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ABSTRACT

Different varicties of beans werec tested for their
reaction to infection by Fusarium oxysporum and it was
found that 2ll tested varieties werc susceptiblc.

When inoculatcd through roots, plants developed
disease symptoms 7 to 9 dnys later and died within the
next 3 wecks., Thc most common visible symptoms of the
discese werc, wilting, yellowing, vein clearing and |
necrosis of thc leaves and a general dwarfing of the
plant. Although the pathogen cntered the plant as early
as 3 days after inoculation, its spread up the stem was
delayced and the foliar symptoms appecred in advance of
the pathogen, The petiolc and the lamina werce seldom
or never invaded by the fungus.

The vessels were not sufficiently blocked by the
fungus before symptom expression to cause obstruction
to water flow, However, chc fungus grew profusely and
invaded most of thec vessels later in the develop@ent of
the disease but it seldom invadced cells other th&n the
vessels. Vascular discoloration was a common feature of
the discasc but it was found only in vessels occupied
by the fungus ond in closc proxinity to it.

The symptomless leaves of the infected plant

respired at a higher ratc than those of the healthy



plant. Thc retc of watcr loss of the infected plant

was less than that of hecalthy plant but the loss excecded
the intnke, just beforc or the time of symptom exprcssion
externally,

Cell free filtratcs obtaincd from cultures of the
fungus on liguid CUA mediws wags feun to be toxiec even
when diluted to 50 times aad induccd discase symptoms
in cuttings but toxicity was lost after 1418 hours dialysis,
The woater against which the filtrate was dialysed became
toxic and coaused wilting in cuittings, The fungus was
found to grow weil in the sap from healthy plents when
supplcmentcd with glucose, and the ccll free filtrate
from this culiture was toxic to cuttings.

Fusaric acid was deteccted in culture filtrates and
infected plants, but the quantity found in an infected
plant was not sufficicnt encugh to causc disease symptoms
in th> plant. Evidence c™tained suggests that bean wilt is
caused by onc or morc low molecular wecight substances

and fusaric acid may be ono of “hcm,
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INTRODUCTION

Fusarial wilt of beans caused by Fusarium oxysporum
was first reported in California (W.C.Snyder, personal
communication). More recent reports of this disease
comes from Egypt (Yousuff, 1961).

The most common symptoms of this disease are wilting
and yellowing of the leaves accompanied by veln clearing
and laminar necrosis, These symptoms appear first on
the primary leaves and then spread upwards to other
leaves in an acropetal succescion. With the appearance
of symptoms, the plant is stunted and eventually dies.
Most of these symptoms appear in advence of the pathogen.
and even in an advanced stage of infection the pathogen
remains confined to the vessels, How the pathogen
brings about these changes is not clear., One hypothesis
suggests that these symptoms are the results of obstruct-
ion in the vessels to water flow caused by the physical
prescnce of the fungus or substances produced in response
to infection. Another hypothesis sugzests that the
pathogen produces toxins wvhich are carried by the trans-
piration stream to the leaves, In the leaves it affects
the cell permeability resultinz in an excess water loss.

In this work an attempt has becen made to find the

relation of infection to the prodiction of symptoms and



the mechanisms involved in disease development.

The first part of this work is concerned with the
relation of infection to the production of external
symptoms and with anatomical changes inside the host,
This was done mainly by anatomical studies of infected
plant material taken from different regions of the plant
at different stages of infection.

The second part deals with a study of the physiol-
ogy of infected plants, in particular, rate of trans—
piration, the ratio of water loss to water intake, the
rate of conduction, occlusion of vessels and its effect
on conduction, the stomatal bechaviour of the infected
plant, the effect of humidity and temperaturc on symptom
expression and such other details,

The next part is mainly concerned with the effect
of culture filtrates; on transpiration, rcspiration and
conduction of cuttings.

The last part deals with the identification of
fusaric acid 'n culture filtrate and in diseased plants,
and the role of fusaric acid in the production of disease

symptoms,



REVIEW O LITERATURE

This review deals with the literature on the more
prominent symptoms of diseases caused by vascular wilt
parasites and with the mechanisms involved in their

production.

Wilting

There is still.considerable disagreement on the
cause of wilting in vascvlar wilt diseases, Two main
hypothesis have been proposed to account for wilting.
According to the first, conduction of fluids by the
Xylem is impeded by occlusions which obstruct the flow
in the vascular elements, The second suggests that
metabolites produced in the plant alter the permeability
of the leaf cells and consequently, the water relations
of the whole plant, These hypotheses will be dealt
with separately.

a) Occlusion hypothesis.

Smith (1899) was one of the first to work on this
aspect of vascular wilt diseases., He recorded a consid-
erable reduction in the rate of flow of liquid in the
vessels of infected cotton, watermelon and cowpea plants
and concluded from histological evidence that it was

caused by mechanical plugging of the water conducting



elements by gums and tyloses and by fungal hyphae in
the lumens of vessels. But, Ashby (1913), and Brandes
(1919) studying Fusarium wilt of bananas have doubted
that the amount of mycelium in infected vessels is
sufficient to account for wilting. The findings of
Ludwig (1952), Waggoner and Dimond (1954), and Threlfall
(1957) support this view, Ludwig (1952) measured the
reduction in the rate of water flow in stems of Fusarium
infected tomato plants and found that the number of
vessels blocked by mycelium could not fully account for
the differences between diseased and healthy stems,
He found that cutting up to 83 per cent of the vascular
system of the stem region of a tomato plant did not
cause the plant to wilt, Dimond and Waggoner (1954)
constructed a scale model of a xylem vessel with the
same Reynolds number as the host and showed that the
reduction in flow due to the physical presence of
mycelium in the lumens of vessels did not account fully
for the large decrease inflow in some wilt diseases.,
There are many reports of tyloses and gums in
diseased plants; in Verticillium wilt of potato
(Pethybridge, 1916; Van der Meer, 1926), tomato

(Derbyshire, 1956), hops (Talboys, 1958), in Fusarium

wilt of banana (Wardlaw, 1930), watermelon (Wilson, 2936),



sweet potato (McClure, 1950), tobacco (Powers, 1954L),

banana (Beckman et _al., 1962). In oak wilt caused by

Ceratocystis fagacearum, Struckmeyer et_al., (1954)

considered that there were sufficient tyloses in most
of the vessels to account for wilting., Zentmeyer (1942)
reported a similar condition in Dutch elm diseases

caused by Ceratostomella ulmi and Beckman gt al., (19535

observed an 85 per cent drop in the movement of radio-
active rubidium in the vascular tissues of infected oak
during a period of 3 or L4 days before the appearance of
the first permanent leaf symptoms; this was attributed
to plugging of vessels by gums and tyloses. Continued
development of tyloses and gums caused further plugging
and this caused permanent wilting, A direct correlation
between plugging by tyloses and gums and wilt symptoms

has also been found in oak wilt by Parmeter gt _al., (1956)

and by Schoeneweiss (195 ),

Dimond and Waggoner (1953) found that the rate of
movement of radiophosphate was reduced by 96 to 98 per
cent in the vessels of Fusgrium infected tomato plants
and posed the hypothesis that disease symptoms result
from an impediment to water flow caused by high molecular
weight substances in the vessels, This hypothesis was

supported . by the fact that wilting tomato leaves re-

covered when the affected vascular tissue was removed



and the leaves were placed in water. Scheffer and Walker
(1953) also found reduced flow of water in stems and
petioles of Fugarium infected tomato plants compared

with healthy tomato plants. The movement of radiophosphate
in discased stems was 00,0045 cm./sec. as against 0.25 cm./
sec, 1in healthy stems under the same conditions, Scheffer
and Walker (1953) induced plugging of vessels and wilting
of healthy stems by placing cut ends of tomato shoots in
dilute solutions of various polysaccharides, Threlfall
(1957) and Scheffer et_al,, (1956) observed a decrease

in transpiration in Verticillium infected plants and

they attributed it to an increase in resistance to water
flow in the vessels. Wood (1961) and Blackhurst and Wood
(1963) induced wilting by immersing the cut ends of

healthy stem in very dilute solutions of pectic substances.
Chamberlain and McAlister (1954) found a similar resist-
ance to water flow in soybean wilt causcd by Cephalos-
porium gregatum.

Ludwig (1952) in his studies on the physiology of
Fugarium wilt of tomato plants found increased resistance
to water flow in diseased plants and that a hyaline sub-
stance visible only in fresh sections and possibly causing
vascular occlusion is present 1n vessels of infected plant.

He suggested this as the cause of wilting. This was



supported later by Gothoskar et al., (195L), Winstead and

Walker (195L), Waggoner and Dimond (1955) and Pierson

et_al,, (1955) who sugzest that macerating enzymes

liberate fragments of pectic substances into the lumen of
vessels where they incrcase the vincocity of vascular
fluids or accumulate to form occluding plugs. Beckman
and Haimos (1962) found that in Fusarium infected banana
roots gels accumulate in the region of infection., This
gel contains pectic materials and appears Lo come from the
swelling of primary walls and perforation plafes of vessels,
They suggest that the pathogen produces a metabolite,
possibly a chelating agent, that increase the hydration

of mative pectin to form gels, Paquin and Coulombe (1962)
found that a virulent strain of Fusarium oxvsporum f.
lvcopersici vroduced more pectic enzymes in _vitro than

did an avirulent strain, Leal and Villonvewva (1962)
working with LC strains of Verticilliv- spp. found that

pectic casymes were produced only by the virulent strains,
These obnervasions denonstrote the £ood correlation
between the abllity of pathogens to »roducn cell wall
degrading enzymce and ¢ 1se oymptomn tc develon in

infected plants. PBut Mann (1.962) and HeDonnel (1962)

both working with mutants of Funariva oxvsporum T,

lycoveriici found no relation between the pathogeniclty
LYCONEDLIC,



of a strein and its ability to produce pectic enzymes.
Chambers and Corden (1963) voint out that plugs of
pectic material are rarcly faxmed in Fusarium infected
tomato plants and imply that they are not responsible

for wilting.

b) Toxin hypothesis

According to this, toxic metabolites produced by
the pathogen are tronslacated to the leaf where they
O Incréase
reduce,the permeability of leaf cells and so cause wilting,
Young and Beumot (1921), Limford (1931) and Fisher
(1935) were some of the early proponents of the toxin
hypothesis. In other diseases, Taatcher (1942) showed
that permeability %o water ond to solutes increases in
cells of tissues infected with obligate or facultative
parasites,
Goumann and Cbrist (1960) isolated eleven toxins

from culture filtrates oi various fungi which altered the

rermeability of protoplasts of Rheeo discolor, Of these

toxins only fusariz acid qualifies for consideration
becausc it is the caly toxin known to be produced in
vivo (Lakshminarayoran and Subremanian, 1955),

Gottlieb (1943 detected a toxin ix the tracheal fluid
of Fusarium infectel tomato plants. By using special

techniques he colle:ted it anaerobically and found that



it was stable at 100°C and caused a reversible wilting
of cuttings and increased cell permecbility.

Kern and Kluepfel (1956) using isotope methods
demonstrated fusaric acid-like compounds in Fusarium
infected tomato plants. Lakshaminarayanan and Subraman-
ian (1955), and Kalyanasundaram and Venkata Ram (1956)
detected fusaric acid in cctbton plants infected with
Fusarium oxysporum f. vasinfectum, Nishimura (1957c) and
Page (1959) detected fusaric acid in the Fusarium wilts
of watermelon and banana.

Though in vivo production of fusaric acid has been
demonstrated and it is known that it affects cell perm-—
eability in very low concentrations, the way in which it
affects transpiration of infected plants is not well
understood. TFactors such as concentration of available
toxin, pH, temperature and ability to chelate, all seem
to play & major role in the development of wilt symptoms,

Bachmann (1956) treated tometo cuttings with fusaric
acid and found an unfavourable disturbance of the trans—
piration-absorption balance. She also found that the
permeability of epidermal cells of Rhoeo discolor to
water doubled with fusaric acid at 1 x 10 M; this effect
decreased when higher concentrations were used,

Gaumann (1957) and Kern et _al., (1957) point out

S r———



that fusaric acid is a weak acid and that it dissoclates
as the pH rises from 4,3 to 8.7. At a low pH, it causes
injury to the stem and at a high pH it moves upwards in
the transpiration siream to cause leaf injury. Bachmann
(1956) studying the effect of pH on water permeability
of cells of Rhoeo discolor and spiroevra sp. found pi
to be important only at concentrations of fusaric acid
greater than 1 x 10°H.,

Considerable importonce has been given to the metal
chelating properties of fusaric acid by Kalyanasundaram
and Ssraswathi Devi (1955) and Kalyanasundaram and Subba
Rao (1957) who found at temperstures above 37.500 that
there is an increase in detectable fusaric acid in
infected plants because of the preferential chelation
of iron by cystine which is formed at this temperature.
At low temperaturcs and in the absence of cystine, the
iron chelates with fusaric acid so that the quentity
of detectable fusaric acid in infected plant is less,

Severe plasmolysis of leaf ceclls, disintegration of
plastids, appeararce of brown occluding materials at
vein endings and changes 1in permeability are now recog-
nized as typical symptoms of wilt diseases. They all
suggest the activity of some metabolites that act in

advance of the pathogen.



Yellowing. Vein Clearing and Necrosis

Dawson (1922) suggested that a toxin was responsible

for yellowing in Veprticilli wilt of Michoelmas daisies

and Gilman (1916) suggested thas an incrcasing water
deficit as the cause of yellowing in cabbage infected

with Fusarium oxvsporuvm f., gonzln iians. Pegg and Selman

(1959) stimulated yeirlowing and wilting of leaves Dby
supplylng devached leaves with indole-3 acetic acid at
1-5 paPeinle

Vein clearing has becn reporied in only a few cases.
Foster (1946) noticed a 'netted! appearance and o clear-
ing of wveinlets in Fusariuvm infected tomato leaves, 2L
hours after inoculaition when observed under fluorescent
light. ZKalyanascundarem (1955, found a similar condition
in leaves of Fusarium infectcd cotton plants and Raade

(1958) reported vein clecring in Verticillium wilt of

garcen stock, Toxic me*abclites of the pathogen are
reported to be responsible for develoument of Neerosis,
Talboys (1958) abtributed necrosis and desiccation of
leaves in Veprticilliuom wilt of hopn to the action of
toxic metaboliies,

In none of these diseases was the fungus present

in leaf lamina. This implies that the changes are

caused by some metabolites produced in infected plants.
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Epinasty and Initiation of Adventitious Roots

Petiolar epinasty is characteristic of several
vascular wilt diseascs and has been attributed to the
production of ethylenc, (Dimond and Waggoner, 1953).
Sufficient ethylene is produced by Fusarium in culture
and also in discased Hlante o cause epinasty (Dimond
and Waggoner, 1955). Fergas and Wharion (1957) noted
similar symptoms in oak wilt but found that “‘cratocystis
fagacearum does not produce .‘thylene in vitro; they did
however detect another growth substoncce, IA4 and many
synthetic growth regulators cause epinasty and abnormal
adventitious rooting when applied to healthy plants
(Zimmerman and Wilcoxin, 1935; Zimmermann and Hitchcock,
1941). Selman and Pegg (1959) detected significant
amounts of IAA in Verticillivm infected tomato plants
and in culturcs of the parasitc and suggest that accum-
uiation of IAA in discoccd plant migh%t be responsible
for these symptoms. Segueira and Xelman (1962) also
found a significant increasc in the level of IAA in
tobacco and bonano plants infectved wilh Pseudomonas

solanacearium. But, Threifall (1959) suggests that

shortege of water ingide the stem could be responsible

for yellowing and epinascy.
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Stunting

In most vascular wilts infected plants are much
stunted with reduced root systems and with shorter
internodes to give compact dwarfed plants, Stunting

was found to be an invariable symptom of Verticillium

infected tomato plants by Sinha (196L), and Selman and
Pegg (1957 and 1958) interpreted the reduction in leaf

area and stunting of the Verticillium infected tomato

plants as the effect of TAA, According to Selman and
Pegg, small quantities of IAA and other toxic substances
produced by the fungus inside the vessels are carried
by the transpiration strecam to all parts of the plant.
In the leaf it affects the permeability of cells to
water, Interfcrence with the mctabolism of leaves thus
caused reduces the photosynthetic efficiency and the
supply of elaborated materials to the younger leaves
and so reduce their size, As the stem has a relatively
high content of natural IAA it docs not respond as
readily as the leaf to IAA produced by the parasite.
But eventually it interferes with the growth of the
cells of the meristematic tissues of the stem also
resulting in the rcduction in the length of the inter-
nodes, Sinha (196&),noticed o 35 per cent reduction in

stem height in Verticillium infected tomato.
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IIT. MATERTALS AND METHODS

A. srowing of plants

Seeds of different varieties of beans used in
“his study were obtained from the following sources.
Variety Lource

Prince. Sutton and Sons, Reading.

Canadien Wonder. " n " n

Comptesse De Chambord u 1 " "

o

Masterpiece n n n I

Brown Dutch 1 1 n n

Top Crop n 1 " "

o

Mont De Or, N " 1 U

Bounteous u n n u

O O 9 o R~

3

Bremier " ] n m

[
O

Black Prince n u ] 1

(=
(=

Tender and True 1 " n n

[
no

Suttons Best of Al . n " n n

o]
L)

Giant Painted Lady " " " n

i_.l
~

Scerlet n 1" " n

[
N

Carsers Merion Carvers Ltd., England.

o]
o

Carters Granda n " n
17. Carters Lighuining " " "
18, Carters Pershore Favourite n " u

19. Crusadcer. n | n



Variety Source
20. White Monarch Carters Ltd., England.
2l. Red Mexican Bean Research ILaboratory,

College of Agriculture,
Idaho.
22, High Grade " n n "

For most of the experiments, plants were grown in
the roof Greenhouse at Imperial College, London. The
greenhouse was heated during winter months and the temp-
erature rarely went below 65°F, (18°C). Additional light
was provided by banks of 80.w. 'white'! fluorescent tubes
suspended approximately 1 ft. above the tops of plants
giving a light intensity of about 800 f.c. For varietal
resistance tests and also for a few other preliminary
experiments, plants were grown in John Innes potting
compost supplementad with John Innes base fertilizer
(2 parts hoof and horn, 2 narts superphosphate and 1 part
sulphate of potash) and ground chalk added at the rate of
5 1b. and 1 1b. per cubic yard respectively. Seedlings
for these experiments were raised in groups of 5 per 6"
clay pots and were transferred into 4" clay pots after
inoculation; one plant per pot. These plants were watered
daily with tap water.

For most other experiments plants were grown in

Horticultural Vermiculite No.3 (obtained from Pan Britannia
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Industries Ltd., England) and watered every 3 days
with Long Ashton nutrient solution (Hewitt, 1952),

but omitting aluminium, gullium, cobalt and nickel
salts. The ferric citrate component of the nutrient
was replaced by iron-ethylene--diaminotetra-acetic acid
complex (Fe-EDTA) supplying iron at 0.15 milli equival-
ent per litre of nutrient solution. Seedlings were
raised in groups of 5 in 5" plastic pots and after
inoculation they were planted separately in 4" plastic
pots. (Preliminary experiments showed that plants grew
well in vermiculite when supplied with a suitable
quantity of nutrient solution).

Cuttings were grown in bottles (160 ml. capacity)
containing nutrient solution. For most experiments with
cuttings, they were keptin the constant-temperature
cabinet (growth cabinet) at 22°C % 1°C and provided with
additional light by six 80 w, fluorescent tubes giving
a light intensity of about 400 f.c. The bottles were
wrapped withblack polythene to cut off light from the
roots.

