucose-6-phosphate dehydrogenase and
6-phosphogluconic acid dehydrogenase in several plant tissues
(22, 30, 47) (including H. carbonum-infected corn), and in tissues
treated with growth regulators (17). This was correlated with
increased participation of the pentose phosphate pathway. In-
creased dehydrogenase activity was observed in H. carbonum-
infected susceptible and resistant corn leaves. The increase
was much enhanced after the appearance of necrotic flecks and
in tissues with more advanced symptoms. However, the possibility
that the pathogen was contributing to the increased activity was
not ruled out. |

Study of the interaction of H. carbonum and corn tissue
was simplified in 1964, when the host-selective toxin was iso-
lated from culture filtrates by Scheffer and Ullstrup (45).

Two toxic substances, HC-toxin and carbtoxinine, were later

found (39). HC-toxin is host specific in that it caused 50%
inhibition of root growth of susceptible hybrid corn (K61 x Pr)

at O.S‘yg/ml, while a hundred-fold higher concentration was needed
to affect the resistant hybrid (Prlx K61) to the same extent

(39). Carbtoxinine caused 50% inhibition of root growth of both

susceptible and resistant hybrids at 25).xg/m1. Crystalline



carbtoxinine reacts with ninhydrin and yields amino acids on
acid hydrolysis. The crystallized host-specific toxin did not
react with ninhydrin but yielded amino acids on acid hydrolysis.
However, the exact structure of the substance is still under
study.

A genetic analysis of interspecific hybrids between Coch-

liobolus carbonum (H. carbonum) and C- victoriae (H. victoriae)

was reported by Scheffer et al. (46). One gene pair was shown

to control toxin production in C. victoriae, whereas another

gene pair controlled toxin in C. carbonum. Pathogenicity of each
progeny isolate was correlated with ability to produce one or both
host specific toxins. Progeny of C. carbonum race 1 x race 2
segregated 1:1 for ability or lack of ability to produce the corn
specific toxin. Apparently the toxin-producing ability was
qualitatively determined by one gene; however, the amount of

toxin produced appeared to be controlled by multiple genes.

Hale et al. (15) in 1962, described effects of HC-culture
filtrate that might have been caused by the host-specific toxin.
They demonstrated that culture filtrates of H. carbonum inhibited
growth of coleoptile sections from a susceptible inbred corn
(K 44) but stimulated growth of a resistant inbred (K 41).

Growth of non-host plants was also inhibited by the culture fil-
trates. Response of plants to biologically active substances
is often dosage dependent. As indicated by French et al.,(11)

in study of effect of growth regulators on plants, relatively



low concentrations of auxins increased growth and 02 uptake,
but high concentrations inhibited both. Hale's results might
be expected if higher concentrations of a toxin are required to
stimulate or inhibit growth of the resistant than are required
for the susceptible plant.

Helminthosporium victoriae toxin from H. victoriae has

received more study than any other model for host-parasite
interactions. Several reviews of this subject have been pub-
lished (38, 44). Cellular responses to toxin include increased
02 uptake (44), decreased incorporation of amino acids and uridine
into trichloroacetic acid precipitable cellular fractions (44),
and rapid loss of electrolytes (3, 41). Apparent uptake of HVa-
toxin appears to be a simple process not affected by a wide range
of temperatures or by metabolic inhibitors (43). The plasma
membrane has been implicated as a primary site of action of the
toxin (41), and a receptor in the susceptible cell is thought to
account for toxin susceptibility (43). Resistance to the toxin is
thought to be due to lack of receptors, or to decreased affinity of
receptors in the plasma membrane of resistant plants.
Qualitatively, the toxic products of H. carbonum bear a
striking similarity to the toxic products of H. victoriae (44).
Both are low molecular weight peptides. Both host specific toxins
are accompanied by a less toxic non-specific metabolite (44). The
correlation of pathogenicity with ability to produce HC-toxin in-

dicates that it is a primary determinant of pathogenicity (44),
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as is HV-toxin. However, there are no previous comparative

studies of the effects of these two toxins on plant tissue.

MATERIALS AND METHODS

Plant materials, inoculation methods, and bioassays: Corn

hybrids Pr X K61 and Prl X K61 were used in most experiemnts.

Pr X K61 is susceptible and Prl X K61 is resistant to H. carbonum
race 1 and to H. carbonum toxin. Certain experiments required

oat cultivars susceptible (cv. Park) and resistant (cv. Clinton)

to H. victoriae infection and to H. victoriae toxin. Seeds were
surface sterilized with 0.53% sodium hypochlorite (w/v) for 2 hours,
then washed thoroughly with running water for 10 to 12 hours. Treated
seeds were germinated on moist filter paper and were grown in vermicu-
lite and watered daily with White's solution. In some experiments,
plants were grown in the greenhouse in sand-soil-peat mixture (1:1:1)
and watered with a soluble commercial fertilizer. Cuttings were
taken from 10- to l4-day old plants with 3 or 4 fully expanded leaves.
Unless otherwise stated, the first fully expanded leaf above the

primary leaf was used as a source of leaf tissues.

For inoculation, spores from 10-day old cultures on mixed
vegetable juice (V-8 juice) agar were used. The surfaces of cultures
were flooded with distilled water and filtered through cheesecloth.

The concentration of spores in suspensions was adjusted with distilled
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water using a colorimeter (Spectronic 20, Bausch and Lomb Opti-
cal Co.) set at 600 TP wave length. Plants were sprayed with
the spore suspension, using a DeVilbis atomizer. They were kept
in moist chambers for 12 to 24 hours after inoculation.

A standard seedling bioassay for toxin was used (46). Corn
grains (3/plate) were placed embryo side down in 90-mm petri
plates contafning 10 ml White's solution. Twenty four hours later,
White's solution was replaced by various dilutions of the toxin
solution or with other test solutions. Water controls were
used in all cases. After 3 to 4 days in test solutions, the
longest root on each seedling was measured and the dilution end-
point was determined. This was calculated from percent growth
inhibition as the highest dilution which prevented root growth
from exceeding 10 mm. The standard HV-toxin bioassay was used
as required. Hulled oat seeds were germinated on moist filﬁer
paper for 24 hours, and placed in 5 ml toxin-containing solution
in 60 mm petri plates. Serfal dilutions of toxin-containing
solutions were used. After incubation for 72 hours at 23 C, root
growth was measured. The highest dilution which prevented roots
from growing more than 10 mm was considered the dilution end

point (38).

Isolation and purification of toxin: HC-toxin was iso-

lated from culture filtrates of H. carbonum, using a slightly

modified version of the method of Pringle and Scheffer (39).
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High yielding isolates of H. carbonum race 1 were grown at 22 C

for 3 weeks in Roux bottles, each containing 200 ml modified

Fries no. 3 basal medium (39) supplemented with 0.1% Difco yeast
extract. The culture liquid was filtered through several layers

of cheesecloth, centrifuged (continuous flow) and filtered

through paper on a Blichner funnel, with suction. The filtrates
were then concentrated to 0.1 the original volume in vacuo below
45 C. After standing at 5 C for 24 hours, the concentrated solu-
tion was filtered by suction, an equal volume of methanol was added
to the filtrate and the precipitate which formed was discarded.
After filtration, methanol was removed by evaporation under reduced
pressure at 40 C. The partially deproteinized concentrated

culture filtrate was extracted with chloroform (7 parts culture
filtrate: 1 part chloroform) several times, until no more color
was removed. The chloroform extracts were combined, filtered,

and evaporated in vacuo. The residue was dissolved in a small
quantity of absolute ethanol, filtered, and evaporated in a flash
evaporator to remove ethanol. HC-toxin in the residue was dis-
solved in distilled water and the volume brought to 100 ml. This
preparation was further purified by gel filtration.

10 g dry spherical polyacrylamide (Bio Gel P-2, 200-400 mesh)
was soaked overnight in water with constant stirring. The water and
floating gels were decanted and the water replaced several times. The
hydrated gels were then packed carefully in a K 15/30 Sephadex

laboratory column. After packing, the water level in the column
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was lowered to the top of the bed. A 5 ml sample of toxin pre-
paration was added carefully to the top of the bed. The sample
was drained to the bed, then was washed with 2 ml distilled water.
Thereafter the column was developed with water at a constant flow
rate (usually 10 ml1/14-15 minutes). The effluent was collected

in 10 ml fractions. Highest toxicity was in the third fraction
(Fig. 1), as shown by bioassay. Fraction 3 also had the peak con-
ductivity measurement, and developed a blue color with Folin-
Dennis reagent (10). Toxicity peaks for both toxins correlated
with peaks in conductivity and with blue color with phenol reagent
(Fig. 1). Assays showed that 1.1 pg toxin/ml completely inhibited
growth of susceptible corn. This activity is comparable to the

highest reported for crystallin toxin.

Preparation of Cl4_1abelled toxin: H. carbonum race 1

was grown on modified Fries no. 3 basal medium supplemented

with Difco yeast extract (39). To 500 ml of the medium, 0.2 mc
sucrose-U-cl4 (specific activity, 5.0 mc[pM) was added. HC-toxin
was isolated and purified as described above. High toxicity and
radioactivity were found in fractions 3 and 4 from the Bio Gel

P-2 column.

Respiratory measurements: Standard manometric techniques

were used to determine gas exchange (53). Cuttings of corn plants

were exposed to toxin solutions for specified times. Following
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toxin treatment, 5 cm sections were cut from the centers of
leaves. The leaf was cut longitudinally into two equal parts,
the midrib was discarded, and one half of the leaf was used for
respiratory measurements, while the other waé used for fresh
weight measurements. From 0.15 to 0.20 g leaf tissues (fresh
weight) were placed on moistened filter paper in each Warburg
flask at 25 C. H. carbonum infected leaves were required in
some experiments. Leaves with uniform infection were selected
from an equivalent position on each plant. Sections were cut
from the middle of the leaf and placed on moistened filter paper
in Warburg flasks. In experiments with roots, tissues were pre-
treated with toxin and placed on moistened filter paper in each
flask, or were placed in flasks containing 2 ml White's solution
with or without toxin. Six roots were carefully selected and

used in each flask. Experiments were at 25 C in all cases.

C1402 uptake in the dark: Toxin pre-treated and non-treated

control leaves of corn or oats were allowed to fix COj in the dark
for 3 to 4 hours. In come experiments, infected leaves were

used along with non-inoculated controls. C1402 was generated in a
1000 ml tightly sealed glass chamber from 25)10 Cu‘ sodium bicar-
bonate by adding excess lactic acid to the container of radio-
active carbonate. After dark fixation, leaves were removed from
the chamber, washed first with 0.5 N HC1l and then with distilled
water to remove excess 01402 adsorbed on the leaf surface.