Culture of fungus

Origin of culture

The isolate of Fusarium came originally from

wilted French bean plants growing in the Evesham area.
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It was used to infect bean plants in which it caused

a typical, rapidly developing wvascular wilt. It was
reisolated from a diseased plant and pure cultures were
established from single spores. The reisolated specim~
en was identified by Dr. Booth of the Commonwealth

Mycological Institute as Fusarium oxysporum.

Media

The following media were used for growing fungus.
Unless otherwise stated, all the chemicals used for
media were of analytical reagent grade.

a. Sucrose-casamino acids (SCA)

Sucrose = 15.0 g
KH2P04 - 1.0 g
Mg SO4, 7H20 - 0.5 g

Masamino acids
(Difco) - 4.6 g
Trace element
soln, - 1 ml.
Water - to 1 litre.
The trace element solution was made up as shown
below. (One ml. of this was added to z litre of the

medium).
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Trace Salt Amount in P.p.1m. P.P..
element used mg. /100 ml, trace trace
element element
in stock in final
soln, soln.
Iron FeSO4,7H20 249 501 0.5
Copper CuSO4,5H20 40 100 0.1
Zinc ZnSO4,7H2O 44 100 0.1
Manganese MnSO4,4H20 41 101 0.1
Molybdenum Na,MaC,,2H,0 51 202 0.2
2 4 2
Water 100 ml.

Agar was added at 20 g per litre when a solid medium was
required and steamed for 1 hour.
The medium was sterilized by autoclaving for 15 minutes

at 120°¢,

b. Sap-glucose medium

Glucose 0.1 g
Plant sa

(exudate 95 ml.
Water 5 ml.

Glucose was dissolved in water and sterilized by auto-
claving for 15 minutes at 120°C. The solution was then

added to plant sap sterilized by micropore filtration.

3. Culture vessels

Cultures for preparing inoculum were grown in 250 ml.

medicine bottles containing 40 ml. of liguid or solid medium
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and incubated on the flat side.

For reisolation of fungus from »nlant material
and for obtaining monospore culture, petri dishes
containing 20 ml, of solid SCA medium were used,
Heintenance of stock culture

After establishing a monosnore culture, the Tungus
was grown on slopes of gucrose casamino acid (3CA)
medium in lNcCartney botitles, After incubation at
2590 for 10 days a few culture bottles were sitored in
at - 20°C and the others were kept at room temperature
(20°-22°C) under sterile liquid paraffin. Occasionally,
subcultures were made from the stock cultures. Tor
experiments on growtn of fungus in planﬁ gap Erlenmeyer
flasks of 150 ml, capacity werc used,

Inoculationend incubation of culiures

Solid media in medicine bottles were inoculated
by drawing a bit of sporulating mycelium over the
surface of the agar, ILiquid medium in medicine bottles
and plant exuvdate wedium in Erlenmeyer flasks were inoc-
ulated with 1 ml, spore sgusvension made by washing a
8-10 day old culture on solid SCA medium with 10 ml, of

sterile water. Agar slopes in IlcCartney botiles were

inoculated with a small bit of sporulating mycelium on the

agar with a sterile inoculating needle.



All cultures were incubated at 25°c ¥ .5%%.

C. reparation of inoculum

For root inoculation, inocula were prepared
from 8-10 day old cultures growing on SCA ligquid
medium. The mycelial mats were collected on muslin
and washed several times in running water to remove
all traces of medium. They were then homogenized 1in
a Waring type Blender for 10-15 seconds at maximum
speed with water added at the rate of 40 ml, per
mycelial mat of one bottle.

Spore suspension was obtained by shaking 8-10 day
0ld cultures on solid SCA medium with 10 ml. of water.
The spores in suspension after filtration through 3
layers of muslin were washed thrice by centrifugation
and then resuspended in water. The concentration of
spore suspension was adjusted after haemocytometer
slide counts of spore density.

D. Inoculation of plants

1. Root inoculation

Plants were root inoculated by dipping the washed
root system in a mycelial suspension. For r~of coxperiments
some roots were deliberately damaged by removing their
tips with scissors, before dipping in the mycelial sus-
pension. In the controls roots were dipped in water

instead of mycelial suspension.
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For plants growing in nutrient solution, a dense
live spore suspension containing 1,000,000 - 1%500,000
spores per ml, was used iastead of mycelial suspension.
Controls were dipped in heat inactivated spore suspen-
sions.(By heating suspension at different temperatures
for varying length of time and then incubating them
on plates of solid SCA, it was found that all spores
were killed when heated for 10 minutes at 70°C and this

did not cause them to clump.)

Shoot inoculation

Cuttings were inoculated with spore suspensions,
adapting the technique used by Keyworth (1950).
Generally, 16-18 day cuttings at 4 leaf stage (2 primary
and 2 trifoliate leaves) were used. They were cut at
ground level with a wet razor blade. After removing a
few mm, of the stem under water, shoots were placed in
& spore suspension. For the controls heat inactivated
spore suspension was used. The cuttings in spore
suspension were kept in the growth cabinets. After
six hours, the cuttings were removed from the spore
suspension, their ends were trimmed again and then
washed well under tap water before transferring into

bottles or vials containing nutrient solution.
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Dry weight of plant organs

The plant materials were cut into small pieces and

dried 1n a ventilated ovei. at lOOOC for 24 hours.

Surface sterilization of plant materials

Plant tissues for reisclation of fungus were surface
sterilized by immersion in sodium hypochlorite solution
(5 per cent active chlorine) for five minutes followed
by 3 or 4 washings with sterile water. Before immersing
in the sodium hypochlorite solution, the cut ends of the
material were sealed by smearing with melted paraffin
wax.,

For experiments requiring an undamaged root system,
the seeds were surface svterilized by dipping in sodium
hypochlorite solution containing 3% active chlorine for
five minutes followed by 3 or 4 washings in sterile

water and then sown in sterile containers.

Studies with culture filtrates

Collection and sterilization of culture filtrate

Culture fil+rate was obtained rfrom 8--10 day old
ligquid culiture by straining the latter through 2 layers
of muslin. The filtrate was then centrifuged at 10,000

T.p.m, for 10 minvtes, The cell free filtrate thus

obtained was either used immediately or stored in McCartney

bottles at - 20°C. When sterile culture filtrate wes



needed, it was sterilized by micropore filtration using
'0x0id' membrane filters approximately 120 w thick with
pores C.5 1o 1.0 micron di.meter.

Dialysis of culture filtrate

Visking tubing of 8/32" diameter (obtained from
H.M.C. Scientific Instrument Centre, England) were used
for dialysing culture filtrate. After soaking in water
for a few minutes, the tubing was cut in length of 15 cm.
They were then tied tightly at one end and filled with
cell free culture filtrate (5 ml. per tube). After
filling, the free end was also tied well and then placed
in glass distilled water in a beaker and kept in a
refrigerator. The water in the beaker was changed 4
times within 24 hours.

For certain experiments, the water into which the
substance was dialysed was used. To do this, the Visking
tubings containing culture filtrate were piaced in known
volume of glass distilled water and the latter was not
changed during dialysis.

The solutions were sterilized by micropore filtration

after dialysis.
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Examination of plants

Evaluation of symptoms

The nodes and leaves of plants were numbered from
below upwards; the first node being the one bearing
the primary leaves. The primary leaves were numbered
separately as 1 and 2 and the trifoliate leaves were
numbered as 3, 4, et. upwards for evaluation of morph-
ological symptoms.

The severity of infection of intact plants and
cuttings as expressed by wilting or yellowing of leaves
was assessed by using & disease index based on the

following arbitrary scale used by Sinha (1964).

0 - healthy or no symptom

1 - 25% wilting and/or yellowing
2 - 50% " " "

3 S ! "

4 - complete wilting and/or

yellowing of leaf,

Anatomical studies

Anagtomical studies of the plant material were made
by taking free hand and microtome sections. Wien plant
materials were not used immediately, they were fixed
and preserved in Formalin-Aceto-Alcohol by the method

of McLean and Ivimey-Cook (1952).



- 25 -

Free hand sectioning

Free hand sections of fresh plant materials
were stained in various ways for particular studies,
the details are given later.

Microtome sectioning

For a more critical study of the growth of fungus
in the plant and also of the response of host tissues
to infection, microtome sections were taken with
a Cambridge Rocking Microtome. The plant materials,
for this purpose, were fixed and preserved in buffered
gluteraldehyde fixative, (adapted from that of Sabatini,
Bensch and Barrnett, 1963, but with some modifications).
The fixative was prepared by mixing 25 per cent
gluteraldehyde in water with phosphate buffer (0.1 M.
K2HP04) and the PH was adjusted to 6.8. To prevent
any fall in the PH of the gluteraldehyde solution
on storage, a small quantity of barium carbonate was
added (0.1 per cent w/v) to the stock solution. The
precipitate formed was removed by centrifugation.
Fresh plant materi~ as disks 5 mm. thick were
fixed and washed thrice for 15 minutes each time in
buffer solution (pH. 6.8-2), before dehydrating.
Theédyaﬂxtion was done slowly in water/alcohol mixture,

with two final washings in absolute alcohol for 12

hours each before clearing in chloroform, Infiltration
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was done in several steps and after 24 hours the
materials were embedded in paraffin (MP. 52°C).

Seections were cut ir. thickness varying from 10 to
24 u and they were variously stained and mounted,
adopting gginly the techniques described by Johansen (1955).
Safrain-fast green stoiming.

After removing wax in xylol, scctions were brought
down to 70 per cent alcohol and stained in safranin for
12 hours. Excess stain was removed in running water and
the sections differentiated in 95 per cent alcohol cont-
aining a trace of picric acid. The aclion of picric
acid was stopped by washing in 95 per cent alcohol
containing a trace of ammonium hydroxide followed by
another wash in absolute alcohol for 10 seconds.,
Sections were then stained in fast green for 15 minutes
and cleared in a mixture of 50 parts clove oll, 25 parts
absolute alcohol and 25 parts xylol. This was followed
by 2 washings in xylol before mounting in Euparol.

Xylem elements were stained red and other tissues

green when sections were dyed as mentioned above.
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Composition of stains used

Safranin stain

y

safranin 0 1.0

L]

Methyl cellosolve 50 ml.

5% Alcohol 25 ml.
Distilled Water 25 nl,
Scdium acevate 1.0 g

Formalin 2 ml.

Tast Grean 1.0 g
Methyl celiosolve 50 ml,
Absoluse Alcohol 50 mi.

Steining with Pianese sbhain zud acid alconuvl

This stain was used mainly Jor detecuing fungal
hyphae in microvome sertlons,

ATter washing foxr 2 nours ia Iylol, sections were
brought dovn to 50 per ceuat alcohsl and then stained in
pianese stain for 30 minu%es. Dicess stain was removed
in running water and sectiors thon differentiated with
acid alconol Tox 10-J¢ seconds. AIver rinsing in absol-
ute alcohol, the slidcs were cleared in clove oil and
mounted in Canada balsan.

The wvessels wewe stailed Ceep green and the hyphae

pink.



- 28 -

Composition of Pianese stain and acid alcohol

Pianese stain (obtained from Edward Gurrs Ltd.,

London. )
Malachite green 0.1 g
Acid fuchsin 0.1 g
Martius yellow 0.05 g
Alcohol 50 ml.
Water 150 ml.

Acid Alcohol

70% Alcohol 100 ml.
HCI (conc.) 3 ml.

Studies in transpiration

For studying transpiration root iroculated plants
were grown in —~"astic pots (4") with 1lid and sealed base.
The 1lid was pierced to take a two holed rubber bung,
through one hole of whicn passed a glass “ubing. The
other hole held the plant stem. The bung vas split
longitudinaly along the side to insert the plant stem
without damaging the root, The pot was fillsd to 2"
of the upper rim with vermiculise. When nutrient
solution was nceded, it was poured through ths glass

tubing. (Plate I).

Transpiration of cuitings

Cuttings were grown in 40 ml. vials closed with

rubber bungs having c-ntral holes through which the

stems of the cuttings were inserted, a known volume of






nutrient in the test solution was placed in each vial.

Transpiration of detached leaves

Detached leaves were kept in 30 ml. vials cont-
aining known volumes of % strength nutrient solution.
They were closed with aluminium foil caps with a hole
in the centre for inserting the petiole.

For studies on transpiration, cuttings and leaves

were placed in the growth cabinet.

Measurement of leaf area

The leaf area was measured by a weighing method.
The leaf was traced on to thin paper of known weight
per unit area. After tracing, the paper was cut along
the line and then weighed. TFrom this weight, the area
of the leaf was estimated.

Studies in respiration

Respiration of plant tissues was measured as the
rate of oxygen uptake of leaf tissues, in a Warburg
apparatus.

Fifteen leaf disks were used in each flask cont-
aining 3 ml. of phosphate buffer solution (0.1 M solution

of X HPO4)° The pH of the buffer solution was adjusted

2
to 6.4, unless otherwise stated. The leaf disks were

cut with a cork borer 10 mm. diameter. The central well
in each flask contained 0.2 ml. of 10 percent XKOH solution

to absorb CO2 evolved as the tissues respired. ZEach flask
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was wrapped in aluminiutm foil to exclude light. In
moss of the experiments manometer rcadings were taken
for 3 hours at 30 minu“e intervals. The temperature
of *%he waier in the bath was maintained at 25°C for all
experimenss, At the end of the experiments, the disks
were removed ana dried in an oven av 7000 for 48 hours
and cooled over CaCl2 in desiccater before Saking the
dry weights. Prom the dry weighvis the respiration rate
was calculated as ul/oxygen uptake/mg. dry weight of
leaf tissue.

When the respiration of leaf +tissues in plant sap
was studied, the sap from healthy or infecited plant re-

placed the buffer solusion in the flask.

Collection of tracheal sap

Tracheal sap of plants was collected from plants
24-26 days cld. ©Sap from infected plaat was collected
6--8 dcys after inoculatic .,

The shoots of planis were cut off with a wet rezor
bl=de, one inch above ground level. A glass tubing
127 x 3" was attached 50 the Tfreshly =ut plant stump
with rubber tubing. The Ires end of the glass tubing
was loosely plugged wish sterile cotton wool. The
tubing was kept wertical with a support, The tracheal
sap that rose 11 the glass “Hubing was collected after

24 hours. Tne sap was either used immediately or stored
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in McCartney bottles at —ZOOC, after sterilization by

micropore filsration,

Preparatvion of plant exitract

Juice of plant was extracted bty using a Roller Mill.

A known wveight of fresh plent material was washed in
distilled water and then squeczed through the rollers
of the Roller Mill, A known volume of glass distilled
water was used to wash the rcllers after squeezing and
the combined Juice and water was filtered through
several layers of muslin. The filtrate was then
centrifuged 6--8 times at 3500 r.p.::. for 10 minutes
each. The supernatant was either used immediately
or stored in 10 oz. bottles at -20°C.

In certain experiments, the plant materials were
blended in a Waring Sype blender wit known volumes
of 80 per cent etvhanol.. The suvernavant was decented
and after centriluging .t 3500 r.p.m, “or 15 minutes
at 200, it was immediately or stored in 10 oz bottles

at -20°¢c,

jol)

Studies_with fuseriec aci

i

Source of fusaric acid
Pure, crystalline fusaric acid was kindly supplied

by Professor H, Kern of Ziirich.



2. Extraction of fusaric acid

The techniques for the extraction of fusaric acid
from culture filtrate and also from plant extracts

were adapted from Page (1959) with some modifications.

a. From culture filtrate

The pH of the cell free culture filtrate was
adjusted to 4.0 with N/10 HCI. The acidified filtrate
was eXtracted in a separatory frnnel vwith an equal
volume of ethyl acetate. The ethyl acetate extract
was then dried in a rotary evaporator at 40°C and the

residue was teken up in 95 per cent ethanol.

b. From plant extract

The method of preparing plant extract is described
earlier (Section I.). The pH of the plant extract
was adjusted to 4.0 with N/10 HCI. The acidified extract was
then extracted 10 times in a separatory funnel with
chloroform using a tenth of the volume of juice at
each extraction. The combined chloroform extract
was then dried in rotery evaporator at BOOC. The

dried residue was then taken up in 95 per cent ethanol.

c. Identification of fusaric acid

Fusaric acid was identified by paper chromatography.

The residue obtained from the culture filtrate and also
from plant extract were spotted separately and also with
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pure fusaric acid at the origin of the paper (Whatman
Ko.1), with an "Algla® syringe., All samples were compl-
exed with conper. After spotting the required quantity
of each solution, the papers were dried by air blown
from a hair dryer, They were then fitted to the shandon
frame and developed by an ascending technique (Smith,
1960) using n-Butanol/acetic acid/water (120/30/50) as
solvent, for 6 hours at 22°C, After developing, the
papers were dried in the fume cupboard andthen sprayed
with rubeanic acid in acetone (w/v). The fusaric acid-
copper complex appeared as bluish spots when the papers
were dried.

Studies with Indole-3-acetic acid (TAA)

identificQﬁion of TAA in diseased plants

Plant extract for these studies was obtained as
described earlier, The technicue used for the identificat-
ion of IAA was adapted from that of Smith {1960). To
remove chlorophyll and other pigments, the extract was
washed in a separatory funnel with petroleum ether in
a fume cupboard. After 2 or 3 washings, the ethanolic
phase was made alkaline with a few drops of ammonia and
dried in a rotary evaporator at 40°¢, After addition
of a drop of ammonia, the ethanol was blown off in an air

stream and the residve was dissolved in a few drops of
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water using a whirlimixer and the solution was spotted
at the origin of Whatman No.l chromatogram paper,
Authentic indole-3--acei .¢c acid (obtained from L.Light
and Co.,) in 50 per cent agqueous acetone was spotted
next to the extract to serve as markers. The dried
chromatogram papers were developed for 1C hours at
229, by an ascending method using isovpropanol/
ammonia/water (200/10/20) as solvent. After develop-
ing, the papers were dried in the fume cupboard and
then dipped in a mixture of 1 vol. 10 per cent
dimethylaminobenzalclchyde (m/u) in concentrated HCI
to 4 vol. acetone in a dip tray. The papers were
again dried in the fume cupboard and the IAA spots

appeared as pinkish spots.



IV, EXPERIMENTAL WORK

Morphological and anatomical studies

Relation of infection to the;g%oduction of external
symptoms o

The external symptoms of the disease were studied
mostly by visual observavtions in two preliminary exper-
iments. The variety 'Prince' was chosen for this

purpose.

Experiment I.

Five 18 day old plants at the 4 leaf stage were
root inoculated by dipping in mycelial suspensions,

after & few roots had been damaged by cutting off their

tips in the expectation that root injury would facilitate

infection. After inoculation, they were planted in
John Innes potting compost and cllowed to grow in the
greenhouse. Five other plants were kept as controls
after their roots had becn dipred in water instead of
in mycelial suspension.

After inoculation, plants were examined daily for
external symptoms. Wilting sympioms appeared in the
primary leaves of all inoculated plants 7 to 9 days
after inoculation and the symptoms became very severe

after 14 days. (Plate .’
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In most plants, the yellowing which followed wilting
appeared 9 days after inoculation., Both wilting and
yellowing were assessed on an arbitrary scale of 0-4
as mentioned under 'Materials and Methods'. Only leaves
measuring 1 cm. or more across the lamina were considered.

Another external symptom in infected plant was vein
clearing. This was very prominent in the primary leaves
as yellowing becaric intense. (Plate 3). Vein clearing
was assessed as slight, moderate or extensive (Table 1).

Table 1 Wilting, yellowing, vein clearing and necrosis

in healthy and infected plants

Disease 1 Days after inoculation
Sy@gjoms % 7 8 9 10 11 12
Wilting lJ 0.25 0.25 0.5 1 1.25 2
Yellowing E 0 0 0.25 0.5 0.5 1 f
Vein clearing % 0 0 0 S S.M. M.E.
Necrosis E 0 0 0 0 S S ;

S - Slight Average of 5 replicates

M - I=dium

E - Extensiv-

Petiolar epinesviy was seen in the primary lcaves
of three plants but it disappeared as severe wilting

developed.
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During this experiment it was observed that
diseased plants were considerably shorter than control
" plants. The following experiment investigated the
extent of this dwarfing.

Experiment 2

Nine 18-day old plants were root incculated with
mycelial suspension and 9 were kept as controls. All
plants were planted in John Innes potting compost and
kept in the grcenhouse. The heights of 3 inoculated and
3 control plants taken at random, were measured 6, 9, 12
and 15 days after inoculation. From these readings, the
percentage reduction in heights was calculated. There
was no significant effect until 6 days after inoculation.
Thereafter, the rate of growth of the infected plant was
markedly reduced. At the end of the experiment, tiae
percentage reduction in stem height was about 25. (Table 2).

Table 2 Effect of infection on plant height.

Days after Heights (cm.) 1 Percentage
linoculation control  inoculated | reduction in height
6 25.5 1 24,3 é 4
9 29.5 | 25.2 : 14
12 i 32.5 i 35.9 f 20
15 3 3.8 | 26.1 . 25

Average of % replicates.
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The dry weights of samples of three plants were
taken, 6 and 12 days after inoculation. The results
(Table 3) show that there is considerable reduction in
dry matter production by the plant. This was not only
due to failure of the leaves to expand as found by Selman
and Pegg (1957, and Threlfall (1957), but also due to
a reduction in leaf number. The rate of leaf formation
became less in infected plants, soon after symptoms app-

eared.

Table 3 BEffect of infection on dry weight of plant

organs.

i Dry Wt. (mg.) ; Percentage i
; reduction in ?
i i dry wt. 3
{Days cfter g
{inoculation|| Treatment Plant Root Stem | Plant Root Stem§
‘;}l ] 1 i ’ 3 y
: 6 control 170 \ 45 1125 1 g
% ‘ i ’ i ]
3 inoculated | 155 1 40 %115 5.9 i 12 8.4;
§ ! 1
control - 321 {;75 11.235 | },

12 | ‘; : a ; ' :

L linoculated |, 165 55 1175 i 49 ! 37 26 !

Average of 3 replicates
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Varietal resistance tests

Twenty—-two varieties of beans were examined for

their reactions to infection by Fusarium oxysporun.
y U

Only wilting symptoms were considered in assessing the
effect of infection because they were an invariable
symptom of this disease.

Five 18 day old plants of cach variety were inocul-
ated by dipping their roots in a mycelial suspension.
Five other plants of the same variety, age and size
were kgpt as controls; their roots were dipped in
water instead of in a mycelial suspension. A few

secondary roots of all plants were damaged deliberately

by cutting off their tips. After inoculation, the plants

were planted separately in Joan Innes potting compost
and placed in the greenhouse.

In most varieties wilting developed 6 to 15 days
after inoculation. The - 2sults are summarised in

Tabvle 4,



Table 4 Reactions of different varieties of beans

to infection. (Assessed on the basis of

wilting).
Days after inoculation {
Variety 3 6 9 12 15 18 '
1. Red Mexican 0 1 2.5 3.2 3.75 4
2. Buttons Best
of all 0 0.5 1.5 2.5 3 3.75
3. Giont Painted Tady | 0 0.5 1.25 2.5 3.2 3.6
4, DMasterpiece 0 0.25 0.75 1.75 2 3
5. Carters Lightning 0 0.25 1.25 2 2.25 3.25
6. Comptesse De |
Chambord 0 0.25 0.75 1.75 2.25 3.5
7. Tender and True 0 0.25 1 1.75 2.5 3.2
8. Carters Merton 0 0 0.5 1.25 2.5 3.5
9. Black Prince 0 0 0.25 1.5 2.5 3.25
10. Crusader 0 0 0.75 2 2.9 3.5
11, Prince 0 0 0.5 2.25 3.5 3.75
12, Canadian Wonder 0 0 0.25 1.75 2.5 3.5
13, Pershore Favourite 0 0 0.5 1.5 2.75 3.5
14. White Monarch 0 0 0.75 1.75 2.75 3.75
15, Carters Granda 0 0] 0.25 1.5 245 3.25
16. Scarlet 0 0 0.25 0.5 1.75 2.75
17. High Grade Lo 0 0.25 0.75 2.75 3.75
18. Brown Dutch 0O 0 0.25 1.25 2.5 3.25|
1;19. Mont De Or 0 0 0.3 1.5 2 2.5
'20. Top Crop 0 0 0 0.75 1.75 2.75
121.  Bounteous o o 0 0.5  1.75 2.25!
i22. Premier 0 0 0 0.5 1,25 2 i

Average of 5 replicates
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Root injury as a factor in infection

In Fusarium wilt of tomato, Keyworth and Dimond,
(1952), dound that damage to the root system increases

infection, This was also reported in Verticillium

infection of tomato by Selman and Buckley (1959), and
Sinha (1964). Bewley (1922), Derbyshire (1950) and
Selman and Pegg (1957) stote that undamaged roots of//ﬁ“/

tomato plants can be penetrated by Verticillium albo-

atrun.

The following experiment was designed to determine
the effect of damaging roots in bean plants at the
time of inoculation,

Seeds were surface sterilized and allowed to germin-
ate on moist filter paper in sterile petri-dishes kept
in a lighted constant temperature cabinet. When the
seeds had germinated they were placed on corks at the
mouths of beakers (6" x 3") containing nutrient solution.
The corks had been pierced in the centre to allow the
roots to grow into the nutrient solution. After 15 days,
the plants were carefully taken out and the roots were
dipped in & dense spore suspension containing 5 x 106
spores per ml. In some plants the secondary roots were
deliberately damaged by removing their tips. The

controls were dipped in & suspension of heat inactivated

spores. Following inoculation, the spores were allowed
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to incubate on the roots by suspending the roots in a
beaker, the inner wall of which was lined with molst
blotting paper. After 24 hours, they were immersed
again in nutrient solution in beakers and grown in the
constant temperature cabinet. (4 preliminary experiment
showed that spores germinated on the roots in twentyfour
hours when incubated at 22°C.)

In all the inoculated plants with damaged roots
symptoms developed 7 to 40 days after inoculation, and
wilted severely in another ten days, where as in the
plants with undamaged roots, symptomcappearance was

delayed to the 415th day after inoculation. But after-
wards, the plants wilted rapidly. None of the contrdl
pliants showed any sign of wilting. The pesults are

shown in Table 5.

Table 5. Mean wilting ind.ces per leaf in infected

pdiants: with damaged and undamaged root system.

Days after inoculation
Treatmens 3 6 9 12 15 18
- Undamaged .0 0 0 0 «5 2.8
Dam&ged ! O OaLl. 205 302 3.8

Average of 5 replicates.
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From this result, it is evident that injury vo
the roots at the time of inoculation allows symptoms to
develop considerably earlier but that injury is not
essential for infection and the late development of
severe symptoms.

Effect of plant age on infection

This experiment was designed to see whether the
age of the plant at the time of inoculation had much
effect on disease development. This hag been reported

for Verticillium wilt of tomato plants (Nelson, 1950;

McLean, 19553 MecLeod and Thompson, 1859 and Selman
and Pegg, 1957).

Seeds were gown in vermiculite a% intervals of 6
days. When the youngest plants were 12 days old, 3
plants from each set were root inoculated with mycelial
suspension and % plants were kept as controls. As it
had bren found that -roo® *‘njury leads 7o carlier symptom
development, in this as in all subsequent experiments,
some roots were damaged by removing Sheir tips before
inoculation, All rlan®ts were plansed in verniculite
and alloweda to grow in the greenb use wntil the severity
of-disease developmen® in zach group of plants was
assessed 9, 12 and 15 days after inoculation. At the -
time of first disease asscssment, plantvs of the differ-

ent age groups had an average of 3, 5, 7 and. 10 leaves
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each. The wilting indices for each age group are

given in Table 6.

Table 6 Effect of age at the time of inoculation on

B DT

e s B L e DR T AL e B

Age at the time : Days afver inoculaticn a
of inoculation
—.{Peys) | _ LT
12 ! 0.75 2.5 3
18 0.5 2.3
24 ' 0.4 2.6 3.2
30 ! 0.25 2,6 5.1 !
PR . — &

Average of 3 replicates

The result showed that ithere was not much difference
in disease developmen?t among plants of different age
grouns. The difference in wilting indices noticed
ot first assessmeny was due to the difference in the
number cof leaves in each sev becauvse wilting sy nioms
developed in the primary leaveg of 211 replicates
between € and 9 days afvwer inocula’ion and when sympb-
oms were nssccsed or: the 9th day, only The primary
leaves had wilted irrecroziive of the number of leaves
cn each plant. Symptoms in the other leaves developed
suddenly; this accouats for the uniforwity of the

disease indices cn the 12th and 15th days.
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Effect of high humidity on symptom expression

To investigate the effect of high humidity on
symptom expression, the following experiment was
designed.

Ten 18 day old plants were root inoculated with
mycelial suspension and plented in vermiculite in 4"
pots. Five of the inoculated plants werc kept inside
a large polythene chamber on the grcenhouse bench and
the other five alongside but outside the chamber. The
inside of the chamber was kept humid from a tray of
water on the floor of the chamber and by periodically
spraying the inner walls of the chamber,

The inoculated plants oatside the chamber developed
discase symptoms 7 to 9 days after inoculation and
these became very severe by the 12th day, whereas
sympbsom expression in inocu-_ated plants inside the
chamber was délayed until the fifteenth day. But with
the expression of the first wilving symptom, disease
development was quite rapid ¢nd most of the leaves
were shed within the nexi forr days. Yellowing was

also & prominent sympiom bu’ vein clearing was not con-

spicuone.



Table 7 Wilting of plants under normal and humid

conditions

e e e gy

pmr e = e s -

E Days after inoculation

Treatment } %
' 3 6 9 12 15 18 21 |
| -2
Normal
conditions 0 0 .6 2.4 3 3.8 3.9 }
Humid { .
conditions i 0 0 0 0 o4 3,2 3.7
}

Average of 5 replicates

Relationship between foliar symptoms and infection

It was found in the foregoing experiments that
foliar symptoms developed 7 to 9 days after inoculation
under greenhouse conditions. The following experiment
was designed to determine the extent to which these
symptoms were related to the entry of fungas.

Fifteen inoculated and ten control plants were
used in this experiment. Plants were inoculated by
dipping the roots in mycelial suspension. Control
plants had their roots dipped in water instead of in
mycelial suspension., After inoculation, all plants
were planted in vermiculite and kept in the greenhouse.
Starting from the 3rd day and then at regular intervals
of 3 days, 3 inocculated and 2 control plants were

examined on each occasion to see where fungus was in

the plant. This was done by using an isolation technique.



The root, stem and petioles were cut into 1" pieces
and these were surface sterilized after sealing both
ends with melted wax. Thin disks of tissues were
cut from these pieces with 2 sterile scalpal and
plated on solid SCA in petri dishes. They were
incubated for 48 hours at 25°C and later examined
for hyphae of the parasifte. The results are given

in Table 8.
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Table 8 Isolation of fungus from different regions of the plant at various

stages of infection

Days after | Root Hypo- Coty- First First Second Second Third Third Peti- Peti~ Peti-
inoculationg cotyle ledon-  node inter node inter node 1inter oles ole 3 ole 4
ary node node node node 1 & 2
3 + - - - - = = - - - - -
6 + L + - - — - — - -— - -
9 + + + - - - - - - - - -
12 + + + + + + + - - - - -
15 i+ + + + + + + + + ® + -
—
Lo,
i Average of 3 replicates + Fungus isolated

~ Fungus not isolated

Petioles shed
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In this experiment, the. fungus entered the primary
root within 3 days of iﬁoculation and in one of the
replicates had reached the hypocotyl. region. Nine
days after inoculation, it was found up to cotyledonary
node in all plants. At the time of sampling on the 9th
day, primary leaves of all plants had developed pronounced
symptoms but none of their petioles contained the fungus.
In fact, in only one plant had the fungus reached the
1st node. Twelve days after inoculation, when most of
the plants héd developed severe wilting symptoms, only
two plants had the fungus in the petioles of the pri-
mary leaves., Although the other leaves were rather
severely wilted by this time none of their petioles
contained fungus.

Prom these results, it appeared that symptoms
developed well in advance of the pathogen and that
extensive invasion of the host was delayed to a late

stage of infection.

b. Relafionship between foliar symptoms and vascular

distribution of fungus

Having found that the fungus may enter the plant
as early as 3 days after inoculation, it was thought

necessary to investigate the extent to which vessels or

" other tissues were invaded and its relationship with

foliar symptoms,



-~ 5% -

Eighteen root inoculated and eighteen control
plants were used. DPlants were inoculated by the
usual method, and then grown in the greenhouse.
Sampling started 3 days after inoculation and cont-
inued until the 18th day at intervals of 3 days.

Three each of inoculated and control plants were

taken on each occasion. As before, plants were cut

into short segments and after surface sterilization

bits of tissues from each were plated on SCA to see

if fungus was present. The remaining plant material

wag preserved in FAA for sectioning and also in buffered
gluteraldehyde fixative for microtome sectioning.

Free hand sections of materials preserved in FAA
were taken with a razor blade after bringing the material
to water through alcohol-water mixtures. The sections
were washed in lactophenol and stained with cotton blue
in lactophenol (McLean and Cook, 1952), while warming
over a gentle flame for 30 seconds. After staining,
they were again washed twice in pure lactophenol and
then mounted in Euparol. The slides were examined
microscopically and the percentage of vessels occluded

by hyphae are shown in Table 9.
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Percentages of vessels with hyphae at different regions of the plant
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As there was a possibility of fungus being lost
during free hand sectioning, the material was examined
by microtome sections. Before dehydrating, material
was washed thrice for 15 minutes each time in 0.1M
phosphate buffer solution at pH 6.8. Dehydration
was done slowly in vater-alcohol mixtures and finally
in absolute alcohol. After clearing and infiltration,
they were embedded in paraffin, Sections were cut in
thickness varying from 10 to 24 - with a cambridge micro-
tome. A few sections were stained in safranin-fastgreen
and the rest in acid-pianese stain. After staining
and clearing they we: 2 mounted in Canada Balsam and
examined under the microscope. The results are

summarised jn Table 1L0.
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Table 10 Percentages of vessels with hyphae at different regions of the plant

[)] )]

— @ —

7 o R

? o \ .

o o) o o @ o Yo Y

%5 % ¢8& g% g8 g Fhy A

‘ Y 8o © g8 o s g o o o <

: O Hdmo +# P & <S8 o ol P+ Py Lo £

! + o) >0 o no o ow 4 HO H O W no H &
gDays after |9 & X S g.—fé o o & o Eg g gg 2 28 = g ]
i ; § et 5 5 G 02 A B EeH R oA < [c T/ B <] =] 3
‘inoculation ;
O A e - o s == -y

' 3 7 ©o 0 0 0 0O 0O 0O O 0 0 0 ©o© 0

6 1o 6 0 0 0 O O O O O 0 0 0 o© 0
9 18 17 14 5 0 0 0 O 0O O 0O ©O0 0 ¢ o |

12 20 30 34 31 19 21 4 11 10 0 O 0 8,5 0 3

| |

L5 60 42 40 35 31 30 15 15 13 7 O O s 5.5 4
i ) '
18 66 87 B0 72 52 48 41 18 32 29 9 0 4 « (.

Average of 3 replicates

x« — Petiole shed.



-~ 57 -

These observations showed that the number of
vessels containing hyphae was very similar to the figures
given in Table 9. Hyperplasia was found in a few sections,
but this is described later.

The results of these studies with free hand and
microtome sections can be summarized as follows.

1) A% lsast 8% pyreont of the vessols -arc fres cf
fungus when the primary leaves had developed
clear wilting symptoms; 8 to 9 days after
inoculation.

2) Wilting of leaves started in advance of invasion
by the pathogen and petiolar vessels were
almost free of pathogen at this stage.

3) The pathogen invaded the petiole only at a
late stage of infection; the maximum percentage
of petiolar vessels invaded was 7.

4) The fungus was confined to xylem vessels until
at a late stage of infection.

Thesc observations posed the question as to whether
obstruction in 20 per cent vessels by hyphae could cause
wilting, particularly in view of the fact that even in
invaded vessels only some 5 per cent had the lumen compl-
etely occluded by mycelium. In view of the findings of

Ludwig (1952), Waggoner and Dimond (1954), Threlfall (195-),
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and Sinha (1964), it seems unlikely that this amount
of occlusion by hyphae can itself be responsible for
wilving.

Occlusion of petiolar vessels is more important
than similar occlusion in the stem. Dimond and Edgington

1.

(1960) have shovm that in Fusarium infected tomato plants,
when 50 per ccat of Hhe lumen vessels of petioles was,
occluded by hyphae, the pressure required to maintain

a steady flow of water was at least 500 times more than
that required when +the wvessels of stems are occlu’ed to
this extent. In this case, the maximum percenitage of

peviolar vessels occluded at any time was 7 and that

[=x}

at & late stage of infection.
Relat’onship beiween vas scular dissribution of fungus

and discoloration of vessel wells

Free hand sections of the material used for studies
on distribution of fungus were used in thece studies,
Tne sections were stained in 0.1 per c=nit (aqueods)
safranin '07 followed by picrc-oviliae Hlue after
the wmethod of IleTean ard Cook (1552). ‘“he hyphae

appeared blulsh; whe bprown walle of -cssels, bluish

grey anc the uvnaffected walls, pinkish,

5

It was found (TFigures 1, 2 and 3) “hat the-z was

Ou

e close relationsihin betueen the presence of hyphee and

vascular discoloration. Dics-oloraition of walls --as
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seen only in vessels occupied by the fungus and it
occured after the fungus had become established in the
vessel, The first occasion when discoloration of walls
was observed, was 9 days after inoculation, when wilting
of leaves was already apparent, The percentage of
vessels that had discolored walls at this stage was 9,
But in material collected 18 days after inoculation; all
vessels containing hyphae had discoclored walls. The
high percentvares of vagscular discoloration at this stage
is not very significant because the infected plant had
already wilted, almost completely by this time.
Discoloration of ve-sel walls is a generally
recognised feature of wvascular infection. In Fﬁsariuﬁ
infected potato and tomato plants Davis gﬁ_g;.; (1953) .
it to liberation of phenols from conjugated forms by
hydrolytic enzymes and oxidation by polyphenol-oxidases
are present in healthy stems and these oxidise the
phenols and the latter would polymerize +to form pigments,
Mace (1963), studied the phenols of healthy and Epsariu@
infected banana and pointed out that phenols occur
in a free unconjugated form, localised in cytoplasmic
masses in parenchyma cells. Following infection,

both fungal and host polyphenoloxidases and possibly
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oxidation of the phenol and discoloration occurs.
The discoloration products then diffuse into xylem
vessels:.

Whatever be the cause of discolcration of wvessel
walls, it is evident from tlie abcve studies that in
in walls containing hyphae.