Washed leaves were blotted dry, cut into small pieces, and
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dried for 24 hours at 80 C. Dried samples were degraded to
COy by wet combustion (2), using 5 ml liquid and 1.0 g solid
van Slyke reagent per 14 mg dry samples (2). The labelled
CO, released was trapped in an absorption flask containing 15
ml N/10 NAOH (2). Aliquots (0.1 or 0.2 ml) of the NAOH solu-
tion were placed on glass planchets for radiation counts with a
gas flow G. M. counter (Nuclear-Chicago model 480) with a window-
less detector.
A plant extract was used to determine dark fixation of
C°2' Three g (fresh weight) leaf tissue was cut into small pieces
with scissors and placed in 15 ml 0.5 M tris buffer (pH 8.0) in
a mortar at 2 C. An equal weight of washed sea sand was added,
the mixture was ground to a fine pulp, and the resulting slurry
was pressed through several layers of cheesecloth. The dark green
homogenate was centrifuged to remove the sand and cellular debris.
The turbid supernatant was centrifuged at 35,000 X g for 20 minutes
and the dark green pellets, consisting mainly of broken chloro-
plasts and mitochondria, were discarded. The clarified extract was
then centrifuged at 105,000 X g for 2 hours.The final supernatant
of clear amber-colored fluid was used as an enzyme source (32).
Enzymatic assay methods were essentially similar to those
of Malca et al. (29). Unless otherwise indicated, 0.3 ml of
the enzyme preparation was added to 0.7 ml reaction mixture
and incubated at the appropriate temperatures and times before

the reaction was stopped by the addition of 0.1 ml of 1.0 N HCl.
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Aliquots of the 1.1 ml reaction mixtures were placed on sand
blasted glass planchets and dried for radiation counts. All
reaction mixtures contained, in addition to 0.3 ml enzyme prepa-
ration, the following, in,.x moles: MgClZ,IS; NaHCO5, 5 (contain-
ing 2.5 pc); tris buffer (pH 8.0), 150; ATP, 2; and substrate,
1 or 2 (ribose-5-phosphate, 2; ribulose-1,5-diphosphate,l;
phosphoenolpyruvate, 2; and phosphoglycerate, 2).

The following chemicals used in this experiment were from
Sigma Chemical Co., St. Louis, Missouri: D-ribose-5-phosphate (di-
sodium salt, 99% pure); D-ribulose-1,5,-diphosphate (tetrasodium
salt, 1.64 p moles/mg); adenosine-5,-triphosphate (disodium salt);
phosphoenolpyruvate (trisodium salt); and D (-) 3-phosphoglycerate
(tricyclohexlammonium salt).

The carboxylation systems studied were:

(1) PEP +CO,  ----- Mgtt __oececc) OAA + P
PEP carboxylase

(I1) 3-PGA + Co,  -eee- VL o S » OAA + P
2,3-phosphoglycerate mutase,
enolase, and PEP carboxylase

(I11) Rul-1-P,5-P 4 CO, ==-u- Mgdt o eeee y» 2, 3-PGA

Carboxydismutase

(IV) Rib-5-P + ATP + CO, S /- - » 2, 3-PGA + ADP
Phosphoriboisomerase,
phosphoribulokinase,
carboxydismutase

The following incubation temperatures and times were used for the

4 reactions: (I) 10 minutes at 22 C; (II) and (IV), 10 minutes
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at 37 C; and (III), 8 minutes at 28 C. All assays were duplicated

or triplicated and the experiments were repeated several times.

14

Incorporation of C "-labelled amino acids and uridine: Fresh

leaf tissues (0.5 g) were infiltrated for 15 minutes with DL-
leucine-1-cl% or DL-valine-l-Cla (Z'S.PC/S ml water; specific
activity 24.4 mc/mM) and then incubated for 4 hours at 22 C. After
incubation, tissues were extracted 3 times with hot 80% ethanol.
The homogenate was spun at 1,000 X g for 30 minutes. The pellet
was washed 3 times with 80% ethanol ether (3:1, v/v). The washed
pellet was then suspended in 3 ml 1.0 N NaOH and incubated at

100 C for 4.5 minutes. Aliquots (0.1 or 0.2 ml) of the super-
natants were placed on sand blasted glass planchets and dried for
determination of incorporated radioactivity (36).

For cl4 uridine incorporation studies, 0.5 g leaf tissues
were infiltrated with uridine-2-cl4 (2.5 pc/5 ml; specific activity
20 mc/mM) for 15 minutes and incubated for 3 to 4 hours. The
tissues were then extracted 3 times with hot 80% ethanol and
ground in 10% TCA in a mortar. The homogenate was brought to 30
ml with 10% TCA and left overnight at 2 C. The TCA insoluble
fraction was washed 3 times with 95Z ethanol at room temperature.
Each pellet was then suspended in 2.0 ml 0.3 N KOH and incubated
for 18 hours at 37 C. After incubation, 607% perchloric acid

was added to bring the final concentration of perchloric acid to
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0.5 N. The sample was then centrifuged at 10,000 X g for 30
minutes. Aliquots (0.2 ml) of the supernatant were placed on

glass planchets and dried for radiation counts.

Loss of electrolytes by tissues: A conductivity bridge

(Industrial Instruments model RC 16 Bl with type BBl conducti-
vity cell, K = 1.00) was used for determination of conductivity
of ambient solutions. One g fresh tissue was rinsed in glass
distilled water and enclosed in washed cheesecloth. The bagged
samples were further washed by shaking (100 strokes/ minute) in
100 ml glass distilled water for 2 hours. Tissues were placed
in 50 ml fresh deionized glass distilled water and conductivity
changes of the water were measured at specified intervals at

23 C. Specific conductance at 23 C was expressed in mohs. For

this the following equation was used: Ls = Kc (Ls = specific con-
Rm

ductance, K¢ = cell constant (K = 1.0), and Rm = measured resis-

tance at 23 C) (6).

Cellular fractionation: Germinated corn seeds were

grown in the dark for 3 days. Twenty five g samples of etiolated
coleoptiles were vacuum infiltrated with HC-toxin (5.0 pg/ml).
Tissues were ground in a mortar with 50 ml extraction medium (57)
and 3 g fine sand for 3 to 5 minutes at 0 C. The homogenate was
pressed through several layers of cheesecloth and the filtrate

was subjected to differential centrifugation as indicated below:
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Plant tissues

Grind at 0 C,
filter

T 1
Filtrate Residues (cell walls, etc.)

centrifuge at 1,000 X g for 20 minutes

Supernatant Pellet

centrifuge at 10,000 X g for 30 minutes

Supernatant Pellet (mitochondria)

centrifuge at 105,000 X g for 2 hours

]
Pellet (ribosomes)

Supernatant



RESULTS

Effects of Toxin on Growth of Host and Non-Host Plants

Response of resistant and susceptible corn seedlings to

HC-toxin: Highly purified HC-toxin was used to test effects on
growth of corn plants. Both susceptible and resistant hybrids
were used to assay the response to a range of toxin concentra-
tions, using the seedling assay. The experiment was repeated 3
times with 10 to 19 plates per treatment and data were anglyzeq
statistically. Toxin concentrations at 0.5 ug/ml gave >50% in-
hibition of root growth of susceptible corn (Table 1) whereas con-
centrations greater than 5.5‘pg/m1 were required to give signifi-
cant inhibition of growth of resistant corn hybrids (Table 2).

Low concentrations of toxin stimulated root growth of both
resistant and susceptible plants. However, a higher concentra-
tion was required for a stimulatory effect on resistant plants
(Table 2). H. carbonum resistant corn hybrids are not com-
pletely resistant to HC-toxin (39). It is known from the work

of Pringle and Scheffer that 0.5 )8 crystalline toxin/ml will give
50% inhibition of root growth in susceptible seedlings, whereas 50

ye toxin/ml will give comparable inhibition of resistant seedling roots.

21
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Comparative toxin sensitivity of corn inbred lines and

hybrids: Several corn inbreds are known to be intermediate in
susceptibility to infection by H. carbonum race 1. Two gene loci
and 2 additional alleles at the hm locus govern the phenotypes
which range from resistance to susceptibility. The following ex-
periments were designed to test whether or not the relative toxin
sensitivity of corn is correlated with susceptibility and resis-
tance to infection.

Two toxin preparations differing somewhat in activity were
used to test sensitivity of corn inbred lines. Concentrated
culture filtrate (75 ml) was precipitated with methanol. Pre-
cipitates were removed by filtration, the filtrate was evaporated
to dryness (at 40 C), and residues were dissolved in 75 ml distilled
water. The aqueous solution was filtered and extracted 3 times
with 807% butanol. Butanol was removed from the extract and 20 ml
methanol was added to bring the total volume to 40 ml. The
methanol solution was used for chromatographic separation with an
alumina column (2.2 x 27 cm). The column was prepared by wash-
ing first with distilled water and then with 50% methanol and al-
lowed to stand for one night. Toxin was then eluted from the
column with methanol. Forty-five ml fractions were collected im-
mediately after absolute methanol was added. Most of the toxin
appeared in fractions 1 and 2 and a little in fraction 3. For the
second experiment, the first and second fractions were combined and

the combined preparation was further purified by Bio-Gel separation.
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Toxin preparations used in the first and second experiments caused
complete inhibition of root growth of susceptible hybrid corn at
concentrations of 5‘pg/m1 and 1.1 ug/ml, respectivaly. Crystal-
lized toxin caused comparable effects at l.yg/ml (39).

Seeds were treated with a range of HC-toxin concentrations
and incubated at room temperature (22 C). The effects of toxin
concentration on growth of roots were compared 4 days after treat-
ment. Percent inhibition of root growth was taken as a measure
of susceptibility. Each treatment was replicated 8 times and the
experiment was repeated. Similar results were obtained with the
two different toxin preparations. There was a correla;ion between
sensitivity to toxin and susceptibility to the disease observed
in the field (Table 3). The susceptible types (K 61, Pr, K 44,

K 61 x Pr) fell into a group, the members of which probably did

not differ significantly in toxin sensitivity. The resistant types
(W 37-A, R 61, K 61 x Pr 1, Wf-9, PI 21740, TR, GE 440, K 61-1,

and K 61-2) also appear to form a single group. The one inbred
(P8) known to be intermediate in resistance and susceptibility in
the field was clearly intermediate in toxin sensitivity (Table 3).
Other intermediate types were not available, but on the basis of
these data, it appears that inbred and hybrid corn types can be
classified as resistant, intermediate, or susceptible to toxin,

and that this correlates with reactions to H. carbonum infection

observed in the field.



Table 1. Effects of HC-toxin on root growth of susceptible hybrid

corn seedlings

cméxxﬂm Experiment 1 Experiment 2 Experiment 3
gpg/ml) Growth % change Growth % change Growth % change
(mm) (mm) (mm)
0 116 0 104 0] 168 0
0.0068 119 + 3 105 +1 - -
0.014 110 -5 118 +13 - -
0.028 127 +9 110  +6 1862/ 411
0.055 122 + 5 62 -41 - -
0.55 44 -62 20 -80 - -

a/ pifference from control is significant at 5% level.
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Table 2. Effect of HC-toxin on root growth of resistant hybrid

corn seedlings

Toxin
concentration Growth 7% change

(pg/m1) (mm)
0 93 0
0.69 1158/ +19
1.40 100 * 7
2.75 95 + 3
5.5 88 -6

a/ Difference from control is significant at 1.0% level.

25



Table 3. The relationship between toxin susceptibility and disease

resistance2/

Effect of :
toxin Reaction to
Corn lines on growthsl infectionl/ Genotypegl

K61 -75 Susceptible hm/hm;hmé/hmz
K44 -72 " ?

Pr -70 " hm/hm;hmzlhm2
K61 x Pr -64 " "

P8 -37 Intermediate  Hn*/HA; hm,/hm,
K61-2 -11 Resistant ?
W37-A -8 " ?

R61 -5 " ?

K61-1 0 " ?

GE 440 0 " ?

K61 x Pr 1 + 8 " Hm/hm;Hm2/hm2
WE-9 +12 . Hm/Hm;Hm2/Hm2
PI 21740 +18 " ?

TR +14 " ?

a/ Seeds were pre-treated in White's solution for 24 hours, then placed

in petri plates containing 10 ml toxin (0.6'pg/m1) solution for 4 days.

b/ Ullstrup, A. J. (Personal communication).