6. Relationship between foliar sympbtoms_and other

frtomical abnormalities _in the :infected plard,

a. For these studies, microtome secticns of plant

materials used in the above experiment and free hand

\,
\.

sections of fresh plant materiale were used.

d 1. Hyperplesia
Microtome sections of root, stem and petiole

taken from different regions of +the plant and at various

steges of infection were doubie stained with safranin-

fast green, (Jensen, 19€7), Cuticle and lignified

cell walls appeared red oand the other structures green,

After staining and clearing, they were mounted in canada

balsan. It was Iound wnat no aviaormal struztural changes

tock place .'n infected plants ntil a late stage of

infection, However, in samples ~collected on the 12th

day and after, hyperpiasia was found in the hypocotyl.

and firsc and second internodal regions of infected

plants, No such change was seen at any stage in any of



d.

!
&)
W
|

the Leticles. Iui sections of plants from the 15 and

e

.10 day semples, a dark brown substhance was seen in

the itercellular spaces in the vascular tissues
47 shauabers and Corden (1963) found similar substances
aes2d tomato plants and suggested that

the connections between

\
«J

suchi subevances wou.d alsyadt
vessels and adjacens parcencayma cells. JTn some cases,

meny of the ¥ylem varenchyna cells were also seen 1o

be Ii. with o vwlaczsk subshance.
Tylioscs

Free nand secticns cf fresh plant maverial were

useG. The plarts vere zrown and inoculated by the

D

+a

usual method. Pidtesn inoculated and fifteen control
plants were used. Thzy were saupled i 3 day intsrvals
arfver inoculation and sections were stained with picro-
aniline bive. A4fter mounting in 50 per cecnt glycerins
tlhey wore examined uwader “he nmicroscope. The resulte
showel Tthat tylose Tormation was nobt a prominent featur.
of this diseesz, esrtcciwlly at the early stages of
infecilon. T sectiors of 9 day old infected plants,

they werce rzarely fovnd. However, thev were found in

-h

ailrl;r iarge avwwers in inf ed plants after 12 aays
vnen the disease rnad become very severe. .
They viere Zeund Lu the nynscocotyle and internodel regions.

tus not in any oi the petiolar vessels.
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Tylose formation is generally considered as a
defense mechanism in infected plants. Wardlaw (1930)
and LinTord (193 ) found in Fusariun-irfected banana
and pea plants a limited .istribution of parasites in
the resistant varieties because of tyloses. Sinka (1964
found more tyloses in a resistant than in a susceptible

[ '

varielty of tomato then infected by Verticillium albo-

atrum. Similar observations were made by Rishbeth (1957)
for banana, and McClure (1950) for potato. In view of
this, the low incidence of tyloses in the early stages
of infection of bean planis is what that would be
ezpected becausc of the high susceptibility to infection.
Gelo and gums

Gels and gums are reported to be of Ffrequent
occurence in many vascular wilt diseases. Ludwig (1552}
and Pierson e% _al., (1955) reported gels and gums of
pecvinaceous orgia in Fusarium-infected tomato plante.
Scheffer and Walker (1953), Gothoskar et al., (1955) aad
wilt of tomato plants ard suggesia2d that macerating
and pectic enzymec liberate Iragments of pectin into
the lumen of vessels where they accunulate to form

plugs. Gels of similar nature have been described in

Tusariuvn-infected wanane roote (Beckman et al., 1962)
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and cabbage wilt by Fusarium conglutinans (Melhus
et _al., 1924).

To investigate whether substances such as gels
or gums are present in infected bean plants, free hand
sections from different regions of the plant in various
stages of colonization were stained in an aqueous solut-
ion of ruthenium red (1:5000 w/v). After staining and
two subsequent washings in water, they were mounted
in 50 per cent glycerine for immediate observation.

(It was assumed that substances of pectic nature would
stain red with ruthenium red).

It was found that there was not much difference
between the vessel walls of healthy and infected
plants in their reaction to ruthenium red. This
result was confirmed by staining sections with-
hydroxylamine-ferric chloride, adapting the msethod
used by Reeve (1959), a~ described below.

Frce hand sections of root and hypocotyles of
healthy and infected plants were placed in alkaline
hydroxylamine solution for 3 to 5 minutes. Then an
equal volume of a solution of 1 part concentrated
hydrochloric acid and 2 parts of 95 per cent 2lcohol
was added. The sections were then washed in 10 per cens

ferric chloride in 60 per cent alcohol containing 0.1N.
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kydrochloric acid. The sections werc then mountec
in 50 per cent glycerine.

The results showed that gels and gums were nou
formed in sufficient amounts to block the vessels.
The maximum nroportion of vessels showing gels or
gums wes less than 10 in plant samples after 9 days

when they vere showing typical wilt symptoms.

Disease development in cuttings from rool inoculated
plants

In earlier experimenss, it was found that root
incculated plants developed wilting -symptoms 7 to 9
days after inoculetion, under grecenhouse conditions.
The rext experiment was designed to see whether shooc
would otill dewvelop symptoms, if they were remcved
suring this periocd and grown in nutrientv solution.

1 wias vnought that 1if these shoots did develon synu™ -
omwl, She cavse of wilti g could be something cther
thaa mere ccclusion of vessels by hyphae or some other
products beceause 1t had already been found thatv the
provorvion of vessels occluded in infected plants, 9
days aiter inoculation was less than 20 per cen=,

FZteen inoculated and fifteen control plants
U@ doy-n1d) wcre used in this experiment. Roo%

insculation was done by the usual method and planis



vere grown in vermiculite in the green-house. Six
days after inoculation and at 3-day intervels after-
wards 3 ilnoculated znd 3 control plants were cut at
ground level with o wet razor blade for microscopic
examination, cuttings were placed in half-strength
Long Ashton nutrient solution in 160 ml. bottles and
then kept in lighted cabinets at 22°¢. They were ex-
amined daily for wilting symptoms. The results are

given in Table 11.

Table 11 Wilting indicesg per leaf of cuttings from root

inoculated plants

U VO SV

Average of 3
replicates

Time of sampling! Days after sampling
(Days after
~ inoculation) 11 2 34 5 6 7 8 9 10 1t
6 0 0 3 5 4 0 0 0 0 0 o)
! 0 0 6 .75 .5 4 O 2 0 V) o)
8 O O .8 192 1 -75 ‘25 O O O ':".!'
9 .5 1 1.4 1.5 1.2 .75 .25 0O 0 0 v
10 ;-75 1 104‘ 1-5 105 1 075 05 '5 075 ]_—."
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Pree hand sections af stem segments removed from
the bases of cuttings were examined for hyphae, tyloses
and occluding substances u.ing stains given in
experimeni 6.

The results of these findings are given in Table 12.

Table 12 Occlusion of wessels in the bases of cutiings
from root inoculated plants.

Time of sampling iPercentages of vessels occluded with:
{Bgys after |
inoculation) Hyphae Tyloses Gels or Gums
6 7 0 3
7 | 8 0 3
8 i 11. 0 3.5
9 ; 12 3 7
10 ? 18 8 9

| I

Average of 3 replicates
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One of the most striking observations made in this
experiment was that cuttiigs taken after 6, 7 and 8 days
after sampling developed typiczl wilt symptoms 2 to 5 days
after sampling. Some control plants also showed a little
wilting within few hours after sampling, but they &ll
recovered within 24 hours. . ine and ten day cuttings that
had already started wilting at the time of sampling
eontinued to wilt for the next few days. But all cattings
except one in the 10th day samples recovered between 5
and 8 deys after sampling, though eventually a1l developed

typical diseaese symptoms @gain after 7 to 10 days.

Toble 12 that

It would seem from the results in
the wilting in these cuttings could not have begn caused
by oceclusion of vessels by the fungus or its products.

An alternstive explanation is that some substances that
had slready been formed in the lower regions ef the
infected plant when the pathogen had become established
might have entered the leaves and caused them to wilt. A&s
the supply of this was cut off when the shoot was severed
from the plant, the leaves recovered ond it took guite
sone ‘time for the hyphae in the cuttings te grow and
produce sufficient of the substance to make the cutting

wilt ag=in,
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Disease development in cuttings inocculated with spore

suspension

This experiment was designed to find whether cutt-
ings inoculated through cut ends with spore suspension
would respond to infection in the same way as would
root inoculated plants.

Twenty~five cuttings from 15 day old plants were
used. ©Spore suspension was prepared as described
under materials and methods in four concentrations:

0.5 x 10%; 1 x 10%; 5 x 10%; 1 x 10°. Quantities of

4 ml. were placed in calibrated tubes of 10 ml. capacity.
Cuttings were taken at ground level with a wet razor
blade and after trimming 5 mm. from the base under water
they were placed in the spore suspensions. Three cuttings
were used for each strength of spore suspensions,
Controls were placed in heat inactivated spore suspension
containing 1 x 106 spores per ml. The cuttins were

kept in the constant temperature cabinet for 4 to 6

hours until each cutting had taken up 1 ml. of the sus-
pensions. Afterwards the cuttings were removed from

the suspensions and 1 cm. was trimmed off their bases
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which were then washed under running waiter
transferring to 160 ml. bottles containing ST
nutrient solution. All cuttings were thzn
the constant temperature cabinet vnitil the end o
experiment.

The cuttings were examined daily for diseas
developmzens
basis of wilting, &s in earliier experinents.

The results of this experiment are shown in

Table 13.

Table 153

with spore suspensions

beforr

ept

-

CLle, a

o) -
L

-
L

bed

and the symploms were assessed on wvhe

Wilting indices per leaf of cuttings inoculat:”

1
1

1
1
1
)
j
i
i
'
1
!
4

'
i
i
'

1

Strength of Days after inocnlation

i inoculum

l(spores/ml.) 1 3 5 7 9 11 13 15 =719

10.5%x10° 30 0 2 0 0 ¢ 0 0o ,25.5

'1 % 10° O 0 O 0 0 0O .5 .8 1.51.75

"5 x 107 ¢c 0 0 .3 .5 1 2,2 2,6 33.5

1x10° {0 o .2 .5 1.4 5.0 238 3.2 5.8 4
Averare 0 35 rLepli-ntes







All cuttings developed typical wilting symptoms
when inoculated with spore suspensions.(Plate 4). The
cuttings that had taken up 1 ml. of the suspensions

5

containing 5 x 10° developed symptoms with those in

root inoculated plants with conspicuous leaf yellowing,
vein clearing and pronounced necrosis in the intervenal
regions of the leaves. (Plate 4). The root growth

was greatly reduced in inoculated outtings and a striking

feature associated with this was a general swelling of the

base of the cutting. (Plate 4).

Effect of infection on growth of lateral roots

Reduced root growth is characteristic of most
vascular wilt diseases. The experiment described below
was designed to determine the effect of infection on
root growth of bean plants.

Ten, 12 day old plants were cut at ground level
and the cuttings were placed in half-strength nutrient
solution in 160 ml. bottles and grown in constant temp-
erature cabinet. After 7 days when a sufficient number
of roots had been produced, cuttings were carefully
taken out and 5 latercl roots of cach were measured in
length from the point of origin and labelled so that
they could be identified later. Five of the cuttings

were inoculated by dipping the ends of roots in a
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spore suspension (5 x 106 spores per ml,.,). The other
five cuttings were kept as controls and their roots were
dipped in heat inactivated spore suspension. The tips

of 10 roots each, of all cuttings had been removed

before inoculation to facilitate infection, After
inoculation, the cuttings were placed in 6" x 3" glass
beakers, suspended in the centre by means of cork. The
beakers were lined inside with moist filter paper.

After 24 hours incubation ot 2200, the cuttings were
transferred to fresh beakers containing nutrient solution
and kept in the constant temperature cabinet, All
beakers were wrapped with black paper to keep light from
the roots. After 10 days, when typical wilting symptoms
had developed, the labelled roots were separated from

the stem., Their lengths were measured and the percentage
reduction in the length of infected root was determined.

(Table 14).
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Table 14 Effect of infection on growth of lateral roots

Average length of rootsy(cn.)

Treatment at tine of at the end Percentage

{ inoculation . of the exp. reduction in
e e ) ! length

i - i
Control 5.8 i 16
Inoculated 6 % 10.5 % 7

"' 3

Average of 5 replicates and
25 roots.

The results showed that there was a reduction of

77 per cent in the length of roots of infected cuttings.
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PHYSIOLOGICAL STUDIES

Respiration

Alteration of respiratory pattern in plants foll-
owing infection by microorgonisms has been rceported in
a number of discascs; in swect potato infected by
Rhizovus trilici, (Weimer and Harter, 1921) and
Ceratostomella fimbriasto, (Akazowa and Uritani, 1956);
in rust ond mildew discasecs of ccreals (Shaw and
Semburski, 1957); in tobacco plants infccted by
Pscudomonas solanaccarum (Maine gt _gl., 1959) and in
mildew discasec of barley (Bushnell and Allcn, 1962),
There arc also reports of cnhanced respiration follow-
ing infection by Fusarium oxysporum. Collins and
Scheffer (1958) found that respiration of leaves of
tomato plants increascd considerably following infect~
ion by Fsoxysporum f. lycopersici; Scheffer (1960)
noticed that Fusarium infcected tomoto plants had a
high respiratory ratec and that the increase was
assocliatced with symptom decvelopment, OSimiler increases

are rcportced for cabbage (Keitefuss gt_al., 1960),

In tomato plants infccted by F,oxysporum f. lycopersici

Kuo and Scheffer (196L), found that thc respiration
of leaves increcased graduclly following inoculation

and remained relatively high until symptom development
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and then fcll suddenly.

It is known that incrcase in thec ratc of resp-
iraﬁion is onc of thc important mctabolic changes
occurring in plants following infcction by microorgon-
isms. Whether this change has a dircect role in inducing
symptom devclopment is still unknown, Collins and
Scheffer (1958) found that the infcction of tomato
plants by Fusarium oxysvorum f. lyvcopcrsici incrcases
002 production and O2 uptakc by non symptomatic lecves
that do not contain fungus. Thc fect that rcespiratory
changes occur in host tissucs away from the rcgion of
infection and beforc significent symptoms dcvclop
suggests that somc diffusiblce metabolite is involved.

In this conmecction, &llen and Goddard (1938) working on
mildew discases of whcat concluded that thc increasc is
causecd by diffusiblc substrnces coming from the parasite.

In view of thc above rcports, & number of cxperim-
ents were donc to sce whether incrcascd respiration is

also a fecature of bcan plants infected with Fusarium

QXY S0OYUll,
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Effcet of Infection on Respiration of Root Iaoculanhcd

2

Plents

In carlicr cxpcriments it was found that fungus
was prescnt in the vesscls of the stcems of infected planun
72 hours after inoculation., As the prcscnce of the Tungun
is likely to alter the ratc of respiration of the infccted
region only leaf tissucs thoat arc not invaded by the
fungus ot ony timc during thce coursc of the discose werc
used in the expceriments described below.

Eighteen-day old plants werc inoculatcd by dipping
the roots in a myceclial suspension., The plants to be
grown as controls hod their roots dipped in water instead..
Both types were planted in L" plasticpots containing

vermiculite and watcrcd with Long Ashion nutrient soluticn

-

as required., As 2ll plants showed transicnt wilting foo
the first 2L hours becausce of the disturbonce couscd by
transplanting, sampling vas postponcd until 48 hours
aftcr inoculation.

By mcans of a Warburg ecpparatus, resniration of
thrce rcplicatecs of inoculated and control plants were
determined daily from the second day after inoculation
until first symptom development, Fiftecn lecof disks, cach
10 mm, dicncter and cut from thc primary lcaves werc

uscd in each flaske. Thc leaf disks weiae floated in 3 nl,
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phosphate buffcr solution of pH.6.L4, contained in the
outer vesscl of the flesk, The central well of the
flask contained 0.2 ml, of 10 pecr cent KOH solution
to absorb 002 cvolved by the leaf tissuc. IHach flask
was wrapped in aluminium foil to exclude lignt. The

temperature of water in the hath was 2500o Menometer

readings werc taken at 30 minutc intervals for 2% hours,
The leaf disks were then removed and dried for 48 hours
. o} . .

in an oven at 70°C, Respiration rate was cnlculated as

ul. oxygen uptake/mg. dry wt. of leaf %tissue,

Tablc 15. Respiration of healthy and root inoculated

plants. (0, uptakc ul./mg. dry wi./hour).

et Mk 4h ke WA s -

0 SR NES it 2 it e BT N SmA TR 3 KR ik R e 4O T4 T Rk

b

Days after i ~Percentage
4 i
'v I Hengioiat T
Inoculation ; ! r? C'éc °
a lealthy @ Inoculated |roduebon =
] i yinoculated
] Y [
L : 3.6 PoLa i+ 13,9
i i i
5 : 3.8 | L.5 o 18,04
6 345 i L5 o 2865
i . :
17 ! 3.6 - 5 ;o 28,8
8 ; 3.5 2.9 Lo~ 17.1

Lvcrage of 3 rcplicat.s
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RESPIRATION OF HEALTHY AND INOCULATED PLANTS

7 DAYS AFTER INOCULATION
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RESPIRATION OF HEALTHY AND INOCULATED PLANTS

8 DAYS AFTER INOCULATION
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Thc results of these cxpcriments (Tablc 15 and
Figure ) show that therc is o graducl incrcase in the
ratc of respiration in the infectcd plant starting fron
the fourth doy aftcr inoculotion. This incrcasc rcached
a peak 7 days aftcr inoculation and then respiration
fell suddenly with thc aopceerance of the first symptoms

of wilt in thce primary lcaves,

Effect of Infection on Respirction of Inoculated Cuttings

Bean cuttings, 18-days old and nbout 15 em. in
height werc usecd in this experiment. They werce inocul-
ated with sporc suspensions in thc way describced under
Materinls and Methods. In carlicr cxperiments it had
been found that 18-dry o0ld cuttings devcloped discasc
synptoms similar to those of root inoculatcd plants when
they had taken up 1 ml. of sporc suspcnsion containing
10,000 40 15,000 sporcs pcr ml, for L to 6 hours under
conditions favouring norL.l transpiration in the glass
house., Controls werc placed in hcat incctivatcd spore
suspension for thc samec pcriod. Aficr inoculation,
cuttings were token out of thc spore suspeonsion and
their beses werc trimmed undcr water beforc putting
into bottles contoining holf strength nutrient solution,
All cuttings werc kept in an illuminatcd constont

temperaturc cabinct at 22°¢ i 100,



The procedure adopted for root inoculated planis

was followed in measuring respiration ratc of cutvings,

Sampling startcd 48 hours aftcr inoculation; all cuti

ing
had recoverced from the transient wiliting following
removal from the plant by thas tine, Disrks of leaves
from threc infected and threce healithy cuttings wexr

usced at cach sampling. Onliy disks foom symptomless
lecaves were uscd., The experimenths wowe done for six
doys after inoculetion; by this time most of the remain--
ing cuttings had developed slight wilting or epinasty.