¢/ 7% inhibition (-) or stimulation (4) of root growth 4 days after toxin

treatment, as compared to non-treated controls.

d/ Reference 35.
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Effect of HC-toxin on several non-host plants: Several

species, known to be immune to H. carbonum, were used to test
susceptibility to HC-toxin. Seeds were placed on filter papers
moistened with White's nutrient solution and incubated in the
dark at room temperature or at 30 C for 1 to 3 days. Germinated
seeds were exposed to HC-toxin solutions for 4 days and
length of root growth was measured. Root growth of all host
and non-host plants was increasingly inhibited by increasing
concentrations of HC-toxin. All the monocots tested (barley,
wheat, Sudan grass, rye grass, sorghum and oats) were relatively
insensitive to the toxin. There was little or no effect of
HC-toxin at S‘pg/ml on root growth of these plants. Growth of
susceptible hybrid corn was completely inhibited at this toxin
concentration. At higher concentrations, growth of resistant
corns was inhibited by HC-toxin, indicating that resistance to
HC-toxin is relative rather than absolute. Tomato and cucumber
seedling roots were inhibited at all concentrations of HC-toxin
used. Tomato and cucumber appeared to be more sensitive than
resistant corn, but less sensitive than susceptible corn
(Table 4).

HC-toxin used in this experiment was desalted twice with
a polyacrylamide gel (Bio-Gel P-2, Particle size 200-400) column. The
preparation completely inhibited root growth of susceptible corn at
concentration of 2.5‘pg/m1. Crystalline toxin at 1 pg/ml is known

to inhibit all root growth in susceptible seedlings.



Table 4. Effect of HC-toxin on root growth of host and non-

host plantsé/

Effect of toxin on ggowthg/

Growth o Toxin concentration gpg/ml)
Plants controlsk/ 6.25 12.5 25.0 50.0
mm 7% 7% % %
Corn
(resistant) 103 +5.8 -12.6 -32.0 -46.6
Corn
(susceptible) 111 -100 -100 -100 -100
Tomato 39 .58.9 -74.4 -87.2 -87.2
Cucumber 66 -12.1 -34.8 5445 -72.7

al/ Seeds were germinated on moist filter papers in the dark
for 1 or 3 days before toxin was added.

b/ Controls in water without toxin, average values for 10
seedlings.

¢/ Per cent inhibition (-) or stimulation (+) of growth, as
compared with growth of controls. This toxin preparation
completely inhibited root growth of susceptible corn seed-

1ings at 2.5 ug/ml.

28
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Effect of HV-toxin on growth of susceptible and resistant

plants: HV-toxin is known to be highly selective and to have high
activity. A toxin preparation that did not affect resistant oats
in a solution of 1 mg/ml was dilutgd 10 million times with water
and still inhibited root growth in susceptible seedlings (44).
HC-toxin has a lower order of toxicity and selectivity. Growth

of susceptible hybrid seedlings was inhibited 50% by O.S/pg/ml

of crystallizec HC-toxin, while a hundred fold higher concentra-
tion (50 pg/ml) of the same preparation inhibited root growth

of resistant corn seedlings (39).

Host selectivity and toxicity of HV-toxin was re-examined
by using desalted HV-toxin. Ten ml of an HV-toxin preparapion
from an alumina column was adjusted to pH 6.5, and the pre-
cipitates which formed were removed by filtration (Whatman no.

1 filte:1 paper). The filtrate was further purified by Bio-Gel
filtration. A five ml sample was applied on the top of the
column and drained to the bed. Two ml distilled water was added
and drained to the bed. The column was developed with distilled
water (flow rate: 2 ml/3.5 minutes), and the 21st to 26th frac-
tions (2 ml each) were combined and used for bioassay against
several species of seedling plants.

HV-toxin proved much more selective than HC-toxin, with
only the susceptible Park oats being affected by 36‘pg toxin/ml
(Table 5). All species tested, including both monocots and dicots,

were affected somewhat by 3.6 mg/ml; the resistant oat was among the
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least sensitive of all plants tested. This particular toxin
preparation gave complete inhibition of susceptible oats at
0.009.pg/m1. Therefore, resistant plants ﬁolerate at least
400,000 times higher toxin concentrations than do susceptible

plants, in contrast to 100 times higher with resistant corns to

HC-toxin.



Table 5. Effect of HV-toxin on seedling root growth of host and

non-host plants

% inhibition at .

Growth toxin concentration (upg/ml) of

Plants in controls 36.0 360 3600
Oats mm % % %

cv. Park 50 1008/ 100 100

cv. Clinton 88 0 0 55
Tomato 49 0 0 100
Barley 76 0 0 55
Wheat 81 (0] 0 80
Sorghum 80 0 0 73
Corn 100 0 0 80

a/ Root growth of susceptible oats (cv. Park) was completely

inhibited by toxin at 0.009)zg/m1.
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Toxin Uptake and Recovery Studies

Temperature and concentration effects: Germinated sus-
ceptible corn seeds (K61 x Pr) were first equilibrated at 5, 23,

or 37 C for 30 minutes, and then exposed to HC-toxin (7.0 ug/ml)
for 1 to 10 hours. Seedlings were then rinsed thoroughly with 10
changes of distilled water and incubated at room temperature (22 C)
for 3 days. Per cent inhibition of root growth after 4 days was
taken as a measure of toxin uptake. Since the treatment condi-
tions were varied only for the time of toxin exposure, the effects
are believed to be on toxin uptake. However, toxic action may
also be involved, and the effects are stated to be on "apparent
toxin uptake." The experiment was repeated 4 times with similar
results.

The results indicated that toxin uptake is temperature and
time dependent (Fig. 2). Four hours toxin treatment resulted in
inhibition of 3, 5, and 70% for 5, 23, and 37 C, respectively.

Ten hours toxin treatment gave 13, 50, and 93% inhibition of growth
at 5, 23, and 37 C, respectively. Generally, toxic effects were
more pronounced after exposure at the higher temperatures.

Some conflicting results were obtained with short exposure
times, when growth stimulatory effects were obtained. The reason
for this stimulatory effect is not known, but it could be due

to sub-lethal amounts adsorbed, which are known to stimulate
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Fig. 2. Effect of temperature on apparent uptake and activity of
HC-toxin.
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root growth as indicated in the previous experiment. Results of
this experiment could indicate that temperature affects toxin
uptake, but they could also be interpreted as temperature effects
on toxin sensitivity of tissues, or on speed of toxic reactions.

Three concentrations (4.5, 9.0, and 18/pg/m1, plus a
water control) and 4 exposure times were used to test the effects
on HC-toxin uptake. Seeds were germinated in White's solution
for 2 days. Germinated seeds were exposed in test solutions for
6, 12, 16, or 18 hours, then were washed thoroughly with 10
changes of distilled water. Five seedlings were placed in each
Petri plate containing 10 ml distilled water and incubated at
room temperature for 5 days. Five plates were used for each
concentration and exposure time.

Results showed that toxin uptake by H. carbonum suscep-
tible corn seedlings was affected by toxin concentration and
exposure time (Table 6). Twelve hours exposure was needed for
seedlings to take up enough toxin from 9 or 18‘pg toxin/ml to
significantly inhibit later growth. Uptake of HC-toxin.did
not increas¢é indefinitely with increasing toxin concentrations.
Instead, it tended to become saturated at each temperature,
indicating that uptake may be governed by a rate limiting mechan-

ism (Table 6).



Table 6. Effect of toxin concentration and exposure time on apparent up-

take and activity of HC-toxin, as determined by root growth

bioassay
Concentratlong/ Growth of roots after exposure for
(pg/m1) . hr
12 16 18
% % 3
growth inhibition growth inhibition growth inhibition
mm mm mm
0 80 0 84 0 82 0
4.5 69 14 57 32 35 57
9.0 61 24 41 51 28 66
18.0 59 26 46 45 31 62

a/ Concentration of 2.3 ug/ml completely inhibited root growth of
susceptible seedlings in the standard bioassay, in which seed-

lings were continuously exposed to toxin.
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Effect of metabolic inhibitors on HC-toxin uptake: If HC-

toxin uptake is an energy requiring process, then inhibition

of respiration or uncoupling of phosphorylation from oxidation
should cause reduction of toxin uptake. Thé following experi-
ments were designed to see if uncouplers and respiration in-
hibitors will prevent toxin uptake. Seeds were germinated in
White's dolution for 2 days, and the seedlings were treated in a
test solution containing inhibitor and HC-toxin for 12 to 20 hours.
Preliminary experiments showed that exposure of seedlings to the
inhibitors prior to the toxin treatment did not affect the action
of the inhibitor; therefore, prior exposure to inhibitors was
omitted and inhibitors and HC-toxin were added at the same time.
After seedlings were treated in test solutions for desired times,
they were washed thoroughly with 10 changes of distilled water,
placed in 10 ml distilled water per petri dish, and incubated at
23 C for another 2 days. Both water and inhibitor controls
(without toxin) were used. Root growth was measured and inhibi-
tion of root growth was taken as a measure of toxin uptake. The
experiment contained 10 replicate plates for each treatment, and
each inhibitor was used in at least 2 experiments.

Sodium azide (10-4M), 2, 4-dinitrophenol (DNP) (10'4M), and
Potassium cyanide (5 x 10-3M) reduced toxicity of HC-toxin to
susceptible plants (Table 7). The possibility that these com-
pounds might react directly with toxin molecules rather than with

plant cells was ruled out by the use of appropriate controls;
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the preparation containing HC-toxin and DNP was left overnight
in a refrigerator before diluting and assaying. There was no
decrease In toxicity as a result of exposure of toxin to the
test compound. The results suggest that HC-toxin uptake re-
quires metabolic energy.

Sodium bisulfite and sodiem arsenate were also tested
for effects on toxin uptake or action. Concentrations of bi-
sulfite from 6 x 10™> to 4 x 10%M and sodium arsenate from

6 x 10'3 to 4 x 10"4

M did not reduce the toxicity of HC-toxin.
Higher concentrations were not used because they inhibit

growth too drastically.

Anaerobic effects: The previous experiment suggested

that energy metabolism of host tissues might be an important
factor in HC-toxin uptake. Therefore, more experiments were de-
signed to test this possibility. Germinated susceptible seeds
were exposed to HC-toxin under anaerobic conditions to inhibit
respiration; seeds exposed to toxin under aerobic conditions
served as controls. In the first experiment, seedlings were im-
mersed in a 100 ml beaker containing 40 ml toxin solution (40 pg/ml)
for 20 hours. Seeds were at the bottom of beakers, about 2.5 cm
below the water surface, during the time of exposure to toxin.
Seedlings were then washed and incubated at room temperature for
2 days. The controls were placed in 40 ml water in beakers. The

other treatment and its control were seedlings placed in 10 ml



Table 7. Effect of some metgbolic inhibitors on apparent uptake

and activity of HC-toxin

Inhibitor Root growth in
Inhibitor Inhibitor Water Toxin
control 4+ toxin control control
DNP, 10~%M 762/ 78 93 51
KCN, 5 x 10™M 39 40 85 2%
NaNg, 107*M 64 58 89 44

a/ Average root growth of 10 seedlings, in mm.
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water or toxin solution in 90 mm petri dishes; one side of
these seeds was not below the water surface. Toxicity was not
expressed in seedlings which were thus eqused anaerobically to
toxin in solution for 20 hours, as shown by equal growth of
control and treated plants 2 days after toxin exposure (Fig. 3).
In a second experiment, seeds in toxin solutions were
held under nitrogen or in air during the exposure time. Five
germinated seeds were placed in a 125-ml Erlenmeyer flask with
5 ml toxin solution or with water as control. The flasks were
plugged with rubber stoppers with one gas inlet and one air out-
let, flooded with nitrogen gas for 10 to 15 minutes, sealed, and
kept in the dark for 20 hours at room temperature. After 20
hours exposure to toxin or to water, the seedlings were washed
and placed in 90 mm dishes containing 10 ml water and incubated
for 2 days before root growth was measured. Again, toxicity of
HC-toxin was reduced when seedlings were exposed under anaerobic
conditions, as indicated by comparable growth of treated and

non-treated seedling roots (Table 8).

Attempted recovery of HC-toxin from treated cuttings: An

attempt was made to determine whether or not there is a difference
in HC-toxin uptake or inactivation by susceptible and resistant
corn tissues. A preliminary experiment (Table 9) indicated that
corn cuttings took in enough HC-toxin with the transpiration

stream in 2 hours to give visible symptoms. Therefore, cuttings



Table 8. Effect of anaerobic conditions during the time of

exposure to HC-toxin on subsequent growth of sus-

ceptible seedling roots.

Treatmentsﬁl Experiment no.

1 2
N, control 622/ 55
N2 toxin 56 46
Alir control 96 77
Alr toxin 22 15

a/ HC-toxin (AO‘yg/ml) was used. The preparation gave

complete inhibition of root growth of susceptible

seedlings at 2.0 ug toxin/ml in the standard assay.

g/ Average root growth in mm for 18 seedlings.
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were exposed to a high concentration (SOOJpg/ml) of HC-toxin for
20 hours. This treatment caused typical toxin symptoms to both
susceptible and resistant plants in 24 hours. Cuttings were
harvested after 20 hours exposure and were ground in a mortar
with fine sea sand. The homogenates were extracted with water
and the water extract was assayed for selective toxicity. Host-
specific toxic activity was not recovered from either resistant
or susceptible cuttings. This experiment was repeated 2 times
with the same negative results.

Susceptible and resistant corn seedlings were grown in
90 x 73 x 60 mm duplex staining dishes, with removable trays,
each containing 100 ml White's solution. Cheesecloth was fitted
with rubber bands over the bottom of the tray; the tray was then
supported just above the solution level and germinated seeds
were placed on the cheesecloth. The trays thus prepared were
incubated at room temperature for 2 weeks, until plants had
made appreciable growth. The solution was then replaced with
a fresh solution containing radioactive HC-toxin (activity, 25.3
CPM/ml). After exposure for 12 hours, roots were washed with
water and the washes were combined with the radioactive solution,
to which a second tray of plants was exposed for another 12
hours. This procedure was repeated for a third tray of plants.
After exposing 3 trays of plants, 4 ml aliquots of residual
radioactive solution were placed in aluminum dish planchets

and dried for radioactivity counts. Differences in radioactivity
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between control solutions which had not contained plants and

the solutions which had contained plants were used as the measure
of toxin uptake. Approximately half the radioactivity disappeared
from the solution in which plant roots were exposed. However,
nonspecific adsorption of the toxin to glassware and to the plant
roots might partially account for the loss of radioactivity in
residual solutions.

In a second experiment, no loss of toxin was detected in
residual solutions by bioassays. Susceptible and resistant
seedlings were grown in White's solution for 2 weeks and then
exposed to HC-toxin for 24 hours. After the exposure period,
plant roots were washed with distilled water and the washes were
combined with the residual solution to bring it back to 100 ml.
Toxicity of residual solution was tested by the standard bio-
assay. Residual solution in which susceptible plants had been

exposed was as toxic as was the original solution (Table 10).



Table 9. Effect of HC-toxin concentration and exposure time

on symptom expression by cuttingsﬂl

Exposure time Concentration (ug/ml)
(hr) 12.5 25.0 50.0
0 ob/ 0 0
2 1 2 2
4 2 3 3
8 3 4 4

a/ Susceptible cuttings were exposed in toxin solution
for intervals indicated. Cuttings were then washed
and placed in distilled water and held for 48 hours
before results were taken.

b/ 0, no symptoms; 1, leaf margin slightly damaged and
few necrotic spots on leaf tips; 2, 1/3 of leaf blades
collapsed; 3, 2/3 of leaf blades collapsed; &4 all

leaves collapsed.



Table 10. Root growth biocassay of residual solutions to determine
removal of toxin by intact resistent and susceptible

plants in 24 hoursa/

Dilution of test solution Amount of
solution
Treatments 1:200 1:800 1:3200 uptake
mm mm mm ml
Fresh toxin control <10 20 48 -
Aged toxin controlhl £10 18 43 27
Solution exposed to
susceptible plants <10 20 45 23
Solution exposed to
resistant plants <10 23 48 25

a/ Results were taken after 4 days growth of seedlings.
Roots of resistant and susceptible seedlings in water
averaged 107 and 105 mm, respectively. Values are
average root length of 10 seedlings, in mm.

b/ This control was not exposed to plants, but was kept
under the conditions used for plants. All solutions
were brought back to original volume (100 ml), which

was a 1:200 dilution of a toxin preparation.
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Distribution of HC-toxin in sub-cellular fractions:

Etiolated susceptible corn coleoptiles (25 g) were infiltrated
with radioactive HC-toxin. The infiltrated tissues were washed
with cold toxin solution and homogenized in 0.45 M sucrose con-
taining 0.05 M Tris-buffer and 0.005 M MgClz. After filtration
through two layers of cheesecloth, subcellular particles in the
filtrate were separated by differential centrifugation. The
resulting pellets were suspended in water or in 1 N KOH solution
and 0.1 or 0.2 ml aliquots from each fraction were placed on
glass planchets for radioactivity counts.

Very little radioactivity was associated with the particulate
fractions (Table 11); most was found in the soluble fraction.
Several explanations are possible. Much of the labelled toxin
might be bound loosely to subcellular organelles and leaked into
the supernatant during grinding, centrifuging, and washing.

The radioactivity might be from labelled toxin molecules in
inter-cellular spaces but not in the protoplasm. With little

or no incubation of treated tissues after toxin infiltration,
there might be insufficient time for toxin to enter the plant
cells. The last possibility is suggested from the fact that
HC-toxin treated leaves do not leak electrolytes unless they are
infiltrated thoroughly and incubated for at least 1 hour. At
any rate, the results were inconclusive as to the site of toxin
action. Furthermore, there is an inherent difficulty with this

kind of experiment. Very small amounts of HC-toxin are needed to
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affect susceptible tissues; therefore, a high radioactive toxin
preparation is needed for meaningful results. It seems difficult
at this time to prepare toxin with sufficient radioactivity by
biosynthesis. The same problem was encountered in studies of

the action of gibberellic acid on plant tissues (31, 59).

Comparison with HV-toxin studies: Apparent uptake and

activity of HV-toxin with susceptible oat tissues appeared to
differ from HC-toxin uptake by susceptible corn. HV-toxin uptake
was not affected by temperature over a wide range and by various
metabolic inhibitors. The results suggest that HV-toxin uptake
did not depend on expenditure of cellular energy(43). In contrast,
HC-toxin uptake by HC-susceptible tissues was affected by tempera-
ture, lack of oxygen, uncouplers of oxidative phosphorylation,

and respiratory inhibitors. All data indicated that HC-toxin up-
take required energy of metabolism. The uptake of both toxins by
their susceptible tissues is affected by toxin concentrations

and exposure times, suggesting that uptake may be governed by a
rate limiting mechanism. It has been suggested but not proved
that HV-toxin has receptor sites in susceptible tissues that are
lacking in resistant tissues (43). HC-toxin would appear to

have receptor sites in both resistant and susceptible tissue;

the resistant tissue is affected if toxin concentrations are

high enough. HC-toxin resistant and susceptible tissue could
differ in either the number of receptor sites or the affinity of

each site for toxin. No conclusions are possible, since all



Table 11. Distribution of radioactivity in subcellular

fractions of Cla-toxin treated corn tissuesﬁl

Fractions Total radioactivity
(CPM)
Nuclei & chloroplasts 5
Mitochondria 250

Ribosomes, endoplasmic reticula,
and other membranes 322

Supernatant 2250

a/ Etlolated HC-susceptible coleoptiles (25 g) were vacuum
infiltrated with 100 ml Cl4.1abelled HC-toxin (specific
activity: 4,414 cpm/260‘yg/100 ml). Coleoptiles were
homogenized in 0.45 M sucrose containing 0.05 M Tris-
buffer and 0.005 M MgCl

2° Fractions were separated by

differential centrifugation.
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attempts to recover HV- or HC-toxins from toxin treated tissues

have failed.

Effect of Toxins on Electrolyte Leakage from Tissues

Electrolyte leakage from HC-toxin treated tissues: Ton
leakage of HC-toxin treated leaf tissues was compared with non-
treated controls, using conductivity of the ambient solution
as a measure of leakage. Cuttings were allowed to take up HC-
toxin (25‘pg/m1) with the transpiration stream for either 4 or
24 hours. One g tissue was cut from the leaves and used for
each replicate of each treatment. The tissue was washed with
100 ml deionized glass distilled water for 2 hours by shaking
(100 strokes/minute). Tissues were then placed in 50 ml deionized
glass distilled water and leached for specified times. Electro-
lyte loss from susceptible leaf tissues was not affected by &4
hours exposure to HC-toxin (Fig. 4-A). The ambient solutions
of toxin treated and control leaf tissues had equal conductivity.
When leaf tissues were exposed to HC-toxin for 24 hours, electro-
lyte loss to the ambient medium was very high (Fig. 4-B). Ten
hours after toxin treatment, (2 hours washing and 8 hours leach-
ing times), conductivity of ambient solutions of treated suscep-
tible leaf tissues was 2.64-fold higher than that of controls.

The experiment was repeated, using vacuum infiltration

rather than toxin uptake by transpiring cuttings. Electrolyte
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loss was measured at 2, 4, 6, 8, and 10 hours after toxin ex-
posure. One g leaf tissue was infiltrated with toxin (50 pg/ml)
for 15 minutes in vacuo. Infiltrated tissues were incubated for
2 hours at room temperature, followed immediately by 2 hours
washing with deionized glass distilled water in flasks on a recip-
rocal shaker. Results of a representative experiment showed that
conductivity of ambient solutions of treated susceptible tissues
was above the controls within 6 hours, and was 74% higher than
the controls by 12 hours (Table 12). These times include both

the incubation and leaching times.

Comparison with HV-toxin: Electrolyte leakage from leaf

tissues is a very early response of susceptible oat tissues

to H. victoriae infection or HV-toxin treatment. The increase

in conductivity of ambient solutions is correlated with relative
susceptibility of plants to the disease (44). HV-toxin caused

loss of electrolytes from roots, leaves, coleoptiles and aleurone
cells of treated plants, which in each case reflects permeability
changes in the cell membranes (3, 41). Wheeler and Black found
that dilute culture filtrates caused a permeability change which
was said to be expressed earlier than other measurable responses

to toxin (55). Careful experiments have shown a measurable response
by 2 mimutes after exposure to toxin (40). The rate of electrolyte
loss has a low temperature coefficient and is not dependent on

oxygen, which supports the idea of HV-toxin uptake being independent
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of energy metabolism. Comparable results were obtained by in-
filtrating susceptible coleoptiles with HV-toxin for 10 minutes.
Eight hours after toxin treatment, the specific conductance of
the ambient solution of the treated susceptible tissues was 5
times greater than that of controls.