The results arc shown in Table 16 and Fig.445

Table 16

" Respirasion of Heplthy and Sporc Treculated

Cuttings (o2 uptake ul./mg. dvy wi./hour)

-
P

Days after

Inoculation ! , P e
N | Healthy Tnoculaseq ¢ OF reduction
[ P inosulated
- e T st W vr r e ]‘. B o ——— . p ap— ——— .._..Jg: . . S B It s e A mwem = we— W@ . .
3 | 3.8 3,9 +2.8
i :
L ! 367 L.l f +18.1
? ;
5 t 3.7 Ae : + 3740
, i
6 L 3.9 2,5 i - 35.8

i Percentage increuar.
-

TR TTT e
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Fig.6
.RESPIRATION OF HEALTHY AND SBORE INOCULATED CUTTINGS
5 DAYS AFTER INOCULATION.
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RESPIRATION OF HEALTHY AND SPORE INOCULATED CUTTINGS

6 DAYS AFTER INOCULATION.
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The results (Table 16 Fign. 6 &7) show that the
majority of inoculated cuttings rcespired at about the
same rate as the controls for the first 3 days after
inoculation. Letcr, diffecrcences in the rate of respir-
ation between controls and inoculatced plants becane
apparcnt. Although, there was consideralle variation
among the replicates in the inoculated serics, all had
a higher ratc of rcspiration then the controls, The
variation in the ratc of »cspiration among the replicates

of thc inoculated plants may have been duc to the diffcer-

cnees in guantity of the fungus taken up,

Respiration of Licaf Disks in Sop From Infocted Plants

It is apparcnt from thec forcgoing cxperincnts that
symptomless lcaves of plants respirc faster than those
of hcalthy plants before discasc symptoms dcvelop., As
this happcns in tissucs some distancce from the parts of
prlants carrying the porasite in root inoculeted plants,
metabolites produccd in the region of infection are
carricd by thc vascular strcom to the lecaves and produce
their ce¢ffceets therc, If this is the casce, thr vascular
sap of the infceted plant should be toxic to: leaf tiscues.
The following experiment was, thercfore, devisced to test
the toxicity of the sap and the cffect of the sap on

respiration.
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Again with a Warburg apparatus, the respiration rates
of healthy leaf tissues in the sap from infected and healthy
plants were studied.

The sap was collected as described under Materials
and Methods from healthy and infected plants, 6 days after
inoculation. Three flasks were used with 3 ml. sap,
after adjusting its PH.to 6.L. Control flasks had 3 ml.
phosphate buffer solution instead of sap. Fifteen leaf disks
from healthy leaf tissues were floated in each flask. The
central well of each flaskhad 0.2 ml. of10 percent KOH sol.
to absorb the Co, evolved as the leaf disks respired. Kach
flask was wrapped in a2luminium foil to exclude 1light
during the experiment.

The experiment was run for 2.5 hours and the mano-
meters were read every 30 minutes. At the end of the
experiment, leaf discs from each flask were taken out
dried saparately in an oven at 70° C. for 4& hours. The
oxygen consumption was calculated as ul/mg.dry wt./ leaf

tissue
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Fig.8

RESPIRATION OF LEAF DISKS IN THE SAP FROM HEALTHY AND INOCULATED PLANTS.
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Table 17 Respiration of leaf disks in sap from hecalthy and

inoculaved plants

Tine

Swee g me

(Hours)

ey

O.5
1
1.5

265

e e

; . £ sap from: y Porcentage increasc
¥ Control 1& | in sap from: _
§  Hoalthy : Inoculated | Hoalthy - Inoculated)
SRS S WO S . :
£ L1.75 § 1.8 § 2.3 2.8 - 3.1
1 ; [ X ! i
L 3.6 L 3.8 : e 2 I 5.5 1 16,6 §
: ; ~ : ) 2 ;
i 5.5 6 : 7.0 P 9.1 29 :
; i i ; |
. 7e5 .‘ 8a2 9\-7 i‘ 90) : 2933 ;
: : . %

9.2 ¢ 10 CL 1.4 S P R {9 S

Average of 3 replicates

The results (Table 17 Figurc 8 ) show that loaf
disks in infected and heolthy sap respire at a higher
ratc than thosc in the buffer solution, and that disks
in infectecd sap respirc more vhan do thosc in healthy
sap. It is probablo, but not ccriain, thiat these increca-
sce in respiratlon arc both attributabic to toxic sub-

stonces present in both heolthy and discased sap as
— (¥4

£

us2d and that such suwbstancces developn in healthy sap
a®ter ocxtraction. Gottlich (1943, 194l1) has obtaincd
similar rcsults and circumvonicd this difficulty by

prcvaring cxtracts anacrobically, a prccaulion not
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taken in the current work. Nevoetholess, inspite of
this defficicncy, the results show that sap from infect-
¢d plants contain subcitancces astimuvlnting respiration

additional to thosc prescnt in sop fvoen hoalthy plants.
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b.) Transsiration and Conduction

Transpiration of root innculated plants

This experinent was designed to study the trans-
piration rate of root inoculated plants. Eighteen-day olad
plants of unifornm size were selected from a large nunber
and were inoculated with nycelial suspension. They
were then planted in vermiculite in 4" plastic pots with
lids and sealed bases as nmentioned under 'Materials
and Methods'. (Plate 1). Five inoculated and five
control plants were used. Roots of the contrcls were
dipped in water instead of in nycelial suspension. All
plants were kept in the growth cabinet for 24 hours
before weighing and transferring to the green house
bench., Each unit was then weighed daily at 4 p.m.

The leaf area was also neasured daily. (Prelininary
experiments showed that the prinmary leaves of experin-

ental plants had reached the maxinum size when they were

15 to 18 days o0ld). As the prinary leaves (1 and 2) had
already reached their full size at the time of setting

up the experinment, their area was neasured only at the

end of the experiment. The area of leaves 3, 4 and in

sone cases 5 were neasured by choosing leaves of the sane
length from the check plants growing besides the experiment-

al plants and tracing their outlines onto paper of known
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weight. From this, the daily increase in leaf area

of healthy and inoculated plants were determined. The
experiment was conducted for 8 days until the first
wiltAsymptoms appeard in infected plants. At the end

of the experiment the areas of a2ll leaves were determined.
The daily transpiration rate of inoculated and control

plants are shown in Fig.9 and in Taeble 18,

Table 18 Water loss from healthy and inoculated plants

4
3
i

k

~ .

S dvnars

Days after | Water loss (mg/em2leaf area) | Percentage
inoculation \ 1 reduction
I Healthy | Inoculated ! inoculated
1 o ,J 34 | 2.8
| r. ]
2 10 : 39 ‘ 2.5
3 % 39 38 ; 2,56
4 41,5 40 5 3.6
¥
5 I 38 H 36 i 5.2
4 ¢ i
6 36 | 34,5 i 6,7
; i
7 N7 % 31 P s.8
8 N 36 i 29,5 (18,1
i
{
3

Average of 5 replicates

4

A
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Fig.9 . .
WATER 1OSS FROM HEALTHY AND INOCULATED PLANTS
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The results of this show that there was a gradnal
fall in the rate of transpiration from 4 deys afier
inoculation. With the appearance of wilt synptoms
cn the 8th day, there was considerable reducticn in the
rate of water loss, conpared with the control.,

A pronounced Fall and rise i1 The wansepiration

rate was seen in botih control and incculated piants

during this experinment.

Transplration of roov inoculated plants with primary leaves

only

In prelininary experinents, it was found that plants
with buds removed to leave only primary leaves wilted,
about the sane tine as entire planvs when inoculated with
mycelial suspension., ©So, it was thought appropriate to
study the rate of transpiration of plants with prinary
leaves only as this would elininate the pegsible errours
in estinating the rate o” transpiraticn when a large
nunber of continuously growing leaves were used.

The transpiration rate of 5 incevlated and 5 control
plants were studied, %their bude hed Yeen rencved when
they were 12 days o0ld. They vare root inorulsted with
rycelial suspension and planted in vlestic pots with
1id and sealed base as before. After inoculation, all

units were placed in the ercen hnuse. Thay wore voigh-d
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at the time of transferring to the green house and
then daily at 4 p.m. After 8 days when the inoculated
plants had developed wilt symptoms the areas of all
the leaves were measured. The daily rates of water
loss per unit area of healthy and infected leaves

are presented in Fig.!0 and sunmarized in Table 19

Table 19 Vater loss from hcaithy and inbéuiaféd'ﬁiéﬁ%é

with primary leaves only

g . ket v e P ] i e et e e o Jn; o aem e aes e -

Days after { Water loss (mg/omzleaf area)| Percentage
inoculation reduction
% hea;thy inoculated Inoculated
1 V34 30,5 1.6
2 L 32 | 5.8
3 1 33 33 0
4 b33 32 3,03
5 L 51.5 | 4.6
6 1 30 27 T
7 I 27 1 228
8 P30 26 1 18,7

Average of 5 replicates
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Fig 10

WATER LOSS FROM HEALTHY AND INOCULATED PLANTS ; PRIMARY LEAVES ONLY.
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The rate of transpiration of inoculated plants was
lower than that of uninoculated plants throughout the
experinent. There was the sane soriewhat erratic be-

haviour from day to day.

Branspiration of inoculated cuttings

The foregoing two experinents showed that the
inoculated plants lost less water than the controls.
But it was not clear whether or not this was due to
reduced conduction, so the following experinent was
done to investigate this.

Eighteen-day old cuttings with primary leaves only
were used, with their buds removed when they were 12
days old. Twenty-four cuttings were inoculated with
spore suspension (0.5 x 1O5 spores per ml.). The cont-
rols were placed in heat inactivated spore suspension.
After 4-6 hours, when each cutting had taken up a ml,
- of the suspension, they were taken out and their bases
were trimmed and washed under water. Fach cutting
was then placed in vials contminine half strength
nutrient solution and kept in the growth cabinet. From
the second day, 3 inoculated and 3 control cuttings were
taken out daily to measure their transpiration rates for
the next 24 hours. They were nlaced in 30 ml. vials

containing 20 ml. of water and closed with aluminiunm foil
caps wWith ccntral holes. The vials with the cuttings were
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welgned and then placed in the g.oowva ¢ .iinee, After
24 hours they were weighed again. =“he leaf areas
were measured as before. The cuttings were taken out
of the vials and the water lefi in each vigl vas

e an

measured. Frox the resul’s the rese ¢ “ranspiration

cuttings. The resulte are prezeviad in Tig. 171 snd
Table . 20,

Feble 20 Waber invake and water loss of healthy end

inoculated cuttings

vays after Healthy Inocuiated
inoculation

— - —— t———————

Tntake :© Loss ; Toss & per-- § ITntskz (Loss § Loss as
centvage orf : | percentoaqe
intake N . of inteke

1 31 30 96,8 29 28 | 95.6
2 35 | 34 97.2 lé 35 133.5)  95.8
L3 51029 | 93.6 o t2s o 93.4
4 54 33 97,1  ECTENN U BCEN
5 28 |f27 1 96,5 b one 25 | 96.2
6 50 | 285 95 I ESTENR E-UN 3 96,3
7 34 52 9402 Lo {25 § 10401
g 2 51 96,9 T o2 d2n 1 109.1
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Fig, 11
WATER INTAKE AND WATER LOSS OF INOCULATED CUTTINGS
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The results show that there was & gradual
reduction in the rate of transpiration as well as in
the rate of absorpiion in the inoculated cuttings.

But, the reduction in the rate of transpiration was

not paralleled by reduction in the rate of absorption.
At no time during the course of the experiment did the
transpiration rate of inoculated cuttings exceed that
of controls, but the ratio of transpiration to absorpt-
ion was higher for the inocaulated cuttings than it was
for controls. In other words, the rate of water loss
of inoculated cuttings slightly exceeded the rgte of
absorption just before symptom development, and this,

presumably, is why the plants wilt.

Transpiration in detached leaves

Monofoliate leaves (Primary leaves)

The transpiration rate of detached monofoliate
leaves from infected and healthy plants during the
period between inoculation and disease development was
studied in this experiment, ZEighteen-day old plants
with 2 monofoliate leaves and 2 trifoliate leaves were
root inoculated by the usual method. After inoculation,
they were planted in vermiculite and kept in the green
house., There were 27 inoculated and 27 control plants.

After every 24 hours, the nmonofoliate leaves of 3
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inoculated and 3 control plants were detached fron

the plant for studying rates of transpiration and
absorption for a 24 hour period. They were placed in 30 ml.
vials convaining 20 ml. of water and closed with alumin-
ium foil caps with central hcles. After weighing the

vials with the leaves, ther were kept in the growth oabin-
et. Twenty-four hours later They were weighed again,
Leaves were then taken ous and their areas were neasured

as in the previous experiments. The water left in the
vials was measured and the amount taken up was determined.
From the re=sults ob%ained, the btranspiration and conductio.
rete per cm? of leaf area wvere determined. This eXper-—
iment was con®inued for 9 days until initial wilt sympt-
oris appeared in the inocul~ved plants. The results are

presneved in Fig, 12 and Tadvle 22,
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Zable 21  Vater intake and water loss of monofoliate ieaves
healthy and inmoculated planss
f Healthy Tnoculated
4
Days after |} Intake Loss Loss as Tntak Logs Toss ag perco
inoculation _ perceny-- L age of dinte. s
¥ age oi i
: insaks . s )
—— : — - .
1 ?’ .71 9609 ol :‘O i 9608
- - j
2 30 ¢ 29,5 98. 4 32.5 ! 505 1 93.9
k d ‘
3 32 130.2( Q4.4 51 os0 b g6
4 .
4 33 3205§ 98.5 34w 30,5y 89.8
1 i t
5 29 % 29 | 100 ] 28 | 26 5 92,9
. ! | : ,
6 5L 150,51 98.4 29.5 29 | Ie. .
B i ]
-7 ~ bﬁ H i - »
. 32,5 51,51 97 28 1 29.5 ' 05,3
& “ i n
3 34 433 I 96.9 26 ﬁ 28 ' 107.6
P * j a:

o

Average of 3 replicases
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This experiment for studying the transpiration
and conduction of trifoliate leaves was set up as in
the previous experiment except that 21-day old plants
were used, so that fully opened trifoliate leaves could
be obtained. There were fifty inoculated and fifty
control plants., The transpiration and conduction rates
of 5 each of the 1st and 2nd trifoliate leaves were
studied daily. The experiment was conducted for 10
days until initial wilt symptoms appeared in the 1lst
trifoliate leaves. The results obtained are presented

in Fig. 13 and summarized in Table 22.
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Fig.l
. WATER INTAKE AND WATER LOSS OF TRIFOLIATE LEAVES

FROM INOCULATED PLANTS
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Table 22. Water intake =nd water loss of Trifoliate leaves from Healthy and
inoculated plants.
Leaf Ho. |Days after |. HEALTHY %NOGULATED
inoculation | Intake ,Laoss Toss as perc- nteke Joss Loss as percent-
S intage of .ntake | ( ¢ 3r=s  genofrinpskent

A 35 32 96.9 - 34 3245 95.6
2 3.5 | 30 95.3 32,5 |%4 95.4
3 30 29.5 95 29.F 29 94.9
_ L 3. |33 97 1 3% |3k 97.2
5 315 | 30.5 96.9 2 31 96.9
6 37 36 97 .5 33.5 |32.5 97 .1
7 31 30 96.8 . 25 28.5 98.3

8 33 32 g7 30 30 100

9 32 315 98.5 27.5 |30 109
1 L3 1.5 96.6 L2.5 |42 £2.9
2 38 37 97 .4 - 39 37.5 96.2
3 37 36.5 98.7 - 36 33.5 92.4
Tr.2 L L2 L0.5 9.5 : LA L0 97»§
5 LO 39 97 .5 - 38 37 97 .4
6 i L3.5 99 45 L3 95.€'
7 57 375 96.2 37 36 97.3
8 39 38 97 .5 38 37 97 .4
9 Lo 38.5 96.3 . 36 35 973

Tp.,—~ Trifoliate leaf

Lverage of 5 replicates .each
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It is evident that the transpiration and absorp-
tion rates of leaves from inoculased plants gradually
decreased until 7 days after inoculation, the amount
of water taken up and lost corresponded very closely,
though in general, slightly more water was taken up
than was lost., But on the 8th day with the appearance
of wilt symptows in the primary leaves, the rate of
water loss slightly exceeded the rate of absorption,
though it did not exceed thet of healthy leaves. A
similar increase in the traanspiration over absorption
was noticed in the lst trifoliate leaves also on the
9th day, prior to wilting (Fig. 13 ).

it is difficult to say how significant is this
increase in the rate of water loss at this stage.

As this happens almost simultaneously with the appear-
ance of wilt symptoms, i% cannot be regarded as the
factor responsible for wiiting. It i3 not known whether
the cell permeability of the infected leaves has been
affected at this stage or not.

Effcgct _of infection_on condvetior

In the foregoirg experinents it was found that
the infected plants absorbed less water thar “he healthy
plants. This nexs experiment was done to see whether

the decreease in absorption was due to nonfunctioning of



- 108 -~

the vessels and if so, to what extent.

Eighteen-day o0ld plants with 2 primary and 2
trifoliate leaves were used. They were root inoculated
by the usual method with mycelial suspension. After
inoculation they were planted in verniculite and kept
in the green house. There were 30 inoculated and 30
control plants. From the second day 3 each of inoculated
and control plants were taken at randon for studies on
conduction. They were cut at ground level, and the lower
end of cach was again cut under water before placing in
vials containing a solution of 0.1 per cent eosin in
water., Each cutting was allowed to take up the dye for
90 seconds under conditions favouring normal transpirat-
ion in the green house and then the lower inch of the
stenm was cut and kept in water for free hand sectioning.

Thin, free-hand sections of the stem were taken
and mounted in glycerine for counting of stained and
unstained vessels. All stained vessels were considered
as conducting.

This was done daily for 10 days after inoculation.
When plants developed initial wilt symptoms after 8 to
9 days, their symptomatic leaves were removed before
placing in the dye. The corresponding leaves of controls

were also renmoved, The results are sunmarized in Table
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Table 23 Percentage of functioning vessels in

| Treatment Days after inoculation

1 2 3 4 5 6 7 3 9 10

YT I s

e Tt

I M F L T A D TR A R TS T T T S, LT

Control 92 91 93 95 93 90 95 82% 'Je¥¥ g **

iInOCU.lated\ 90 93 94 90 91 89 86 7% GT*%  GHE* K

} e s e i e e e e e

* 1 leaf rcnmoved Average of 3 replicates
*¥*¥ 2 leaves removed (Seetions token ¥ inch from
the basc),

These results show that the proportion of non-
conducting vessels ig low even after 10 days and it scems
improbable that this factor would contribute significantly
to the wilting of inoculated plants, But the experiments on
transpiration did show that the absorption rate of water by
infected plants is affected at the time of wilting. So, it
appears that factors other fthan vascular occlusion is respon-
sible for the reduction in the rate of absorntion in infected

plants
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Effect of infection on stonatal mechanisn

The gradual reduction in the rate of conduction
and transpiration suggested a study of the condition
of stomata between inoculation and sympton development.

This was done by taking impressions of stomata
with silicone rubber by a technique adepted from that
of Zelitch and Walker,(1962). Five ml. of silicone rubb-
er (silicoset, I.C.I., England) was mixed and stirred
well with 0.2 ml. of curing agent D., (I.C.I., England)
to the mixture of a thick consistancy. It was then
spread evenly over 1 sg.cm. of the underside of the
leaf, After 5 to 10 minutes when the silicoset was
dry, it was peeled carefully from the leaf surface.
Then the inner surface was painted with a thin filnm
of cellulose acetate solution (commercial colorless
nail varnish diluted with % vol. acetone). After
another film was dry, it was stripped off with forcep
from the silicone rubber. The film was then nounted
on a glass slide in a drop of water, and exanined under
a microscope atx 1000, The percentage of open stomata
per mm.2 of leaf surface was determined. The stomata
of 4 regions taken at random of the leav surface of one
nonofoliate and one trifoliate leaf of each infected

and healthy plant were examined for studying the stomatal
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pattern., Three inoculated and three healthy plants
were examined daily (at 2 p.m.) from the 5th day after
inoculation until the 9th day when pronounced symptoms
appeared on the primary leaves. The results of these

observations are summarised in Table 24,

Table 24, Percentage of functioning stomata per mm? of leaf

surface in inoculated and control plants

| Days After Treatnent No. of No. of Percentage
Inoculation sto§ata/ opened functioning
; mm. stogata/ stonata
i mm.
5 Control 112 107 95.5
o Inoculated 127 120 94.4
6 Control 121 110 95.8
i} Inoculated 118 109 92.3
7 Control 124 118 95.1
Inoculated 131 126 96
8 lcontrol 138 131 95
iInoculated | 120 113 P 94.1
9 Control I 130 120 93
| {
1 Inoculated : 129 i 122 i 94.5
e s s ——— L W—— —t e —

Average of 3 replicates



This shows that the reduction in the rate of
water intake in infected plants and cuttings is not
due to closing of the stomata and conflicts with the
findings of Dimond and Waggoner (195%) who found

closed stomata in droughi-hardened and diseased leaves

of tomato.
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C. 5ilies with oulture filtrate

This experiment was designed to see whether the
filtrate from cultures or the fungus on liquid SCA
has any effect on disease development. It was found
in earlier experiments that cuttings developed typical
wilt symptoms when inoculated with a spore suspension
and responded to infection in the same way as intact

plants. So, in this and most experiments with culture

filtrates, cuttings were used in the place of intact -—

——

—

plants.

Ten cuttings from 18 cdoy old plants each having
2 primary and 2 trifoliate _eaves were used in this
experiment. They were cut a3 ground level with a
wet razor blade and after trimming 5 mm. from the
base under water, five cuttings were placed in cell
free filtrates which were obtoined from 10 day old
liquid cultures, The filtrates had been sterilized
by micropore filtration. The sther five cuttings
were placed in water as contro_s. All cuttings were
kept in the lighted constant tumperature cabinet and
were examined daily for their rzaction to the treat-
ment.

The pwimary leaves of all cuttings in culture

filtrate became flacecid in 24 lrours aud 2cveloped
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typical wilt symptoms and pronounced necrosis in the
intervenal regions of the leaves by the second day of
treatment. The trifoliate lecaves also developed
wilt.symptoms by the third day, and all the cuttings
treated with culture filtrate wilted severely within
6 days. The results of this experiment are given in
Table The disecase syﬁptoms were assessed on the

basis of wilting and degree of necrosis.

Table 25 Necrosis and wilting indices per leaf of

cuttings treated with culture filtrate

Disease ! Days After Treatment
Symptom§';lk_} 2 3 4 5 6 7
Necrosis | 0 M ™M M E E E
%z
Wilting ! 0.5 1,4 2 2.8 3.5 3.8 4
M - Moderate Average of 5 replicates

E - Extensive

Yellowing and vein clearing were not very prominent
in any of the cuttings in this cxperiment; probably

because the cuttings wilted within a very short period.
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Effect of treating cuttings with different dilutions

of culvure filtrate

It was found in tuae foregoing experiment that
filtrates from 10 day o0ld cultures were highly toxic
to cuttings and caused severe wilting within 6 days,

This experiment was designed to determine the extent

to which the filtrste could be diluted and still be toxic

to cuttings.

Twenty-one 18 day old cuttings each with 2
primary and = trifoliate leaves :ach were used in this
experinent. The filtrate was obitained from 10 day old
culture;ﬁiiquid SCA medium. Afser sterilizing by
micropore filtration, five dilusions of the filtrate
were prepared by adding 4, 9, 24, 49 and 99 times its
volume of nutrient solution (% strength) to it. The
solutions were placed in vialsa64owﬂi?and three cutt-
ings were placed in each of th. solutions. There
were three controls and these wvere placed in + strength
nutrient solution. All cuttirzs were kepnt in the
lighted constant temperature .abinet and were examined
daily for disease developnmer:. The discase symptoms
were assessed on the basis o wilting. The results

(3]

are givern in Mable 26,
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Table 26 Wilting indices per leaf of cuttings

treated with different dilutions of

filtrate
Strength of Days After Treatment
-""tfi""-i"wfwvf' |t e == - SRS PR Frmrm s ]
Filtrate 1 3 5 7 9 11 13 15
1:4 0.4 1.8 3.2 3,8 4 4 4 4
1:9 lo.25 1.5 2.6 3 3.4 3.9 4 4
1:24 io 0 0.1L 0.6 1.2 1.7 2.4 2.8
: 1:49 |o 0 0O O 0.3 0.8 1.4 1.6
4 1:99 lo o o o o o 0 0.2

Average of 3 replicates

Effect of culture filtrate on blockage

In the previous experinent, it was found that
filtrates were toxic to cuttings which developed dis-
ease symptoms very simil-r to those in root inoculated
plants, even when they were diluted 25 times. The
following experiment was done to see if filtrates
blocked the translocating cvlements.

The filtrate was prepared and sterilized as in
the last experiment. I% was diluted 23 times with & |
strength nutrient solution. The diluted filtrate was

then placed in 30 ml. gquantities in 40 ml. vials.
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Twenty cuttings from 18 day old plants were cut at
ground level with a wet razor blade and after trimming
the base under water, twelve cuttings were placed in
the diluted filtrate. The other eight were kept as
controls in % strength nutrient solution. All cuttings
were then kept in the lighted constant temperature
cabinet until the end of thes experinment. Five days
after treatment and then at 2-day intecrvals, the sten
bases of treated and untreated cuttings were examined
microscopically after sectioning and staining as in
expt. 6 (Section A). The vessels with gels and gums,
tyloses and vascular discolonration were counted and per-
centages of vascular occlusion or discocloration were

determined. These observations are summarized in

Table 27¢

@éble 27 Percentages of vessels occluded or with

discolored wal s in cuttings treated with

culture filtrates

Days After Treatment
SR - R GRS R . 13 .
Gels and
Guns 0 2% 30 45 48
Tyloses 0 0 0 4 7
Vascula
Discoloration 14 25 52 66 70

Average of 3 replicates
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The results showed that a large percentage of
vessels were affected when treated with culture

filtrate.

Effect of dialysed culture filtrate on disease

developnent

This experiment was designed to determine whether
the disease synptoms produced in cuttings by culture
filtrate were caused by high or low molecular weight
substances.

Cell free filtrates from 10 day old cultures were
used: 5 ml. were placed in dialyses tubing in 600 ml.
glass distilled water (6 tubings/beakcr). The beakers
were kept at 49¢, The water in the beaker was changed
4 times each 24 hours. The filtrates were tested for
toxicity after 24, 36 and 48 hours dialysis, and after
sterilization by micropore filtration.

Toxicity was assessed on the basis of the wilting
that developed in 18 day old cuttings treated with the
filtrate. Controls were placed in distilled water or
in undialysed filtrate, Threc cuttings were uscd for
each treatment. They were kept in the growth cabinet
and examined daily for disecase development. The results

are given in Table
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Table 28 Wilting indices per leaf of cuttings treated

with dialysed and undialysed filtrates

Days after:

Treatmen

e L e tm simmem e s

1

H O ~ Wwu W

I

a
| Filtrate

e . A & i

Undialysed

ey -

Dialysed Filirate
Duration Of Dialysis - Hours
S S 18
0.1 - 0.1 o O“
0.2 0.1 0
0.4 0,2 .1
0.5 0,2 .1
1.0 0,2 .1
1 0.3 .1

LML ape T S Ty —

Average of 3 replicates

From these results iv is evident that the substance or

substances responsible for wilting are dialysable and that

after 48 hours dialysis, the filtrate loses its Woxiclty

almost completely.

The «¢ffect of these filtrases
disceloration was also determinad,
the bases of these cuttings were taken at the

experiment and stained as in expt. 6 (Section

cn vascular occlusion or

Bree hand sections from
end of the

A). The

results are given in Table



Table 29 DPercentages of vessels occluded or with

discolored walls after treatment with

dialysed or undialysed filtrate

ban,

Ry S

- Gy

Gels and

Gums

Vascular

Undialysed
Mltrate

o —— e e e

4.2

58

Dlscoloratlom

R e R L Bt o TP YU | R

oy ey

{1

L e

Dlalysed Flltrate

cow———

N L v——————

Durutlan of D1a1y51s In Hours

rr——, & S

|

i

- = g -

mmpre oy Ay e ot B m— n " 07

24 36 48
35 38 31
14 9 7

Rags NI

T X et T et - = 2oy

Avcerage of 3 replicates

These results show that the substance or substances

that cause vascular occlusion and discoloration are

not dialysabl

el

Even af ser 48 hours dialysis, the

filtrate caused wvascular occlusion and discoloration

in the base o

f cuttings.

But the presence of such sub-

stances in culture filtrates may not be significant

because vascular occlusion by gels or gums 1s not an

important feature of this disease and vascular discolor-

ation was found only in vessels occupied by the pathogen

and thesc are few during the early stages.



Effect of water containing dialysed substances on

disease development in cuttings

This experiment was designed to see whether the
water against which the filtrate was dialysed was toxic
to cuttings.

A cell free filtrate collected from 10 day old
cultures was placed in 5 ml. quantities each in dialysis
uning (58" x 53"). Each tubing with the fiitrate was then
placed in a glass tube (6" x 7/10") conteining 25 ml.
of glass distilled water; 150 ml. of culture filtrate
was treated in this way ot 4°C. The water in the tubes
was changed once during 24 hours dialysis and it was
stored at 4°C. After 24 hours dialysis, the water
containing the dialysed substances and the dialysed
filtrate were sterilized separately by micropore filt-
ration and tested for their toxicity. The solutions were
taken in 30 ml. quantities in 40 ml. vials and 18 day
0ld cuttings were placed in the solutions; on~ cutting
per vial. Five cuttings were used for each treatment
and five were placed in glass distilled water as controls.
All cuttings were then kept in the growth cabinet and
examnined daily for symptomn development.

The cuttings in water containing dialysed substances

deviloped wilt symptoms within 24 hours and by the fifth
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day wilving and yellowing werc very prominend il tlle
primary leaves. Vein clearing 214 ocoasional neerosis
were also observed., The cuttin s zn the dialysed filwse
rate developed slight wilt eympﬁome by “the third day
put-all recovered evenitually. Af7er T o dava, all cuteing.:

were placed in nutrient sciuv*ion I 100 ml. bottles,

all cuvoings exnert those

treated with water cont ining the dialysed substalices

3

developed plenty of adventivions roovs and grew normnally.
(Plate 5 ). Root formation was almost inhibited in all
plants of the other set.

The results of this experimens arc stmmariced

PR . Ke - . - oy e o amy S —~ LS R
assessaed on the basis of wilt sywmpieme i Treaied oL

Table 70 Wilting i

R e H.‘.ml_wf

T e - -y - - . N ey A .
filtrate and watcr sontainine

Ml trate 0 0.2 0.5 0.2 0,1

i
Water with P
Dialysed ;
Subsiances ! 0. 0.7 .2 1.5 1L.<







The results of these experiments coafirm that
the substances responsible for wilting, yellowing,
vein clearing and necrosis in beans are of low molecular
weights and dialysable.

Fffect of culture filtrate on transpiration of cuttings

Having found that the culture filirates were toxic
to cuttings ~nd thot they contnin dialysable substonces
that induce disease sympuvons, their effect on transpir-
ation was now assessed.

Ten 18-dny old cuttings with primary legves only
were used, Puds of these cuttings had been removed

arlier.Filtrates were obtained trom 10 day o0ld cult-
ures. After sterilizing by micropcre filtration, they
were diluted 25 times with % strongth nutrient solution
and were placed in 40 ml. vials. Thc vials were
closed with rubber bungs having central holes in each.
Cuttings were placed in the filtrate through the hole
of the bung; one cuiting per vial., Controls were
placed in % strength nutrient solutinn. Five cuttings
were used in each Sreatment. The vials with the cutt-
ings were weighed on o balance ('lettler, X 7') before
placing inside the growth cabinet and then daily at

4 p.m. The loss in weight cnused by transpiration of

each cutting was recorded daily. After 5 days, when



wilt symptoms began to appear in one of the replicetes,
all cuttings were taken out and their leaf areas were
determined. As the primary leaves had attained full
size before setting up this experiment, areas were
measured only at the end. PFrom the daily loss in
weight of cach unit, the water loss by unit area of
leaf surface was determined. The results of these are

summarised in Table 31.

Table 31 Water loss from healthy and culture filtrate

created cuttings

'DaysLafter Water loss (mg/emzleaf area. | Percentage increase :
treatment Healthy 3 Treated %ieEEZSCtlon B ?
== T Te———— ; e mmicn swiiat e o ioie e were W
1 32 i 34— + 60‘2
2 37 | L5 + 12,1 :
‘l
3 3445 ! + 1%,04 :
; 39 §
= | — ]
4 %6 [ 31,5 12,5 §
% ) . - 14, :
5 35 ; 30 14,2 !
A 1'! - = 1
6 54 ~ 27 32,3 i

Average of 5 replicates



It is evident that there was o considerable increase
in transpiration of cuttings in culture filtrates during
the first two days of treatment. Transpiration then
fell suddenly. After 3 days, the rate of transpiration
was considerably reduced, though no external disease
symptom had become apparent at this time,

This experiment was repeated with somne modifications
with the object of studying the ratio of transpirdtion:.
to absorption in cuwlture filtrate treated cuittings, Here
again, cuttings with primery leaves only were used, The
experiment was set up as before with 18 cuttings in culture
filtrate and 18 in water as countrols, After 24 hours 3
control and 3 cultivre filtrate trecated cuttings were taken
out and placed in 30 ml. vials conteining 20 ml. of water
for determining the trauspiration-absorption rates for the
next 24 hours, DIach unit was weighed at the beginning and
then after 24 hours and “rom the difference in weights, the
water loss for 24 hours per cm2 leaf area was determined, ~
Fron the quantity of water left in the vial, the water taken
up by each custing was algc determined, This was repeated
after cvery 24 hours for six days., The results are summar—

ised in Table 32 and presented in Tig,1d4s

It is evident from thesc results that the rate of trans-
piration of culture filtrate trcated cuttings increased
the ratc of absorption and the transpiration-absorption
balance was somevhat upset during the first two days, and
then on the sixth day just in time with sympbtom development.



Although the absorption rate was also high for the
first two days of increased transoiration, it was
not proportional to the loss, Whether the inmcrease in
the rate of water loss was due to chenge in the perm—

eability of cells or not is uniknown.



Table 32

Water intake aﬁd water losg of healﬁhy and culture

filﬁ;ate treated cuttinés

ans after : Healthy [ Treated 4@
treatment Intake Loss Lous as per- | Intake Logs Toss as ;
: i centage of : . percentage!
i intake of intalke }
- - e ol e e e . —
1 T 33,4 1 98,3 52 34 106.2
2 37 36 973 37 42,5| 114.8
= - L . - - -
5 56 i 355 98,7 35 37.5 o7
¢ i
4 35 54 97 52,5 52 ] 98-5
5 | 33 32 97 30 29 8617
! o ) !
6 36 34,5 | 96 i 21,5 25,5 | 11876 |
. S ! h "
Average of 3 replicates
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Effect of culture filtrate on respiration of cuttings

Filtrates from 10 day old cultures were used.

They were sterilized by micropore filtretion before dilut-
ing it with 4 strength nutrient solution. In exper-

iment 1, (Section C), it was found that culture filtrate
diluted 25 times with nutrient solution induced disease
symptoms in cuttings similar to those coused by spore
suspensions. So, in this experiment, the filtrote was
taken in 1:24 dilution.

Eighteen day old cuttings with 4 leaves were
placed in the diluted filtrate and contrcls were
placed in % strength nutrient solution. All were
then kept in the growth cabinet.

As the cuttings absorbed the culture filtrate
solution, their respiration rate was determined daily
in a Werburg apparatus as given under 'Materials and
Methods'., Fifteen leaf disks from cach cutting were
used for measuring the rate of oxygen uptake. Three
healthy and three filtrate-~treated cuttings werc used
on each occasion. The respiration was measured for
2% hours daily and at the end of this period, the
lecaf disks were dried in an oven and weighed., Fron
the dry weights obtained, the rate of oxygen uptoke

per mg. dry rot of leaf tissuc was determined,
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Table 35 Respiration of healthy and culture filtrate
treated cuttings
0, uptake ul/mg. dxy wi, nour
Days after | : {Percentage increase
treatnent : Healthy | Treated or reduction -~ treated
1 i 3.65 | 3.6 ;- 1.3
h
2 3.8 4,1 % + 7.8
3 § 3.6 4‘:4‘ 2 + 22"2
i Y
\ b . i .
4 ; 3.7 . 4.9 [+ 32.4
j i E
5 % 3e7 i 5.6 ; + 51.3
( i 1 .
6 :i 306 i 303 i b 803

Averazge of 3 replicates
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Fig.1l5

RESPIRATION OF HEALTHY AND CULTURE FILTRATE TREATED CUTTINGS

5 DAYS AFTER TREATMENT.
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Fig.16

RESPIRATION OF HEALTHY AND CULTURE FILTRATE TREATED CUTTINGD

~ 6 DAYS AFTER TREATMENT,
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This experiment was continued for six deys until
wilt symptoms appeared, Dry weight of leaf tissue was
determined. The results are presented in Figs.1l5 and 16 and
Table 3%,

The results of this experiment show that there
was an increase in the rate of respiration as from the
second day after placing in the culture filtrate solution.
This increase in the rate of respiration went up steadily
until symptom development, and then it fell suddenly as
in the naturally infected beans, suggesting that sub-
stances that are responsible for enhanced respiration

are produced in vivo and in vitro.

Growth of fungus in plant exudate ~ tracheal sap

It was found by anatonmical studies (Sectinn A)
that the fungus was mostly confined to the vessels of
the host until at o late stage of infection. This
means that it depends on the tracheal sap of the host
for its nutrition, This experiment was designed to see
whether the fungus would grow in the tracheal sap in
vitro.

The trachecl sap was collected from 24-26 days old
healthy plants as descrited under 'Materials and Methods'.
Fresh sap was used in this exveriment and it was ster-
ilized by micropore filtration before taking in

Erlenmeyer flasks. The sap was supplemented with 0,1
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per cent glucose and 20 ml. of the sap glucose medium
was placed in each flask, Three other media were used
as controls; tracheal sap without glucose, water with
glucose, and liquid SCA. All media were inoculated

. . )
with 0.1 ml. spore suspension (1 = 10  spores/ml.)
prepared by the usuali metnod. A1l cuvliures were then
incubated at 25°C, Afver 10 days Zncubation, the
mycelia from each culture were collecved on nuslin and
washed several times under running water. The filtrate
collected was stored at ~2OOC, to be used later. The
mycelia were placed in aluminium Toil and dried in
moving air at 70°C for 24 hours. After drying nycelia
were cooled over cacl2 and weighed to 0.1 mg, The dry
welghts of mycelic obtained from cultures on liquid
SCA, tracheal sap-glucose. tracheal sap, and water-
glucose were 26, 19, 5 and 0.2 ng. per 20 nl. of media,
(average of 3 replicate~). This shows that the fungus
grows satisfactorily well on tracheal £°v» when supple-
mented with glucose. Accordingly, the filtrate ol tained
from this culture was tested Iinr its <woxicity. This
was done as :n experinment 1. (Section C). The filtrate
was used undiiuvted after stcrilization by micropore
filtration and placed in 40 ml., vials. Eighteen-day
old cuttings with 4 leaves were used. Controls were

set up in sap containing 0.1 vner cen’, glucose; in



filtrate from SCA cultures and also in water. There
were five contrels for each. The cuttings were kept
in the growth cabinet. They were exanined idaily for
discase developnent. The disease symptoms were assess-—
ed on the basis of wilting.