In contrast, HC-toxin caused ion leakage to develop much
more slowly in susceptible corn tissues. No increase in leakage
was detected in 4 hours, as compared to non-treated controls
(Fig. 4-A). A considerably longer exposure time is required for
HC-toxin to show increased loss of electrolytes, and the magni-
tude of the loss iIs not as great as with HV-toxin on susceptible

oats.
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Fig. 4. Ef fect of HC-toxin on electrolyte loss from leaves of toxine
treated susceptible corn cuttings.
CK = control; Tox = toxin treated; hr = hours pre-treatment
with toxin before determinations were started.
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Table 12. Effect of infiltration with HC-toxin on electrolyte loss

from susceptible corn leavesél

Leaching time Conductance x 107 Mohs % increase
Control Toxin treated in conductance
0 0.125 0.125 -
2 0.455 0.526 16
4 0.781 0.893 14
6 0.926 1.220 32
8 0.961 1.670 74
10 1.060 2.380 125

2/ One g susceptible leaf tissues was infiltrated with HC-toxin
(SO‘Fg/ml) for 15 minutes followed by 2 hours incubation at
room temperature. After washing, the tissues were enclosed
in a cheesecloth bag and bathed in 50 ml deionized glass

distilled water for leaching.
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Effects of Toxins on Metabolism of Suscepts

Effect of HC-infection and HC-toxih on tissue respiration:

Plants with 4 to 5 fully expanded leaves were inoculated with
H. carbonum spore suspension (7 to 8 spores/microscopic field,
100 magnification). Inoculated and control plants were held in
a fog chamber for 24 hours. Effects of infection on gas exchange
were then determined by standard Warburg manometry, using leaf
sections. Oxygen uptake by inoculated leaf tissues of suscep-
tible plants was somewhat higher than in control tissues, but
the differences developed slowly and were not striking. There
were little or no differences in respiration of inoculated and
control leaves in 24 hours. The peak in infection-stimulated
respiration came 48 to 72 hours after inoculation. Thereafter,
respiration in diseased tissue gradually decreased (Fig. 5), pos=-
sibly because of tissue disintegration. It is likely that the
infecting mycelium contributed to gas exchange; thus it is im-
possible to attribute the stimulation entirely to host tissue.
The respiratory response of both root and leaf tissues
to toxin was measured, since different tissues might differ in
toxin sensitivity. Cuttings of corn plants were allowed to
take up HC-toxin (5 ug/ml) for varying periods of time. Sec-
tions of leaves were cut from treated and control plants, and

oxygen uptake was measured as described above. Two to 4 hours
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treatment with toxin (5 ug/ml) caused no effect on respiration
of leaf tissues (Table 13). These cuttings had taken up enough
toxin to cause visible symptoms to appear later, as was shown
by holding some of the treated cuttings at room temperature

for 2 days. Eight hour exposure to toxin caused a 30% increase
in oxygen uptake, which was still evident after 30 hours ex-
posure. There was no visible damage to treated leaf tissues at
the time of 02 uptake measurements. However, in some other cases,
visible toxic effects were evident by 30 hours. Variations in
environmental conditions during the experiments and different
conditions of test plants might cause such differences. Oxygen
uptake by susceptible leaf tissues varied with concentration

of HC-toxin. Low concentrations had little or no effect on

O2 uptake (Table 14).

Effects of toxin on gas exchange by root tissue was de-
termined with roots of 5 day old seedlings, carefully selected
for uniformity. Roots of 6 plants were placed in each Warburg
flask containing 0.2 ml HC-toxin (500 pg/ml) and 1.8 ml White's
solution. Readings were taken at 20 minute intervals, after 10
minutes equbration at 25 C. Respiration of roots was not af-
fected by HC-toxin over a 2 hour period.

Susceptible oat tissue responds to HV-infection with an
increase in respifation. Respiratory rates of susceptible infected
and control plants are similar for 2 days following inoculation,

but on the third day the rate in infected plants rises sharply.
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It reaches a maximum of nearly twice the control rate on the
fourth day and then falls until on the eighth day it is well
below the control value (13). Comparable respiratory increases
are obtained with crude culture filtrates (38) and purified
toxin (44). The intensity of the response is modified greatly
by varying the conditions of treatment. Both roots and leaves
can be stimulated almost immediately after exposure to HV-toxin (44).
Generally, respiratory response of susceptible corn tis-
sue to HC-infection followed the same pattern, but with smaller
increases than with HV-infection. It reached a maximum 2 or 3
days after inoculation, with about 30% increase over controls.
A comparable increase in respiration can be achieved by treating
susceptible corn leaves with HC-toxin. However, the response is
much slower than with HV-toxin on oats. Exposure of corn tissues
for about 8 hours is required for a 30% increase in respiration

to develop.
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Effect of H. carbonum race 1 infection on oxygen uptake of
susceptible corn leaves.
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Table 13. Effect of HC-toxin on respiration of susceptible

corn leaves

Exposure
Experiment to toxin 07 uptakeﬁl % change
(hr)
1. 0 35 -
2 33 -6
4 34 -3
2. 0 545 -
8 709 +30
3. 0 43 -
30 60 +38

a/ ypl1 02 uptake/10 mg tissue (dry weight)/hr in ex-
periments 1 and 3. Values for experiment 2 are

per g fresh weight/hr.
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Table 14. Effect of HC-toxin concentration on respiratory

response of susceptible corn leavesa/

0, uptake/10 mg dry tissue/hr

Concentrationd/ Experiment 1 Experiment 2

(pg/ml) 2l % change  _ul % change
0 41 - 46 -
0.25 44 +7 43 -7
1.0 45 +10 46 0
4.5 47 +15 55 +20

a/ Cuttings were exposed to HC-toxin for 4 hr before
these determinations were made. This préparation
gave complete inhibition of root growth in the

standard bioassay at 4.5):g/m1.
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Effect of HC-toxin on incorporation of amino acid#rand

Cla-amino acids

ﬁfidine: The effect of toxin on incorporation of
or Claouridine by tissues was determined by measuring the amount
of radioactivity retained in TCA insoluble cellular fractions.
The protocol for these experiments is described in the methods'
section. Incorporation of amino acids into TCA insoluble‘cellu-
lar components was not affected by HC-toxin in exposures up to
6 hours. Longer exposures to toxin caused stimulation of amino
acid incorporation. Eight hours toxin (Slpg/ml) treatment fol-
lowed by a 4 hours incubation with Cla-labelled leucine or valine
at room temperature resulted in 23% increase in incorporation by
susceptible tissues and 43% by resistant tissues (Table 15). The
stimulation of amino acid incorporation might be related in some
way to increased growth of susceptible and resistant plant roots
caused by relatively low concentration of HC-toxin.

Similar results were obtained with uridine incorporation.
There was little or no effect of toxin on uridine incorporation
into TCA insoluble cellular components with toxin exposures of &
hours. Eight hours exposure to toxin (5 ug/ml) followed by 4 hours
incubation with cl%.uridine (2.5 pc/ml) gave stimulation in incor-
poration (30% by susceptible and 20% by resistant tissues). Still
longer exposures (22 hours) resulted in a 45% decreased incorpora-
tion in susceptible tissues but a 20% increase in incorporation in
the resistant tissues (Table 16). After 22 hours toxin treatment, there

was mild flaccidity of leaves of both resistant and susceptible plants.
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There is a fundamental difference in effect of HV- and
HC-toxin on protein and RNA synthesis of susceptible tissues.
Incorporation of the Cla-amino acids by resistant oat tissue was
not affected by HV-toxin, whereas incorporation by susceptible
oat tissue was practically stopped in a very short time by very
dilute toxin solutions (44). Synthesis of RNA in vivo also ap-
pears to be stopped very quickly and by very dilute HV-toxin

solutions (44).

Effect of HC-infection on dark fixation of CO, by ngvés:

Malca et al (28) have described the effects of HC-infection on
CMO2 uptake in the dark. Susceptible seedlings inoculated with
g. cérbbnum race 1 fixed less CO2 in the dark, while 002 uptake
by resistant tissue was not affected. However, this effect was
evident at 3 days after inoculation; earlier responses by intact
tissue were not detected. An earlier response might be expected,
since these workers reported increased 602 uptake by homogenates
prepared from the tissue shortly after inoculation (29). I have
repeated and tried to expand these experiments.

Corn seedlings were inoculated with several different con-
centrations of HC-spores ranging from O. D. 0.7 to 1.5 at 600 my,
as determined with a Spectronic 20 Colorimeter (Bausch and
Lomb). This amounted to more than 50 spores/microscopic field

(100X magnification). After inoculation, plants were held in a

moist chamber for 12 to 24 hours. Heavy infection was evident on



14

Table 15. Effect of HC-toxin on incorporation of C* -amino acids
into TCA insoluble cellular fraction by leaf tissues
of corn8/

Eprsure time
Plants Treatments 6 hours “évﬁ;;rgw'
cpmb/ % change CPM % change

Susceptible Control 309 - 372 -

Toxin 307 -1 457 +23

Resistant Control - - 320 -

Toxin - - 458 +43
a/ Cuttings were exposed in HC-toxin (5 pg/ml) for times

14

indicated. Incubation time with C" -amino acids was

4 hours.

CPM/0.1 ml/planchet, above background.
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Table 16. Effect of HC-toxin on uridine-c14

incqrporation into

TCA insoluble cellular component by corn leaf tlssuesﬁl

Exposure time

4 hours 8 hours

22 hours

Plants Treatments /
cPM2/ % change CPM

% change CPM % change

Susceptible Control 79 - 218
Toxin 87 +10 282
Resistant Control 105 - 173
Toxin 116 +11 206

+29

+19

218

119

169

202

=45

+20

a/ Cuttings were exposed to HC-toxin (S‘pg/ml) for times indicated,

followed by 4 hours incubation with C

b/ CPM, above background/0.2 ml/planchet.

63

A-uridine.



64

on inoculated leaves after 24 hours incubation in moist chambers
at room temperature. The second leaf above the primary leaves
was cut and used for CO, fixation experiments. CO, fixation in
the dark was decreased by infection in all cases, with all incu-
bation times and inoculum concentrations used. The reduction
ranged from 65 to 83% over non-inoculated controls.

Malca et al did not include non-pathogenic control inocu-
lations in their experiments. Accordingly, susceptible corn
seedlings (K61 x Pr) were inoculated with a spore suspension of
H. victoriae (0D 0.9 at 600 mu) and kept in the moist chamber
for 24 hours. The inoculated leaves were then used to determine
002 fixation in the dark. This fungus penetrates corn tissues,
but infection fails to develop. Corn leaves inoculated with

H. victoriae had 55% lower CO, fixation in the dark than did

2

comparable non-inoculated control leaves.

Effect of HC-toxin on dgfk fixgtion of €O, bi leaves: Trans-
piring susceptible cuttings were allowed to take up HC-toxin for
4 hours and then were exposed in 01402 for another 4 hours. The
leaves thus treated were combusted to CO, and the 01402 fixed by
tissue was determined (see "Materials and Methods"). CO2 fixation
in the dark by both resistant and susceptible tissues was stimulated
after 4 hours exposure to toxin (Table 17). Longer exposures to
toxin tended to decrease the dark fixation of COZ' The results

indicate that stimulation of CO2 dark fixation is correlated with

toxin concentrations, since SO‘pg toxin/ml caused much more
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stimilation than did 5 ug toxin/ml (Table 17). Both susceptible
and resistant tissues showed the same tendency, although the
resistant tissue was stimulated significantly less than was
susceptible tissue under the conditions of the experiment. This
difference appears to reflect the difference in response of re-
sistant and susceptible tissue as measured by other parameters.
These data support the idea that resistant and susceptible plants
differ quantitatively rather than qualitatively.

HC-toxin treated cuttings were placed in the dark for 2 hours,
followed by a 4 hour exposure to 01402 in the dark. The purpose of
this treatment was to see if pre-treatment in the dark affects later
dark fixations, as was shown by Daly and Livne (8) in a study of
rust infections of wheat and bean. CO, fixation in the dark was in-
creased only 16% by toxin treatment (50 ug/ml) when a dark period
preceded the 0;402 incubation period. In contrast, without the pre-
dark treatment, HC-toxin (50‘pg/m1) caused 90% increase in fixation.

Chemical or other non-specific injuries might also cause
increased 002 fixation in the dark, as is the case with soybeans
fumigated with hydrogen fluoride (58). Corn cuttings were allowed
to take up 5 x 10'4M copper sulfate solution for 4 hours, followed
by 4 hours exposure to 01402 in the dark. The amount of radio-
activity fixed by leaf tissues was compared to that fixed by une
treated control tissues. Copper sulfate solution caused a mild

flaccidity in the treated leaves after 4 hours, and a decrease in

co

, fixation in the dark (Table 18).