7t was found that all cuttings in the sap-filtrate
developed disease symptons similar with those of cuttings
in filtrate from SC*, but sympiom development was delayed
and lens severc., After 9 days when these cuttings were
placed in nutrient solution, they gradually recovered.

The results are shown in Table 34,

Table 34 Wilting indices per leaf of cuttings treated

with sap-filtrate

Days After Treatment

Treatment 1 3 5 7 9 11 13
Water 0 r 0 0 0 0 0
Sap~-Glucose 0.1 0,2 0.1 0 0 0 0

SCA Culture :
Filtrate i 0.4 1.8 3.2 3.8 4 4 4

Sap-Culture
L Tiltrate

' 0 0.5 1 1,4 1.7 1.6

-
\n

i

s T T T T o T T T B T T I Tt I T T T T ST T S S T

Average of 5 replicates
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In this exXperiment, controls in sap-glucose showed
slight wilting during the first 5 days but they soon

recovered,

Effect of fecding inoculated cuttings with glucose or

galacturonic acid

The aim of this experiment was to see whether the
intensity of disease development would increase when
inoculated cuttings are fed with carbohydrate because
it had found in the previcus experiment that the fungus
grew well in tracheal sap supplemented with glucose.

Eighteen day old cuttings with four leaves each
were used. They were prepared for spore inoculation
as in experinent 8; (Section A), Spore suspensions
contained 0.5 x 1O5 spores per ml. The spore suspen-
sions were placed in 4 nl. quantities in calibrated
10 ml. tubes and cuttings were placed in these suspen-
sions. For controls, hert inactivated spore suspensions
were used. Fighteen cuttings were used of which 9
were controls. All cuttings were kept in the growth
cabinet. Four to six hours later, when each cutting

had token up 1 nl, of the suspensions, they were trans-

ferred into 16C nl. bottles containing 3 strength nutrient

solution. After trimming 1 cm. off their Vases and

washing under water., Twenty-four hours later, three



inoculated and three control cuttings were taken out

and placed in 0.1 per cent glucose solution and another

set of 3 inoculated and 3 controls were placed in

galacturonic acid. (pH.6.5). After 24 hours all

cuttings were put back in “the avitric:t sclubion and

examined daily for disease developnent. The disease

synptoms were assessed on the basis of wilting. The

results of this experiment are summarised in Tablezg,

gépig;ég Wilting indices per leaf of inoculated cuttings

fed with glucose or galacturonic acid

Treatnent

p et e e e 2 e L

Inoculated
with

s ey

2)

3)

Suspensions

Spore
Suspensions
& Glucose

Spore
Suspensions
& Galacturonici

i0

1

[PURNCSURUOUD GUURp U Uy AUV S

1) Spore

Acid

Days After Inoculatiun

3 5 7 9 11 13 15

fmr e erameean o o et ey - b ¢ g o oy g, e e ST

0 0 0.4 0,6 1.2 2,4 2.8

0 0 0,2 0.4 1 2.2

1.8

(&
o
o
l._l
O
W
[

B L

Sl e

FEapY Oy

Controls
In:

g = e o DR e 55

3)

Dead Spore
Suspensions {

Dead Spore
Suspensions
& Glucosec

Decd Spore

Suspensions

& Galacturoniq
A

Acid

o~ g, e m——e Aoy -

i O 0 0 0 0 0 0

Lm-.:e zn

T AT T T A T T e T

Average of 3 replicates
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The results show that glucose or galacturonic
acid did not increase the rate or severity of disease
developnent of inoculated cuttings. If anything, both
substances lessened the severity of symptom expression,
contrary to what was expected. It 1is possible, though
not certain, that the carbohydrates might have been
consumed and assimilated by the cuttings rather than

by the fungus.

Effect of feeding inoculated cuttings with casamnino

acids, (casein hydrolysates)

This experiment was designed to see the effect
of feeding inoculated cuttings with nitrogenous sub-
stances. The casamino acids for this purpose were
obtained from Oxoid Ltd., England.

The experiment was set up exactyly as in the pre-
vious one. Eighteen-day old cuttings with four leaves
each were used. Six cu tings were inoculated and six
were kept as controls. All cuttings were placed in
160 ml. bottles after trimming and washing their bases
under running water. After 24 hours, 3 inoculated and
3 control cuttings were fed with 0.1 per cent casein
hydrolysate solution in water and then placed back in
the nutrient sclution. They were examined daily for

disease development and the symptoms were assessed on
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the basis of wilting.

Table 36.

The results are given in

Table 36 Wilting indices per leaf of inoculated cuttings

fed with casein hydrolysates

i

, Days after Inoculation
j
Treatnment 1 3 5 7 9 11 13 15
1) Spore
Suspensions 0 0 0 0.6 .8 1.5 2.5 2.9
Inoculated
with 2) Spore
Suspensions
& Casein 0 0 0.5 11,6 2.2 2.8 3.5
Hydrolysates
1) Dead Spore
Suspensions 0] 0] 0 0 0] 0 0 0]
Controls
In 2) Dead Spore
Suspensions -
: & Casein 0.1 0,1 0,1 0.2 0.1 0.1 0 0
: Hydrolysate |

Average of 3 replicates
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As ;é evident from the results of this expt.
(Table36 ), the inoculated cuttings treated with casein
hydrolysates developed wilt symptoms earlier than the
spore inoculated untreated cuttings. This suggests
that nitrogenous substances increased the incidence of
wilt, possibly by favouring the production of substances

responsible for wilting.
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Studies with fusaric acid and indole-3-acetic _acid

Because the infected plants consistantly showed
synptoms such as vein clearing, necrosis, stunting and
premature yellowing of the leaves suggesting the action
of a toxin, it was thought appropriate to test the effect
of fusaric acid which has been reperted in fusarium
infected cotton (Lakshpinarayanan and Subramanian, 1955;
Kelyanasundaran and Venkata Ram, 1956) and banana (Page,
1959).

Pusaric acid is a 5 n butylpyridene-2-carboxylic
acid with a molecular weight of 179 and nelting point
107°¢, (Gaumenn, 1957). It interferes with the vital
processes of the cell including the permcability of the
plasma membranes and is reported to withdraw calciun
ions from the calcium pectate of the middle lamellae,
transforning the water .nsoluble calcium pectate into
water soluble pectin compounds (Gaumann, 1958). Tomato
cuttings treated with fusaric acid (150 mg./Kg. fresh
wt.) develop typical wilt synptoms and necrosis (Xeon

et al., 1957).
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Effect of fusaric acid on disease developument in

bean cuttings

A solution of pure synthetic fusaric acid (1lng./10ml.)
was prepared in glass distilled water, I was then
placed in quantities of 20 nml. in 30 ml. calibrated vials.
Twelve 18-day old cuttings =ach weighing 8 to 10 .
were then placed in the solutions. The same nunber of
cuttings used as controls were placed in glass distilled
water in vials, All cuttings were kept in the growth
cabinet. When they had absorbed the fusaric acid solut-
ion from 2 to 20 ml. they were taken out and after re-
noving 1 cm. of the stem bases under water, they were
placed in 160 ml. bottles containing 3 strength nutrient
solution and replaced in the gr»> - th cabine®. TFron the
volunes of solution absorbed and the original fresh
weights of cuttings, the quantity of fusaric acid taken
up by each was determined. The cuttings were left in
the growth cabinet and were exawrined daily for their
reactions to tae treatment.

Cuttings treated with fusaric occid developed wilt-
ing, necrosis, twisting of the petioles, ribhing of
the stem and yellowing from 12 hours to 5 days after
their removal from the solution. The intensity of

synpton developmnent depended on the anount of solution
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absorbed by each cutting. Those that absorbed 150 to
200 mg./Kg. fresh wt. (15 to 20 ml. solution),wilted
severely with extensive necrosis even before removing
fron the solution., Their petioles were twisted and
their stems were ribbed. The cuttings collapsed and
wilted completely in 3 to 4 days; Cuttings that had
taken up 100 to 150 mg./Kg. fresh wt. (10 to 15 ml.
solution) developed severe wilt symptorns and extensive
necrosis within 2 to 3 days. Twisting of the petioles
and shrinking of the sten were not very severe in this
case. The cuttings that had absorbed 50-100 ng./Kg.
fresh wt. (5 to 10 ml. solution), also developed wilt-
ing and necrotic symptoms. The foliar symptons that
developed in these cuttings resembled those of spore
inoculated cuttings. Cuttings that had absorbed
(20-50 ng./Kg. fresh wt.) showed some flaccidity of
leaves at first but they recovered eventually. The

results are sunnarized in Table 37,
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Table 37,

Disease synptoms in cuttings treated with various

- e

dilutions of fusaric acid solution

(4 days after treatment)

Fusaric acid solution | Symptous Intensity of Wilting/ ;
taken up. (mg/Ke. fresh% Symptons ! Yellowing i
weight) ; § index per i
: { leaf ﬁ
| t
;
L Wilting Severe "~ 3.8/leaf
' :.
» Necrosis Extensive j
150 to 200 mg. i Twisting of :
i Petioles Severe ]
) ' {
Ribbing of ;i ;
stem Severe E :
i L
S - YT . - Sala e = E= 2w ¢ SES S = TSmO T S e ?—*v- = —r el :L
Wilting Severe i 2.5/1leaf i
; '
. Necrosis Moderate j !
I R
petiole Mild ! [
| i
' 13
| Ribbing of |
sten Mild 1 ;
- e S 3 ety - prtbenay ey - ) ‘.<v.-.—-v—‘—--—_:--~-~~——AT T T e e T e T —— = — - |i
i
i
! Wilting Moderate 1.5/leaf j
50 to 100 ng. Yellowing Slight | 0.5/leaf
; i
Necrosis Slight % ;
] [ | g
20 to 50 ng. | Wilting | Slight ' 0.2/iecaf ;
; ] ! )

Average of 3 replicates
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Cuttings that had atsorbed approximately 100 mg./XKg
fresh wt. showed yellowing. But no vein clearing.
Adventitions root formation was inhibited in all cutt-

ings as in spore inoculated cuttings. (Plate & ).

BEffect of fusaric acid con condution and blockage

In the &periment described above cuttings developed
severe wilt synptoms at 100 ng. or nmore fusaric acid
per Kg. fresh wt. This next cxperinment was designed to
study the effect of thc fusaric acid on blockuge of xylem,
In order to obtain & cumulative and nore natural course
of disease development, more diluted fusaric acid solut-
ion (1 mg./20 ml. water) was used with 18-day old cutt-
ings weighing 8 to 10 gm. and having four leaves. There
were 15 cuttings in fusaric acid solution and fifteen
cuttings in glass distilled water as controls. All
cuttings were kept in the growth cabinet. As the
cuttings absorbed the fusaric acid solution they were
taken out and the lower 1" of the sten was removed for
sectioning.

Free hand sections of the segnent were taken and
stained to show gcls, gums and tyloses. The results

are shown in Table 3S.
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iabieBB Percentage no. of vessels occluded in fusaric

acid treated cuttings

i

Fusaric acid taken up (mg/Kg. fresh wt.)?

E

Occluded ! |
withs L5 10 15 20
Gels i 0 3 12 15 '

! i
Tyloses O 0 0 2 "

. S s m2a s e B sr—sdre e m T

Average of 3 replicates

The results show that there are only very few

vessels which have been occluded by gels or gums.

3.BEffect of fusaric acid con respiration

The respiration rate of fusaric acid treated
cuttings was studied in a Warburg apparatus as for
infected plants and culture filtrate treated cuttings.
Eighteen-day o0ld cuttings with four leaves and weighing
8 to 10 gm. each were used, with fusaric acid (10 ng./
200 nl, glass distilled water). As fusaric acid is
reported to cause maxinum injury to leaves at pH 6 or
nore (Gaumann, 1957), the pH of the solution was adjust-
ed to 6.5 with N/10 NAOH. The solution was then placed

in quantities of 30 nml. in 40 ml. calibrated vials. The
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RESPIRATION OF CUTTINGS TREATED WITH DIFFERENT QUANTITIES
OF FUSARIC ACID.

15 X
]
10
25 mg./ Kg.FW.
5 4 50 m&'-/ Kg.FW.
75 mg./ Kg.FW.
100 mg./ Kg.FW.

0.5 1 1.5
TIME - HOURS.

|

FW = Fresh weight o " HEALTHY

o . TREATED WITH FUSARIC ACID.
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cuttings aftgr taking their individual weights were
placed in the solution. Twenty cuttings were placed

in the fusaric solution and twenty in glass distilled
water. as controls. All cuttings were kept in the
growth cabinet, Then, three each of control and fus-
aric acid treated cuttings were recmoved after approxim-
ately 5 ml. of the solution (25 mg./Kg. fresh wt.) had
been taken up by each cutting. ILeaf disks were taken
from the primary leaves and their respiration rates were
rneasured as in the earlier expts. on respiration. This
was repeated after approximately 10, 15 and 20 ml. of
the solution had been taken up by the cuttings. The
respiration rate in ecach case was measured for 2% hours.
The results of these observations are presented in

Pig. 17 As is evident from these results, fusaric

acid in concentrations of 25 mg. and above per Kg.
fresh, wt. of plant redu e respiration.

Effect of PFusaric acid on transpiration

As in Expt. 6 (SECTION C) on transpiration of
cuttings treated with culture filtrate, cuttings with
only primary leaves were used, Their buds had been
renoved 5 to 6 days earlier.

41 mg./40 ml. “olution of fusaric acid at pH 6.5

(NAOH) was used 30 ml, in calibrated vials, closed with



aluninium foil caps with central holes, Eighteen-day
0ld cuttings with primary leaves only and weighing
approxinmately 5 gus. were placed in the solution; one
cutting per vial, Controls were placed in glass dist-
illed water. There were five cuttings in the fusaric
acid solution and five controls. All were then kept
in the growth cabinet. Each unit was weighed at the
tinme of setting up the experiment and then daily until
wilt symptoms appeared. At the end of the experiment
each cutting was taken out and the leaf area was
measured. From the leaf area and the daily loss in
weight, the daily rate of transpiration per cm2 of
leaf area was determined. Prom the original fresh
weight of the cuttings and the quantity of solution
taken up each day, an approxinmate estimation of the
anount of fusaric acid that had been absorbed by each
cutting was made. The r-sults are graphically presented

in Fig. 18 and sumnarised in Table 39,
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Table 39 Vater logs from 1 xalthy and Fusaric acid

PP

jxeated cuftingq

(mg/cm? leaf area)

| Days after Percentage increasc
; treatment ! Healthy i Treated | or reduction - treated
f ¥ _ P i
J oo e ,ﬁ?"__”_ﬁn_gﬁ,%",l,_ e e I S ——
] 1 33 ! 34 + 3.03
“ 2 5 36 Eé, 36 0
: i
3 : 54 : 39 + 14,7
i 3 i
A ’ 57 !§ in + 18.9
K
§
5 i 38 § 39 + 2.6
! ' ;
6 ' 3745 i 31 - 17,3
4 ~ e« o s

Average of 3 replicates



This experiment was repeated with some nodificat-
ions, primarily with the object of studying the ratio
of transpiration to absorption in fusaric acid treated
cuttings., The experiment was set up as in the previous
experinent, except that 24 cuttings were placed in the
fusaric acid solution and 24 in glass distilled water
as controls. All cuttings were kept in the growth
cabinet, After 24 hours, 3 control and 3 fusaric acid
treated cuttings were taken out and placed in 30 ml.
vials containing 20 ml. of water for determining their
transpiration/absorption rates for the next 24 hours.
Fach unit was weighed at the beginning and then after
24 hours and from the difference in weights, the water
loss for 24 hours was determined. Their leaf areas were
neasured as in the previous experiments and the rate
of transpiration per ma? of leaf area was determined.
Prom the quantity of wate¢ 2 left in the vial, the water
taken up by each cutting was determined. This exper-
iment was repeated after every 24 hours for 6 days.
From the quantity of fusaric acid solution left in each
vial and the weight of the cutting, ®the anount of fusar-
ic acid that had been absorbed by each cutting was also
determined. The results of these observations are

presented in Fig.18 and Table 40,



sable 40 Hawer intake and water losg of hes 1th} 930
A ' 2
Fusaric acid treate " ¢ cvtuvnvu, (mg/cn” leaf areca)
Iealithy “T Treated
Lays after Loss an i Losg as per
roatment Invakn Loss | »nerccatage Intale | Loss | age of inta
of intaxn i
f
1 52 :)~L 97 D'J 3lo5 E; 9805
4 N
i 4
2 : 4l 59 45,2 55 35 i 100
! ;
> | 56 55 S7.5 35 37e5 I 107.1
i ‘
| - ~ - S
4‘ ! 98 97:5 9;2197 ’.ﬂ_,: 4—2 ;: 12_La (
¢ ]
; - I o - l
5 ‘ 47 29,5 06,4 1.5 § 35.5 1 112.6
{ r P -
t |
: o j , i - .
6 A7 5.5 ; 96 21 . 28,5 1 i35.7
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WATER INTAKE AND WATER LOSS OF FUSARIC ACID TREATED CUTTINGS

2

Water intake and water loss - mg./cm”. leaf area
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As is evident from the results, the transpiration
of fusaric acid treated cuttings exceeded absorption
when the cuttings had taken up (50 mg.. or more per Kg.
fresh weight) of the solution. TFrom then onwards, there
wes & steady rise in the rate of transpiration and a

steady fall in the rate of absorption.

Identification of fusaric acid in culture filtrates

Filtrates obtained from 10-day old culture of

Fusarium oxysporum on liouid casamino acid medium was

used, IV was centrifuged at 10,000 r.p.n. for 10
minutes to remove cells and mycelial fragments. Two
hun<red ml. culture filtrate was adjusted to pH 4 with
N/10 ECI, and extracted 5 times with aliquots of 40 ml.
ethyl acetate. The ethyl acetate extracts were then
dried in & rotary evaporator at 40°C. The residue was
taken up in 10 ml. 95 per cent ethanol.

The ethanol extract was spotted on chromatogran
paper, (Whatman No.l) separately and also with 0.0001
M. solution (17.9 mg./litre) of pure fusaric acid sol-
ution. Spots were applied from an "Agla" syringe, 1 ul.
to 4 ul. per spot. and dried with a2 hair dryer. Spots
were then commlexcl w_th cr»ner hy adding 1 ul, of 0,001
M. copper sul.phate., The papers were dried for a further

30 ninvtes and developed in n-butanol-acetic ncid water
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(120/30/50) at 22°¢ T othe azceading technique. After
4 nours ke papsrs were dried and sprayed with 0.1

per cent rubez ic acid in acetone when the fusaric
acid/copper complex developed as deork bluish spots.
The Rf. of tke spots from culiure filtrates were 0,88
the same as that of pure fusaric acid.

The result waos confirmed by the identification of
fusaric acid by U-V absorption. The absorption peaks
of a 0.0001 M. solution of pure fusaric acid in ethanol
and the evhanol extract obtained from culture filtrate
were determined with a Beckman DU spectrophotometer,
An 2btsorpiion peak at 272 mu was obtained for both the
substance in the cuiture filtrates and the synthetic

produs’,

azion of quentity of fusaric acid

By conparing the size and colour iuntensity of the
varicus spots develeped n the chromatogranm the aquantity
of fusaric acid present in the culture Ffiltrate was

esuvinatcd and Jovad o he epnroximately 20 mg./lite

of Tiltrave,



6. Identificetion of fusaric acid in diseased plants

The extracts for these studies were taken from
root inoculated plants; 10 days after inoculation when
they had developed pronounced disease symptoms. Hundred
gn. of entirs inoculated plants were used. They were
extracted with & roller mill as described under 'Mater-
ials and Methods', The juice obtained (about 60 nl.) was
filtered through 3 layers of nuslin and then centrifuged
10 times at 3000 r.p.m. The pH of the supernatont
(6.5) was adjusted to 4uﬂth‘N/Lo]aciqheacidified juice
was extracted six times with 20 ml. aliquots of chloroforn,
in a sepearating funnel, The chloroforn extract was
dried in a rotary evaporator at 35°C and the residue
teken up in 10 ml. 95 per cent ethanol. Extracts of
healthy plant materials were prepared in the same way.
The extracts were then spotted at the origin of
chrome togran paper (Whatn a No,1l) with an "Agla" syringe
in quantivies varying from 1 ul to 10 ul. Pure fusaric
acid solution in ethanol (C.C00L M.) was spotted separate-
ly and also with the extracts in quantities of 1 ul. per
spot. All spots were then conmplexed with 1 ul. of
copper sulphate solution (0,001 M.). The papers were
then treated as before. with 0.1 per ccnt rubenrnic acid

in accicene wniil Asr hinde ~mogg gppeared., After drying



the ki, values were determined as before and it was
found that extracts from diseased plants contained
a substance of the sawme RY., (0.88) as pure fusaric
acid,

The wuantity of Imsaric acid was nov estinated:
60 ml, juice (100 gm. fraesh wh, of plant) coatoined
approximavel r 0,9 nag. of fusaric acid (9 ng. per Kg.
fresh wi.).

Tnis shows that fusaric acid ir present in the
diseased plon®. Bub it is difficult +to say how signiTicer’
is this mwch amovnt of fuseric zcid in an infected plant

becauase i was found in the esrlier experiments that at

L

S ~ (v d
crpt 00 ng. 7

4

. Iresh weignt of rusaric acid is needed
to cov.c Dermouent disease sympioms.  Although, lower
cuant’ties caused ilncreased transpiration and an up. -

in who trenepiration/alsorpiion balance, cuttings treated

Vith 57 g, or less per Kr . fresh weight of piant, reccver-

ed when remcved Irom the solution aad placed in water.
The sigaiTicanne of fuseric acid in inoculased plants must,

e u vea oty L e - - - =2 e - T o~ a1 "
therefere, 2o22in nroblenatical,



'uienttmdﬁop,gﬁ_indole acetic acid

Infected plants besgide 1lncreased respiraﬁion,

&180 show abnormal swelling of the stem bases, hyper-
plasia. in xylen, tyloses and in certain cases_epinasty,
symptons which can be induced by excess auxind, This
suggested tests for the presence of auxin: ~ IAA in
diseacsed beans.

The technique for the identification of IAA was
adapted from that of Smith (1960). The extract was
prepared from fresh entire plant collected 10 days after
inoculation. About 10 gm, was used. After washing
and remo7lng surplus water, the julce was extracted as
in the previous experiment; 60 nl. was filtered through
3 layers of nuslin and extracted in a separating funnel
4 times with 20 nl, petroleumn ether each time, The
zthanolic phase was made alkaline with 0.1 ml. of anmonia
and th=n1 dried in the rotrry evaporator at 40°C. The
evaporation flask was then rinsed with 10 ml. of ethanol.
After addition of another 0.1 ml, cf anmonia the ethanol
was blown off by air from an air cylinder. The residue
was dissolved in 0.4 nml. weter. The solution was then
spotted at the origin of chromatogram parcr, /Wnstman No.l).
Extercts Loom henlthy plants prepared exactly as above,

and IA4 solutions (1 mg./10 ml.) in 50 per cent agueous
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acz2ton: were spotted next to the extract from infected

0]

plants 8o nariiecrs. The papers after drying were devel-
oped I o 12 hours ab 22°C by an ascending technique using
iconvopenol-cmnonia~water (200/10/20) as solvent. The
developed parers were dried and then dipped in a nixture
of 1 vecl. L0 ver cent dinethyl-azmino benzaldehyde (W/v)
in corncen®tratad HCI to 4 vol. acetone in a dip tray.
The napers wvere again dried until coloured spots appear-
ed on tihs paper.

The Rf, values of the spots appeared were deternin-

ed a.d 1% ves found that the spots from the extracts of

TAA,svggosting that TAA was not present in the infected
plant at this stage (1C days after inoculation) of

infectiocwn.



DISCUSSION

a1 a study of the relation of symptom development
50 the presence of the pathogen, it was found that foliar
symptoms always appear=d in advence of the pathogen,
Although the natiogen entered the plant as early as 3
days after inoculation, iis further spread up the sten,
especially beyond the region of the hypocotyl was delayed
until the 6th or the 7th day after inoculation and by
this time the first symptoms of the disease; wilting
op Placcidity of the leaves, had already appeared in the
»rimary Leaves, On the 9th day, when the symptoms were
quite prominent at least 80 per cent of the vessels of
the hyporotyl and roots and 85 to 100 per cent of the
veranis of other regions were free of fungus., No trace
of funmus in any of the vesscls of the petiole, midrib
or wvains. vas found a® this stage. Bven in vessels
containing hyphae, it scmed unlikely that the obstruct-
ion ceused Ty them would be sufficient to cause signific-
ant impedimonits o water flow, This suggests that factors
other thnn phvsical blockage of the vessels by mycelium
ave regvonsible for ohe indu~tion of diseass symptoms,.
Tosce £indings ave in agreement with those of Ludwig (1952).

Dimend rnd Yagroneln (195&), and Threlfall <l957)c
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Plugging by gels or gums or granuler material was
also feund to be very infrequent. The maximum percentage
of vecasels occluded by these substances was 7 at the
Oth day afizr inoculation when pronounced symptoms ﬁere
apparent, Occlusion of vessels by gels and gums of

ectinacecus orxigin ie reporised to play a major role in
obsitrvehing water flow in Fusarium wilt of tomato plants
(Luéwipg, 1952; Piewvson eb_al., 1955; Scheffer and Walken,
1953; Gothoskar et al., 1955; Waggoner and Dimond, 1955),
in Fasgrium infected banana roots (Beckman et al., 1962)

ey AR

ané. in Fusanium infected cabbage (Melhus ¢t al., 1924).
But Chambers, Heurietta and Corden (1963), questioned
whz dlmportarce of ruch plugs in reducing the efficicency
ol water wranspori to any degree. Even if it does affect
the efficiency, low percentage of vessels occluded Dby
thecs mabasancec in wean wilt indicates that occlusion
doce mwh piay e major vot~ in the induction of symptoms.,
Wo o cubtings ware allowed to conduct a Cve solution
thore woar piactically no differcnce in the proportion of
Loninnd veerole Detiveen healthy and infected cuttings,
*ha fret that ment ol the vessels of the infecied cutting:
had conduetcd the Jdye further excludes the possibility

or regsels occluszion es a major factor in disruption of

water Plow in the xylen,



Vascular discoloration and deposits of a brown
SEseneo wene Tound te be a common feature of this
dictane but its role ir arfecting the efficiency of
conouce tion or normal functioning of the vessels is
pProwabiy cubious bocause these substances appeared only
ofror the symphoms of water shortage had developed,
Vorovalr discoloration was always associated with the
fungsy end it ocsureed onky at a late stage, In contrast,
sympieons reflcciing water shortage aypeared in advance of
*he pnthogen. Henreitta, Chambers and Corden (1963),
suggested that the deposits of brown substances formed in
the Lntorcellular spaces between the vessels and xylem
Doerirayia meke the vessles non—functional by sealing
cfl Ui pits thus preventing lateral movement of watcer.

7

“uweh cubstances do occur in bean wilt; v

]

o o only when cvere wilt symptoms had developed.

ther abnormal anatomicnl changes such as developmeni
o Iymernlasia, tyloscs orx vesscl collapse were also not
vary evident in infected beans ond would not scem to
conuribute miterlaily tc owatruction through the vessels.
sucn of thzce abmewngliitvies that were observed becanmc
ennarcnt only after the symptoms had developed, so that

thoy canno® he rnzgeanrded as cousal factors,

he svinl of this cvidence would secm to exclude the



Sussibility that reduced conduction is due to vascular
ovutruchion in the zyvlen.

Degpite the sparse occurence of pathogen, tyloses,
hyperolasia, gels and gums and other occluding materials
In ehe vesscls, therc was a gradual reduction in the
»ase of conduction and transpiration L to 5 days after
irreuvlation, The reduction in the ratc of conduction was
Loun” to be not associated with closure of stomata as in
Phyuiological wilting because at least 90 to 95 per cent
stenata remained opened during the day in the leaves of
invected plants at a time when there was reduced flow
oxr Zit1id in the xylame
Lua T Lthy leaves also the number of opened stomata
“one wWiathin this range. A reduction in the rate of watver
intalle wae quite apparent in inoculated cuttings, and in
cuenchied leaves of infected plants, The reduction in thr
Late oon wator insake in the detached leaves is significant
Tszravse vhe pevicoclar vessels were frec of pathogen,

Al tnhough in generalltho rate of walcr loss of an
e Led plant was less vhan that in o healthy plant,
rate of lags cxmreeded s3iipghtly insake in infected cuttings
cnd devached leaves 5 to 8 days after incculation.

T

wsather this was due to changes in the permeability of

——

“un ~21%s of the leaf blade as suggested by Gaumann (1957,
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75 not clear, But that it occurs suggests the action of
sone sesabolites. Experiments with cell free culture
filitrate support this view,.

When o cutting was allowed to conduct cell free
Tilt»ate it developed typical wilt symptoms. Increased
transpiration was observed in cuttings treated with
ccll free filtrate diluted as much as 50 times, The

fa:

i

3]

of water intake was also considerably reduced.
Mbous LO to 50 per cent vessels became blocked with

gels and the vesscl walls werc discolored. When the

ot

b

ilteate was dialysed agoinst water, the filtrate lost

ite toxicity but it still caused vessel blockage and

voseular discoloration., This means, of course, that the

100 inducing substance and. the substances-responsible

fox vessel . blockage and vescular discoloration are

Giffcrent. . This was confirmed by the fact- that.cuttings

wilted when they were allowed to conduct the water against»

winich the filtratc was dialysed. |
When the fungus was incubated in the tracheal sap

colleched from nealthy plant, supplemented with 0.1

wew cent glucose, it grew satisfactorily. The filtrate

Svoi this culture was .as toxic to cuttings as the filtrate

7 ~»v1 the culture of fungus on a full nutrient. medium

iz oerting good growth. This shows that in a. simulated
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vascular environment the fungus produccs metabolites
which are toxic to cuttings and this can be rcgardcd
as a significant result,

A Jow molccular weight substance was detccted in
culturce filtrate ond nlso in diseascd plants and was
identified as fusaric acid by paper chromatography and
by UV-spectropnotometry. The quantity of fusaric acid
present in the culture filtrate was sufficient (20 mng.,
per litrc) to causc discasc symptoms in cuttings. DBut
a difficulty arises when we consider the quantity of
fusaric acid present in the infected plant. The yield
from 100 g, fresh wis, of sevcrely infected plants was
3.5 mg. Which was too low to causc wilt symptoms to
develop becouse it was found that at least 100 ng. per
kg, frcsh wt. fusaric acid is required to inducc typical
wilt symptoms in becans,

-+ focu that fusar : acid was detected only in
very small amount in diseased plants docs not rule out
the possibility that 2t plays a role in the development
of diseasc, It may be produced in sufficient guantities
in the infected plant to causc wilt but its ability to
chelate with iron or other ions might have made it
difficult to exitract or detect.

Even assuming that fusaric acld is produced in
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sufficicent quantities in the infected plant and that

some factors made it difficult to extract or detect,

then o satisfoctory explanation for the increascd res-—
piration of infected plants is still required, From

I to 5 days after inoculation, the infected plant was
found to respire at o higher rate than the healthy plant
until symptom development, With the appearance of
symptom development, thc respiration rate fell suddenly.
A similar increase in the rate of respiration was also
observed in inoculcoted cuttings. The dexmanc in the rate
of respirantion with symptom appearance may not have

much significance but the incrcase in the ratc of respir—
ation before cxpression of symptoms indicates a change

in the normal metabolism of the plant. Whether this
change has a direct role in inducing symptom deveclopment
or not is not known, But, the fact that these chonges
take place in regions awr - from the infecction site and
also before any symptom development, suggests the possib-
ility thot some diffusiblc metabolite other than fusaric
acid is involved, and that fusaric acid, even if present
in quantities sufficient to cause wilt symptoms, is not
the only factor responsible for disease symptoms in
beans. ITAA was detected in severely infected becan plants,

but its role in causing wilt symptoms is, however, doubtful.



No IAA could be detected in infccted plants even 10 days
after inoculation. Morcover, the symptoms of epinasty,
pith hyperplasia, tylose formation, abnormal adventitions
rooting characteristically induccd by indolc acetic acid,
were not prominent in bean wilt., The abnormal swelling
of the stem basec in spore inoculatced cuttings and the
general dwarfing of the infected nlant may be caused

by IAA, But more proof is nceded for this,

There is, however, cnough evidencws to show that
the substances involwed in thc production of many of the
symptoms are of low molccular wcight, The occurence
of foliar symptoms in advance of pathogen, the absence
of mycelium in the petiole or lamina, reduction in the
rate of conduction inspitc of occlusion-frece vessels
and opcn stomata, the increase in the ratc of watcr loss
over intake, thc cnhanced respiration, vein clcaring

and necrosis; all are cv:i icnces to support this view,
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SUMMARY

Twenty—-two varieties of bean plants were tested for
their reaction to infection by Fusarium oxysporum and
it was found that all were susceptible to infection.

In most cases, the disease decveloped 5 to 10 days after
inoculation and the plants died comnpletely in another
2 to 3 weeks,.

The most common symptoms of the discase werc found
to be wilting and yellowing of the leaves, Vein clear-
ing and intervenal necrosis were also quite frequent,
Inoculated plants were stunted with fewer leaves than
healthy plants, Leaf arca was also considerably
rcduced,

Injury to the roots made at the time of inoculation
caused symptoms to develop considerably earlier but
injury was not found to be esscential for infection and
the later development o severe symptoms,

Plants of different cge groups rcsponded to infect—
ion in the same way and there was no difference in the

time or severity of symptom cXpression.

When inoculcted plants werc grown under high humidity,

symptom expression was delayed considerably.
On plating infected plant material from different

parts of the plant at different stages of infection on
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nutrient agar, it was found that the fungus entered
the plant as early as 3 days aftcr inoculetion, but
that further sprecd up the stem was slow until 7 to
10 days after inoculotion,

Studies made with frece hand and microtome sections
of plant material taken from differcent regions of the
plant at different stoges of infcction revealed the
following:

o) Symptoms developed well in advance of the
pathogen.

D) Systemic invasion of the host took place only
at a late stage of infection,

¢) The moaximum perccentoge of vessels invaded by
fungus when symptoms werc fully developed was less
than 20 and even in colonizcd vessels the lumen was
not blocked completely so as to obstruct thc flow of
water.

a) In most cascs, thc pctioles werc frce of the
fungus and the maximum perconfagc of occlusion of
petiolar vessels by hyphac was 7 and this too was
found only in scvercly wilted leaves,

e) Vascular discolorction was found only in
vessels containing hyphac and was always associated

with the fungus.
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) Hyperplasia was found in the hypocotyl and
first and second internodal regions of infccted plants
when symptoms were wcll developed.

g) Tylose formotion was not o prominent feature
of this discase, In sections of 9-day old infected
plants, they were rarcly present. However, they were
found in fairly large numbcrs in infeccted plants
after 12 days.

h) Gels and gums were not formed in sufficient
guantities to block thc vessels. The moximum percent-
age of vesscls showing gels or gums wns less than 10
in plants after 9 days and when they werc showing
typical wilt symptoms.

i) The fungus woas confined to vessels until the
host was killed or severcly discased.

Cuttings from root inoculated plants taken 6, 7
and 8 days after inocul:tion devcloped typical wilt
symptoms 2 to 3 days later when grown in nutrient
solution, Anatomical studies of bases of these
cuttings revecled that hyphac werc sparsely distrib-
uted and probably insufficient to cnusc obstruction
to water flow. This suggestcd the prescnce of some
substence moving into the leaves in advance of the

pathogen to cause wiltinga



When cuttings from inoculated plants were placed
in a dyc solution and kept under conditions favouring
normal transpiration, most of the vesscls were found
to have taken up the dye.

Cuttings inoculated with sporc suspcensions devel-
oped typical wilt symptoms; the scverity of symptom
development depended on the size of the inoculum,

The growth of lateral roots was considerebly
reduced in inoculated plants and cuttings.

Sporc inoculated cuttings did not show any marked
increase in the severity of disensc when they werec
fed with glucose, gelecturonic acid or casamino acids,

The rcspiration rates of inoculated plants were
found to increasc stecdily in inoculated plants from
the Lth day after inoculation until symptom development.
With the appearance of symptoms, the respiration was
rcduced.

The traonspiration of intact plants, cuttings and
dctached leaves wos found to deercase grodually after
inoculotions But, in cuttings and detached lcaves the
rotc of transpiration excecded thc rate of absorption,
though it 4i1d not exceed that of healthy cuttings and
lecaves.

There wos a similar reduction in the rate of
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absorption in the inoculated cuttings and detached
leaves of infected plants.

Culturc filtratcs obtaincd from 10-doy old cultures
was toxic to cuttings, even when dilutcd 50 times.
Cuttings trented with cell free filtrates developed
typical wilt symptoms.

When a culture filtrate was dialysed against
water its toxicity was lost after 24 to 48 hours, so
that toxicity was duc to dialysable substances.

Cuttings placed in the woter against which the
filtrate was dialysed developed typicol wilt symptoms,

Anatomical studies of the stem boses of culture
filtrate treated cuttings showed thc prescnce of gels
and gums in 20 to 50 percent of vessels, Discoloration
of vessel walls was also very prominent,

Cuttings trcated with a culture filtrate respired
at o higher rate before symptom development.

A similar increasc in the rate of transpiration
nlso was noticed, 2 days aftcr treatment, but thc rate
of transpiration fell considercbly before symptom
development, & simultcneous foll in the rate of
absorption was also noticed.

When lenf disks were floated in xylem exudate

from healthy and infected plants, in Warburg flasks,
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those in sap from infected plants respircd at a higher
ratc suggesting that thc sap was toxic, The fungus grew
satisfactorily in the xylem exudate from hcalthy plants
when supplemented with O.1 per cent glucosc and incub-
ated in the dark.

The filtrate obtained from the sap-glucosc culture
after 10 days incubction was found to bc toxic, inducing
typicnl wilt symptoms.

Fusaric acid was detected in culture filtrates.

A 10-dny old culture was found to contain cbout 20 mg.
per litre,

When cuttings were treanted with fusaric acid
solution et 100 mg. or more per kg. fresh wt., they
wilted, thec severity of wilting depcnded on the concen-
tration. Higher concentration causced shrinking of the
stem and twisting of petiolcs which are not typicel
features of bean wilt. Typical symptoms werc developed
when cuttings werc treated with 100 to 150 mg. per kge.
fresh wt,

When cuttings were treated with fusaric acid at
the abeve rate, they transpired more than did healthy
cuttings, ’

Fusaric acid at concentrations sufficient to cause

disease symptoms, reduccd rcspiration,
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Fusaric acid was detected in diseascd plonts by
paper chromatography. The maximum amount detected in
severely infected plonts was 3.5 ng. per 100 gm. fresh
wt., (35 mg. per kg. fresh whe)e Bub cxperiments with
fusaric acid had shovn that at lcost 100 mg. per kge.

fresh wt. is nceded to couse typical diseasc symptoms

in beans.
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