Table 17. Effect of HC-toxin on c1‘o dark fixation by corn tissues

2
Bt Toxin 002
Experiment Tissue TreatmentsE/ Concentration Fixatio % change
No. type (ug/ml) (cpM)2
1. Susceptible Control 0 464 -
Toxin 50 1,379 +198
2. Susceptible Control 0 50 -
Toxin 50 95 +90
3. Resistant Control 0 361 -
Toxin 50 485 +34
4, Susceptible Control 0 490 -
Toxin 5 706 +44
5. Susceptible Control 0 355 -
Toxin 5 461 +30
6. Resistant Control 0 105 -
Toxin 5 128 +*22

a/ Cuttings were exposed to toxin solution for 4 hours before exposure

to 01402 in the dark.

b/ Above background.
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Table 18. Effect of copper sulfate on 0140 fixation in the dark by

2
corn leaves
Experiment Treatment2/ cll‘o2 Fixeal/ % change

No..

1. Control 425 -
Copper sulfate 291 -32

2. Control 442 -
Copper sulfate 277 =37

g/ Cuttings took up copper sulfate solution (5 x IO-AM) for 4 hours

before exposure to 01402 for an additional 4 hours.

b/ CPM/0.2 ml/planchet, above background.
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Effect of HC-toxin on CO2 incorporation by cell free systems:

The previous experiment indicated that carboxylations by corn
tissue were stimulated by HC-toxin. There are several known
mechanisms for carboxylations by plant tissues. Malca et al (29),
in their study of HC-infected tissues indicated that the increase
in conversion of ribose-5-phosphate to ribulose-1,5-diphosphate
following HC-infection provided high substrate levels for carboxy-
dismutase activity, thus stimulating CO2 fixation. The effect

of HC-toxin on this and other carboxylation mechanisms was ex-
amined.

Susceptible corn cuttings were allowed to take up HC-
toxin (SApg/ml) for 4 hours, followed by 4 hours incubation in
the dark at room temperature. Leaves were then cut and ground in
a mortar with washed sea sand. The homogenate was filtered,
centrifuged, and the supernatant was used as an enzyme sourcee.
Several carboxylation systems were tested (see "Materials and
Methods") with appropriate substrates and cofactors.

The phosphoenol pyruvate reaction system was affected
slightly by HC-toxin treatment, with a 10 to 40% decrease in
CO2 fixation. The 3-phosphoglyceric acid reaction system was
not affected significantly by HC-toxin. Extracts of HC-toxin
treated cuttings showed a marked increase in the activity of the
ribose-5-phosphate recation system. Four separate experiments
showed the same tendency (Tables 19, 20), with a 47 to 99%

increase in activity of the Rib-5-P reaction system. Similar
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results were obtained by Malca et al (29) with extracts made
shortly after HC-inoculation with a low concentration of spores.
However, when susceptible plants were inocplated with a heavy
concentration of spores, there was a reduction in activity of
Rib-5-P reaction system. The data are not conclusive for the
ribulose-1,5-diphosphate reaction system, since HC-toxin caused
a 22% increase in one experiment and a 23% decrease in another
(Table 19).

The conversion rate of Rib-5-P to Rul-1-P,5-F was qalculated by
the method described by Malca (29), with slight modification.

Briefly, the conversion rate is calculated as follows:

CPM in Rib-5-P-toxin / CPM in Rul-1-P,5-P-toxin. This ratio pro-
CPM in Rib-5-P-Ck / CPM in Rul-1-P,5-P-Ck

vides an index of the formation of Rul-1-P,5-P from Rib-5-P by ex-

tracts of toxin treated cuttings in relation to that of control cut-
tings. A ratio of 1 indicates that the conversion is proceeding at
an equal rate in toxin treated and control extracts; in other
words, no effect of toxin. A ratio of more than 1 indicates a
higher rate of conversion in extracts of toxin treated leaves. A
ratio of less than 1 indicates less activity in toxin treated than
in the control leaf extracts. The calculated conversion rate of
Ribe5-P to Rul-1-P,5-P from experiments 1 and 2 (Table 19), was
respectively 1.32 and 1.93. The data indicate that stimulation

of the Rib-5-P reaction system by HC-treatment was caused by stimu-
lation of either phosphoriboisomerase or phosphoribulokinase or

both, but not of carboxydismutase. These results are comparable
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to those of Malca et al, using susceptible corn tissues and a
low inoculum level (29).

The effect of HC-toxin was tested further by use of cell-
free carboxylation system from corn. A supernatant enzyme
was extracted from healthy tissue and toxin was added after ex-
traction. The following substances (in Ju moles) were added to
0.3 ml of the supernatant enzyme: MgClz, 15; NaHCO3, 5 (con-
taining 25 uc); Tris buffer pH 8.0, 150; ATP, 2; and Rib-5-P,
2. Water was added to bring the total volume to 1 ml. Proper
controls were included for comparisons. Before addition of

14

HC 03', HC-toxin at 0.5, 2,5, or S.O‘pg/ml was added and the

reaction mixture was incubated at room temperature for 30 minutes.
Immediately after addition of aclaos', the mixture was placed at
37 C for 10 minutes. After 37 C incubation, 0.1 ml 1N HCl was
added to stop the reaction, and 0.2 ml aliquots were taken for
radiocactivity counts. The results indicated that HC-toxin

caused a reduction in carboxylation by carboxydismutase activity,
and indicated that the Rib-5-P reaction system is not a primary
site‘of toxin action. However, the experiment should be repeated,
since incubation of enzyme preparation in the reaction mixture at
room temperature for 30 minutes before addition of radioactive

sodium bicarbonate might use up Rib-5-P in the reaction mixture

and affect further reactions.



Table 19. Effect of HC-toxin, added before extraction, on the activities

of cell-free carboxylation systems

Radioactivity fixed (CPM)

Experiment 1 Experiment 2 |

Reaction systemsﬁ/ Con- Treat- Change Con- Trea;- Change
| trol  ed trol  ed

R CPM CPM % CPM CPM %
PEP4CO,+Mg** 714 637 -11 90 57 -37
3PGA+CO, #Mg** 765 641 -16 36 33 -8
Ru1-1-p,5-1=+c02+ug*" 263 321 +22 86 66 -23
Rib-5-PeATP4CO,4Mg** 400 645 +61 36 53 +47
Mg?"* + Co, 7 16 -2 -0.5
Mg**4C0, + ATP % 23 0.2  =2.5
Mg**ts €O, +Rib-5-P 23 26 2.5 0.9

g/ All reaction mixtures had a total volume of 1.0 ml, including
0.3 ml supernatant enzymes. Other conponents, as needed (in u moles)

1

were MgCl,, 15; NaHCO,, 5 (vith 25 pc HC'*0,7); Tris buffer, pH 8.0,

150; ATP, 2; Rib-5-P, 23 Rul-1-P,5-P, 1; PEP, 2; and PGA, 2.
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Table 20. Cellefree carboxylation activities from HC-toxin

treated tissues

Radioactivity fixed (CPM)

Experiment 1

Experiment 2

Reaction systonsil Con- Treat- Change Con- Treat- Change
trol ed trol ed
' CPM CPM % CPM CPM %
Rib-s-p+Arp+coz+Mg“ 89 177 +99 448 848 +89
Mg*t 4 CO, + ATP 1 5 30 30
Mg*t + €O, + Rib-5-P 2 6 66 44
Rib-5-P+ATP+CO_+Mg**s
boiled enzyme
-2 - -

preparationB/ -2

a/  All reaction mixtures had a total volume of 1.0 ml, including 0.3 ml

supernatant enzymes. Other components, as needed (inp moles) were

MgCl,, 15; NaHCO,, 5 (with 25 pc HC

ATP, 2; Rib-5-P, 2; Rul-l-P,5-P, 13 PEP, 23 and PGA, 2.

1

403'); Tris buffer, pH 8.0, 150;

g/ 0.3 ml boiled supernatant enzymes was used with other specified

components.
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Effect of HV-toxin on 002 dark fixation by oat tissues:

Leaves of oats (cvs. Clinton and Park) were treated with HV-

toxin before being exposed to Cu‘O2

activity fixed by treated leaves was compared to that fixed

s and thereafter the radio-

by untreated control leaves. 002 fixation by susceptible leaf
tissues in the dark was stimulated by HV-toxin (Table 21).

Highest stimulation was obtained after 4 hours treatment with
0.32‘pg HV-toxin/ml. CO2 fixation by resistant oat leaves was
not affected by the same treatment. In some cases, there may

have been a decrease in CO2 fixation by treated resistant leaves

(Table 22), but this is probably due to experimental error.



Table 21. Effect of HV-toxin on €140, fixation in the dark

by susceptible oat leaves (cv. Park)

Experiment Treatment Exposure cl40, fixed % change
No. time (cpfia/
1. Control 0 74 -
Toxin (0.8 pg/ml)hl 30 min. 80 +8
2. Control 0 147 -
Toxin (0.8 pg/ml) 30 min. 157 +7
3. Control 0 123 -
Toxin (0.32)Jg/m1) 4 hr 222 +81
4. Control 0 117 -
Toxin (0.16/pg/m1) 4 hr 158 +35
a/ Counts for experiment 1 are the av. CPM (above background)/

0.1 ml/ planchet (2 planchets); Counts for experiments 2, 3
and 4 are av. CPM/0.2 ml/planchet.
Toxin preparation completely inhibited root growth of sus-

ceptible seedlings at 0.016 ug/ml.
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Table 22. Effect of HV-toxin on 01402 fixation by resistant oat

leaves (cv. Clinton)

Experiment Treatment Exposure 01402 fi:;ed % change
No. { cpM)2
° ey om0
1. Control 0 148 -
Toxin2/(0.32 pg/m1) 4 120 -19
2. Control 0 83 -
Toxin (0.32 ).lg/ml) 4 81 -2

a/ Av. CPM (above background)/0.2 ml/planchet (2 planchets).

b/ Toxin preparation completely inhibited root growth of sus-

ceptible seedlings at 0.016 )Jg/ml.
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DISCUSSION

The discovery in 1965 of a host specific disease deter-
minant from Helminthosporium carbonum strengthened the concept of
chemical determinants of pathogenicity (45). This concept is
not widely accepted simply because so few examples are known.
Therefore, the objections to the concept are based on negative
evidence which is never conclusive. Technical difficulties might
account for the few successes in finding host-specific or other
toxins involved in pathogenicity. More successful examples should
be expected from careful studies of other host-pathogen combinations.

The correlation between HC-toxin sensitivity and suscepti-
bility to H. carbonum-infection, with different types of corn,
strengthened the idea of HC-toxin as a primary determinant of
pathogenicity. H. carbonuh susceptible corn varieties were highly
sensitive to HC-toxin, while H. carbonum resistant corn was much
less sensitive to the toxin. An inbred corn line that was inter-
mediate in the resistant to susceptiﬁle scale in field evalua-
tions was also intermediate in sensitivity to HC-toxin. Similar
correlations are known for H. victoriae-infection and HV-toxin.
The discovery of these intermediate types indicate that there
are quantitative differences in toxin receptors or transport-

ing system in cells.
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Several cases are described in the literature which offer
good promise for finding still more host specific toxins. A good
example is leaf scorch disease of sugarcane, caused by Stagonospora
sacchari Lo et Lin. Several aspects of the disease are analogous
to Victoria blight of oats caused by Cochliobolus victoriae (38,
44). Leaf scorch appeared suddenly in Taiwan in 1949 on sugarcane
varieties newly introduced from India. The disease spread quick!y
over all sugarcane plantations on the island. Many highly desir-
able commercial varieties were abandoned before the disease was
finally controlled by development and adoption of resistant sugar-
cane varieties. The origin of the causal fungus, S. sacchari, re-
ceived considerable attention. Evidences for the endemic occur-
rence of the fungus came from isolation of the fungus from grasses
other than sugarcane. Furthermore, the fungus was observed on
herbarium specimens collected by Sawada in 1909. The fungus
was found as a weak parasite on a red-skinned sugarcane (cv.
Badila) and on a number of wild grasses, as shown by isolation
from Miscanthus japonica and Miscanthus sinensis (24). The disease
is now under control, and is ignored by contemporary sugarcane
breeders and plant pathologists. Possible production of a host-
specific toxin by the pathogen was never tested.

Hale et al in 1962 described effects of H. carbonum cul-
ture filtrates that might have been caused by the host-specific
toxin (15). The growth of excised stems of pea, a non-host

plant, was inhibited by a relatively low dilution of culture
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filtrate. Growth of coleoptiles from susceptible corn plants

was also inhibited, while growth of comparable resistant coleop-
tiles was stimulated. My data show thatllow concentrations of
highly purified HC-toxin stimulate growth of both susceptible and
resistant seedlings. The explanation of this stimulation is un-
known. It could possibly depend on stimulated protein and RNA
synthesis resulting from release of bound enzymes, on effects

at the translation level of protein synthesis, or on changes in
cell permeability. The use of an active ribosomal preparation
might help to answer such questions.

HC-toxin had an inhibitory effect on growth of several
non-host plants, including tomato, cabbage and cucumber. Tomato
plants, for example, were more sensitive than HC-resistant corn,
but less sensitive than HC-susceptible corn. These effects might
be caused by impurities in the toxin preparation used. How-
ever, this seemed unlikely, since the toxin was carefully puri-
fied and the concentration which caused inhibition of non-host
plants was relatively low.(5 pg/ml). Growth of seedling roots
varies with species in sensitivity to many deleterious factors.
Some are extremely sensitive to many substances. This possible
explanation of the results was not examined further.

Very high concentration of HV-toxin (3.6 mg/ml) also
caused inhibition of root growth of a resistant oat cultivar
(Clinton), sorghum, and other non-host plants. Incomplete

separation of victoxinine from toxin might explain the effect on
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resistant plants at high concentrations of toxin. Separation of
victoxinine from HV-toxin by gel filtration (Bio Gel P-2, 100-
200) was somewhat unsatisfactory (unpublished data). A better
separation method should be developed in order to rule out the
possibility. However, the fact that wheatrand sorghum were more
sensitive to‘high concentrations of the HV-toxin preparation
than were the resistant oats (cv. Clinton) argues against vic-
toxinine contamination as a factor. Sorghum and wheat are more
resistant to victoxinine-HCl1 than are oats (42). High concen-
trations of some amino acids are known to be toxic to growth of
microorganisms (25, 54). Similar non-specific mechanisms could
inhibit the growth of higher plants because increase of toxin
concentration means an increase in peptide concentration (38).

High concentrations of HC-toxin inhibited root growth of
corn plants, while low concentrations were stimulatory. This
dual effect of HC-toxin on growth appears to be a basic differ=
ence between HC- and HV-toxins. HC-toxin behaves like some growth
regulators. Low concentrations of IAA and several other plant
hormones caused increased growth and respiration of coleop-
tiles, but concentrations greater than 10'4 or 10'3M were in-
hobitory to both growth and respiration (11).

The plasma membrane is the main barrier in plant tissues
to diffusable substances. Membranes of cells are known to be
poorly permeable to hydrophilic substances (21). HV- and HC-

toxins have this property; therefore it seems unlikely that they
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cross plasma membrane simply by diffusion. This fact, plus the

high host-selectivity of the toxins indicate the need of speciallzed
mechanisms for toxin uptake if they do not act on the outer surface
of the plasma membrane (21). A receptor or binding site in the
susceptible plasma membrane is thought to account for suscepti-
bility to HV-toxin (43).

All attempts to obtain direct evidence for HC-toxin uptake
by corn plants were inconclusive, as was the case with HV-toxin
(43). The use of Cl% 1labelled toxin and cell fractionation, as
well as attempted recovery of the toxin from treated cuttings, gave
no conclusive data. However, indirect evidence indicated that
HC-toxin was taken up by corn plants. The rate of toxin uptake,
as measured by later toxin effects, varied directly with toxin
concentration and exposure time. Inhibition of root growth fol-
lowing earlier toxin exposure (used as a measure of toxin uptgke)
did not increase linearly with increasing concentration of HC-
toxin. Instead, the response leveled off at higher concentrations,
suggesting the existance of binding sites which governed a rate
limiting step of uptake. HC-toxin activity toward susceptible
corn plants was temperature-dependent during the time of exposure
to toxin. Toxic activity was not expressed if plants were held
under anaerobic conditions during the limited time of toxin ex-
posure. 2,4-dinitrophenol, sodium azide, and potassium cyanide
treatment durint the time of exposure to toxin likewise decreased

later evidences of toxin action.
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All evidence indicated that toxin uptake required energy
of metabolism. The data with DNP fit this conclusion, because
it would make less ATP available for energy-requiring reactions,
although it probably has effects other than uncoupling of phos-
phorylation from oxidation. Data from sodium azide and potassium
cyanide treatment also fit a concept of an energy requiring step
in toxin uptake, since these substances are known to interfere
with energy metabolism.

In contrast to the case with HC-toxin, all data indicate
that HV-toxin uptake is a simple process, possibly a l-step ad-
sorption to a receptor (43), which does not require metabolic
energy.

An active transport system requiring metabolic energy is
postulated for uptake of HC-toxin. Such a system may be compar-
able to known systems, such as that for sulfate and thiosulfate
uptake by Salmonella typhimurium (9, 37). The sulfate transport
system is energy and temperature dependent. Results of genetic
studies indicated that three discrete cistrons were responsible
for forming the elements of the transport system (9). Binding
and transport of sulfate ions require separate factors. The bind-
ing component was isolated by Pardee et al (37), and shown to be
a protein with a molecular weight of 32,000. Binding of sulfate
ion to binding sites was complete in 20 seconds and was energy
independent. However, the transport phase required expended

cellular energy (9). This fact might be useful in understanding
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the difference between HV- and HC-toxin uptake. For HV-toxin,
binding of toxin molecules to binding sites could result in
immediate disruption of plasma membranes. HC-toxin may be moved
by a transporting system.

It seems illogical that corn cells would have an active
transport specific to a toxic substance. A more reasonable
speculation is that toxin is carried by a transport system which
carries similar substances normally involved in metabolism. A
parallel is known for lysine, whose transport system will carry
arginine as well (12). Resistance of corn plants to HC-toxin
may not be based on lack of a toxin transporting system; growth
of resistant corn can be stimulated or inhibited by toxin, al-
though higher concentrations are needed for resistant than for
comparable effects on susceptible tissue. Resistance and suscep-
tibility might be based on differences in affinity for binding
sites.

Several observations indicate that HV- and HC-toxins have
quantitative and/or qualitative differences in their effects on
host tissue, the most significant of these being the difference
in uptake. Otherwise, HC-toxin caused stimulation of protein
and RNA synthesis after brief exposure of tissues. Low concen-
trations of HC-toxin also stimulated growth of both resistant and
susceptible seedlings. These phenomena have never been observed
with HV-toxin. Electrolyte leakage from toxin treated leaf tissues

of susceptible corn developed very slowly with HC-toxin, although
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long treatments and high toxin concentrations resulted in electro-
lyte loss, decreased synthesis, and inhibition of growth. In
contrast, susceptible oat tissues had increased electrolyte loss
almost immediately after exposure to HV-toxin.

HV- and HC-toxins also differ in the speed and magnitude
of the respiratory responses elicited in susceptible tissue. H.
viétoriae-infection or HV-toxin treatment results in a rapid and
dramatic stimulation in gas exchange. This could result from a
quick disruption of membranes by the toxin, which leads to ion
leakage and activation of anion respiration (4, 41). g.,carﬁonhm-
infection and HC-toxin cause a relatively slow and weak respiratory
response in susceptible tissue. HC-toxin appears to use an active
transport system, and all the secondary effects of toxicity may
be limited by this system. There is of course no available evi-
dence to show that anion respiration is responsible for stimulated
respiration in either corn or oats after toxin treatment.

The earliest effect of HC-toxin observed to date was an
increase in 002 fixation by tissues in the dark. A series of
experiments indicated that the stimulated CO2 fixation was specific
to toxin action. A tissue-invading non-pathogenic fungus and chemi-
cal injuries did not stimulate CO2 fixation in the dark. With
oats and HV-toxin, susceptible but not resistant oats had a stimu-
lation in 002 dark fixation. Very high concentrations of HV-toxin

were not tested on resistant oats, but it is clear that the dif-

ference between resistant and susceptible oats in this category
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is much greater than with HC-resistant and susceptible corn.

The significance of infection-stimulated 002 fixation in
the dark is not known. Its function as a nutritional factor in
parasitism was suggested by Micocha et al (34), but this has been
questioned by Daly (8). It could affect pH or permeability of
infected cells. All previous studies have not determined whether
increased 002 dark fixation reflected a change in host tissue
or was simply reflection of fungus metabolism. The use of HC-
toxin rather than fungus infection shows clearly that this change
occurs in host tissue.

H. carbonum infection causes a decrease rather than an
increase in dark fixation of CO2 (28). My results confirm this
negative finding. On the surface, this appears to conflict with
the finding that toxin causes increased fixation. However, Malca
et al. (29), using cell-free extracts from infected tissue, found
that increased potential for CO2 fixation in the dark existed in
tissues shortly after inoculation. The increase was soon fol-
lowed by a sharp decrease in 002 fixing potential. Data were pre-
sented to show that the decrease was caused by accumulation of
metabolic inhibitors in infected tissue. Decreased CO2 fixation
occurred with injuries such as those caused by copper sulfate
and invasion by non-pathogens. It seems likely that any in-
jury to tissue will soon lead to decreased CO2 fixing potential.

Overall, the data on effects of infection and toxin treatment do

not contradict the hypothesis that toxin causes the biochemical
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changes of disease development.

Several enzymes can be responsible for dark 002 fixation
(56), but factors other than enzymes may be rate limiting and
can lead to increased rate of 002 fixation in the dark. My data
indicate that the activities of phosphoriboisomerase (19), or of
phosphoribulok#nase (18), or both, which are involved in conver-
sion of ribose-5-phosphate to ribulose-1l,5-diphosphate were
stimulated by HC-toxin treatment. These results parallel the
findings of Malca et al. (29) with H. carbonum infection. These
activities should provide higher substrate concentrations for
carboxydismutase activity.

Carboxydismutase is a key enzyme in photosynthesis and
is located mainly in chloroplasts (16, 26). It would be easy
to conclude from these data that toxin has a direct effect on
chloroplasts. Carboxydismutase, phosphoriboisomerase, and
phosphoribulokinase‘activities were once thought to be an enzyme
complex in fraction-I of leaf protein (32). Recently, carboxy-
dismutase was separated from the other two enzymes (49). My
data indicate that the stimulation of 002 fixation by HC-toxin
is not a direct effect on carboxydismitase, but results from a stimu-
lation in conversion of Rib-5-P to Rul-1-P,5-P, which provides more
substrate for carboxydismutase. Therefore, HC-toxin could act
directly on intracellular sites other than chloroplasts. In-
creased glucose-6-phosphate and 6-phosphogluconate dehydrogenase

activities in H. carbonum infected tissues were reported (30),
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and a stlmula;ion in the pentose pathway is possible. Parallel
effects of HC-toxin would be expected. Even though stimulation
of CO2 fixation in the dark is an early result of HC-toxin action,
there is some reason to believe that the whole effect is a secon-
dary event in action of the toxin. No increase in 002 fixation
resulted when HC-toxin was added to plant extracts in a medium
capable of supporting the reactions leading to 002 fixation.

Toxin appears to affect other systems in intact tissues, which

in turn leads to stimulation in the CO2 fixing reactions.



1.

4.

5.

6.

7.

8.

9.

10.

11.

LITERATURE CITED

Akazawa, T., and L. Ramakrishnan. 1967. Change in chloroplast
proteins of the rice plant infected by the blast fungus Piri-
cularia oryzae, p. 329-341. In C. J. Mirocha and I. Uritani
(ed.s The dynamic role of molecular constituents in plant-
parasite interaction. Bruce Publishing Co., Minnesota.

Aronoff, S. 1956, Techniques of radiobiochemistry. Ames, Iowa
State College Press. 228 p.

Black, H. S. and H. Wheeler. 1962. Release and reaccumulation of
electrolytes by cells and cell fractions after treatment with
victorin. Phytopathology.- 52: 725 (Abstr.).

Black, H. S., and H. Wheeler. 1966. Biochemical effects of vic-
torin on oat tissues and mitochondria. Amer. J. Bot. 53: 1108-
1112.

Bolar, McL. 1962. Studies of tricarboxylic acid cycle inter-
mediates in safflower infected with Puccinia carthami. Phyto-
pathology 52: 4. (Abstr.)

Collins, R. P., and R. P. Scheffer. 1958. Respiratory responses
and systemic effects in Fusarium infected tomato plants. Phyto-
pathology 48: 349-355,

Daly, J. M. and L. R. Krupka. 1962. Effect of Puccinia graminis
tritici on organic acid content of wheat leaves. Plant Physiol.
37: 277-282.

Daly, J. M. and A. Livne. 1966. Dark fixation of carbon dioxide
by healthy and rust-affected leaves of wheat and bean. Phyto-
pathology 56: 164-169.

Dreyfuss, J. 1964. Characterization of a sulfate- and thiosulfate-
transporting system in Salmonella typhimurium. Je. Biol. Chem.
239: 2292.2297.

Folin, O, and W. Denis. 1912. On phosphotungstic-phosphomolybdic
compounds as color reagents. J. Biol. Chem. 12: 239.251.

French, R. C., and H. Beevers. 1953. Respiratory and growth

responses induced by growth regulators and allied compounds.
Amer. J. Bot. 40 660-666.

87



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

88

Grenson, M.’ M. Mﬂusset, G. M. Wiame and J. Bechet. 1966. Multi-
plicity of the amino acid permeases in Saccharomyces cerevisiae.
I. Evidence for a specific arginine transporting system. Biochim.
Biophys. Acta 127: 325-338.

Grimm, R. B. and H. Wheeler. 1963. Respiratory and enzymatic changes
in Victoria blight of oats. Phytopathology 53: 436-440.

Hale, M. G. and C. W. Roane. 1961l. The mutrition of Helmihthosggriun
carbomum race 1 in relation to parasitism of corn. Phytopathology
51: 235-240.

Hale, M. G., C. W. Roane, and M. R. C. Huang. 1962. Effect of
growth regulator on size and number of leaf spots, and on 0, uptake
and extension growth of coleoptile sections of corn inbred Iines
K41 and K44. Phytopathology 52: 185-191.

Heber, U., N. G. Pon, and M. Heber. 1963. Localization of carboxy-
dismutase and Triosephosphate dehydrogenases in chloroplasts.
Plant Physiol. 38: 355-360.

Humphreys, T. E., and W. M. Dugger, Jr. 1957. The effect of
2,4-dichlorophenoxy acetic acid on the respiration of etiolated
pea seedlings. Plant Physiol. 32: 530-536.

Hurwitz, J., A. Welssbach, B. L. Horecker and P. Z. Smyrniotis.
1956. Spinach phosphoribulokinase. J. Biol. Chem. 218: 769-783.

Jakoby, W. B., D. O. Brummond, and S. Ochoa. 1956, Formation of
3-phosphoglyceric acid by carbon dioxide fixation with spinach leaf
enzymes. J. Biol. Chem. 218: 811-822,

Jennings, P R. and A. J. Ullstrup. 1957. A histological study
of three Helminthosporium leaf blights of corn. Phytopathology
47: 707-714.

Kepes, A. 1963. Permeases: identification and mechanism, Vol. 8,
p. 38-48. In N. E. Gibbons (ed.) Recent progress in microbiology.
University of Toronto Press.

Kirdly, Z., and G. L. Farkas. 1962. Relation between phenol
metabolism and stem rust resistance in wheat. Phytopathology
52: 657-664.

Kuc, Go 1955. A biochemical study of the nature of disease resis-
tance in plants. Ph. D. Thesis, Purdue University.

Kuo, M. S. 1953. Comparative studies of Stagonespora sacchari and
Stagonespora sp. isolated from Miscanthus grass. B. S. Thesis,
Provincial Chung Hsing University, Taliwan.



89

25. Lewis, R We 1957. Amino acid nutrition of Alternaria solani.
Phytopathology 47: 121-125.

26. Lyttleton, J. W. and P. O. P. Ts'o. 1958. The localization of
Fraction 1 protein of green leaves in the chloroplasts. Arch.
Biochem. and Biophys. 73: 120-126.

27. luke, H.H. and T. E. Freeman. 1962. Effect of victoria on the
Krebs cycle acids of oat varieties expressing variable reactions
to H. victoriae. Phytopathology 52: 19. (Abstr.).

28. Malca, I., and F. P. Zscheile, Jr. 1963. Effect of the Helmin-
thosporium leaf spot disease on organic acid content of corn
seedlings. Phytopathology 53: 341-343.

29. Malca, I., R. C. Huffaker, and F. P. Zscheile, Jr. 1964. Stimu-
lation and depression of cell-free carboxylating systems in rela-
tion to development of the Helminthosporium leaf spot disease of
maize. Phytopathology 54: 663-669.

30. Malca, I. and F. P. Zscheile, Jr. 1964. Dehydrogenase activity
in relation to development of the Helminthosporium leaf spot
disease of maize. Phytopathology 54: 1281-1282.

31. McComb, A. J. 1964. The preparation of Cl%

acid. J. Gen. Microbiol. 34: 401-411.

-labelled gibberellic

32. Mendiola, L. and T. Akazawa. 1964. Partial purification and the
engymatic nature of fraction I protein of rice leaves. Bio-
chemistry 3: 174-179. ’

33, Mirocha, C. J. and A. I. Zaki. 1965. Fixation of 01402 in the
dark by fungus-infected bean, beet, barley and oat plants.
Phytopathology 55: 940-941.

34. Mirocha, C. J., and P. D. Rick. 1967. Carbon dioxide fixation
in the dark as a nutritional factor in parasitism, p. 121-143.
In C. J. Mirocha and I. Uritani (ed.) The dynamic role of molecular
constituents in plant-parasite interaction. Bruce Publishing Co.,
Minnesota.

35. Nelson 0. E. and A. J. Ullstrup. 1964. Resistance to leaf spot
in maize. J. Hered. 55: 195-199.

36. Osborne, D. Jo. 1962, Effect of kinetin on protein and nmucleic
acid metabolism in Xanthium leaves during senescence. Plant
Physiol. 37: 595-602.

37. Pardee, A. B., L. S. Prestidge, M. B. Whipple and J. Dreyfuss. 1966.
A binding site for sulfate and its relation to sulfate transport
into Salmonella typnimurium. J. Biol. Chem. 241: 3962-3969.



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

90

Pringle, R. B., and R. P. Scheffer. 1964. Host-specific plant
toxins. Ann. Rev. Phytopathol. 2: 133-156.

Pringle, R. B., and R. P. Scheffer. 1967. Isolation of the host-
specific toxin and a related. substance with non-specific toxicity
from Helminthosporium carbonum. Phytopathology 57: 1169-1172.

Samaddar, K. R. 1968. Unpublished data.

Samaddar, K. R., and R. P. Scheffer. 1968. Effect of the specific
toxin in Helminthosporium victoriae on host cell membrane. Plant
Physiol. 43: 21-28.

Scheffer, R. P., and R. B. Pringle. 1963. Toxicity of victoxinine.
Phytopathology 53: 558-561.

Scheffer, R. P., and R. B. Pringle. 1964. Uptake of Helmintho-
sporium victoriae toxin by oat tissue. Phytopathology 54: 832-835.

Scheffer, R. P., and R. B. Pringle. 1967. Pathogen-produced de-
terminants of disease and their effects on host plants, p. 217-236.
In C. J. Mirocha and I. Uritani (ed.) The dynamic role of molecular
constituents in plant parasite interaction. Bruce Publishing
Co., Minnesota.

Scheffer, R. P. and A. J..Ullstrup. 1965. A host-specific meta-
bolite from Helminthosporium carbonum. Phytopathology 55: 1037-
1038. ' ]

Scheffer, R. P., R. R. Nelson, and A. J. Ullstrup. 1967. Inheri-
tance of toxin production and pathogenicity in Cochliobolus carbonum
and Cochliobolus victoriae. Phytopathology 57: 1288-1291.

Scott, K. J., and R« M. Smillie. 1963. Possible relation between
photosynthesis and the rise in respiration in diseased leaves.
Nature 197: 1319-1320.

Shaw, M., and D. J. Samborski. 1956. The physiology of host-
parasite relations. I. The accumulation of radioactive sub-
stances at infection of facultative and obligate parasites, in-

- cluding tobacco mosaic virus. Can. J. Bot. 34: 389-405.

Trown, P. W 1965. An improved method for the isolation of carboxy-
dismutase. Probable identity with fraction I protein and the
protein moiety of protochlorophyll holochrome. Biochemistry 4:
908-918.

UIIStrup, A. J. 1941. Two physiélogic races of Helminthosporium
maydis in the corn belt. Phytopathology 31: 508-521.



51.

52.

53.

55.

56'

57.

58.

59.

91

Ullstrup, A. J. 1944. Further studies on a species of Helmihfho-
sporium parasitizing corn. Phytopathology 34: 214-222.

Ullstrup, A. J., and A. M. Brunson. 1947. Linkage relationships of
a gene in corn determining susceptibility to a Helminthosporium
leaf spot. J. Amer. Soc. Agron. 39: 606-609. )

Umbreit, W. W., R. H. Burris, and J. F. Stauffer. 1964. Manometric

techniques. 4th ed. Burgess Publishing Co., Minpeapolis, 305 p.

Van Lanen, J. M., A. J. Riker, and I. L. Baldwin. 1952.' The effect
of amino acids and related compounds upon the growth, virulence, and
enzyme activity of crown gall bacteria. J. of Bact. 63: 723-734.

Wheeler, H., ‘and H. S. Black. 1963. Effects of Helminthosporium
victoriae and victorin upon permeability. Amer. J. Bot. 50:
686-693. )

Wood, H. G. and M. F. Utter. 1965. The role of CO, fixation in
metabolism. Vol. 1, p. 1-27. In P. N. Campbell and G. D. Greville
(ed.) Essays in biochemistry. Academic Press, N. Y.

Wu, L. C. and R.P. Scheffer. 1960. Oxidation and phbsphbr?letion
by mitochondria from green stems. Plant Physiol. 35: 708-713.

Yang, S. F., and G. W. Miller. 1963. Biochemical studies on the
effect of fluoride on higher plants. 3. The effect of fluoride
on dark carbon dioxide fixation. Biochem. J. 88: 517-522.

Zweig, G., Shogo Yamaguchi, and G. W. Mason. 1961. Translocation
of C14-Gibberellin in red kidney bean, normal corn, and dwarf
corn. Advance in chem. series 28: 122-134.



ssssssssssssssssssssssssssssss

i

293 03 7




