36432

Y - id ‘.
l * National Library ) Bibliothbque nationaie CANADIAN THESES \"IHFQES CANADIENNES
of Canada - du Canada S ON MICROFICHE SUR M7GHOEICHE
. .
. . . ¢
. Id . -
. {
NAME OF AUTHOR ‘NOM DE L'AUTEUR S T L 7 . .z _
- R i .
TITLE OF THESIS T/TRE DE LA THESE o e L R L s e T
, N . .
3 B 4 ) - 4
= -
UNIVERSITY /UUNIVERSITE L e s e e
DEGREE FOR WHICH THESIS WAS PRESENTED/ - ’ .
- GRADE POUR LEQUEL CETTE THESE FUT PRESENTEE DAL _ :
. ) | / B )7 \I X
YEARTHIS DEGREE CONFERRED/ANNEE D'OBTENTION DE CE GRADE : L2 i
NAME OF SUPERV!SOR/NOM DU DIRECTEUR DE THESE oy A Coic g ss

. - ; ~

Permission is -hereby granted to the NATIONAL LIBRARY OF L autorisation est, pér la présents, accordée 3 la BIBLIOTHE-

W
CANADA to microfilm this thesis and to lend or sell co‘pies 'OUE‘NAT/ONAtE DU CANADA de micro/)'/me/ celte thése et

of.tHe'\film. . ' . v ) . Qe ;rérer ou ¢7;e vendre des exemp/a/ref‘di\///n].
The' author reserves other publication,rights, an.d neither th‘e L’auteur se rdserve /es"autfes droits de publication; ni la
. tt . ’ J

thesis nor extensive extracts from it may be pr'inted or other- . théseni de longs, extraits' de ce//e-c:"ne:d&vem étre imprimés
wise reproducga without the author’s w»ritten p(?‘,rmission. . ou aytrement reproduits sans I'autorisation dcrite de I"auteur.
DATED/DATE /Z( < 3’-“, o S|GNED/§/GNE' 24 //// - 7/ ' i
. h ’ . /‘/ ' . R ! .
PERMANENT A\ET)[\)‘RES.S/{?E\:SIDENCE FIXE - ’// J7 L o ST

s TS O A

= - . ' -

NL-91 {3-74) ) .
'




.* - National Library of Canada

Cataloguing Branch ‘
Canadian Theses Division

Ottawa, Canada
K1A ON4

NOTICE

) The quality of this microfiche is heavily dep,éhdent upon -t

the quality of the original thesis submitted for microfilm-
ing. Every effort has been made to ensure the hi. Y.
quality of reproduction possible, .

LN

~ " If pages are missing, contact the univer- .,
granted the degree.

Some pages may have indi
the original pages were typed
ribbon or if the university sent

ith a poor typewriter
S a poor photocopy.

Previously copyrighted materials (Journal articles,
published tests, etc.) are not filmed. ‘

- .

Reproductionin full orin part of this film is governed
by the Ganadian Copyright Act., R.S.C. 1970, ¢. C-30
Please read the authorization forms which accompany
this thesis. :

'THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

NL-§39\(3/77) .

inct print especi.:!iy 1.

microfilmés.

A o~

Bibliothéqué nationale du Canada

Direction du catalogage ,
Division des theses canadiennes

CAVIS

La qualité de cette microfiche depend grar)dement‘de la
qualité de la these soumise au?ﬁi_crofilmage. Nous avons
tout fait pour assurer une qualité supérieure de repro-
duction. '

. x
S’il manque des pages. veuillez communiquer avec
luniversité qui a confeéré le grade.

N

La qualite;d'impression de certaines 5ages peut

laisser a desirer, surtout si les pages originalés ont été -

dactylographiées a l'aide d 'un ruban usé ou sil'université
nous a fart parvenir une photocopie de mauvaise qualijté.

Les documents qui font déja I'objet d'un droit d'au-
teur (articlesde revue, examens publties, etc.) nasont pas

Lareproduction, méme partie.'« de cermicrofilm est
soumise a la Loi canadienne sur i droit d'auteur, SRC
1970, c. C-30. Veuillez prendre connaissance des for-
mules d autorisation qui accompagnent cette thése. *

2

LA THESE A ETE
MICROFILMEE TELLE QUE
'NOUS L'AVONS RECUE

g

/



AN
£ ) : "
P S IVERS LY OF ALBLITA !
' . BN
. ) CLOCHEMICAL AND PHYSYOLOGLCAL PROPERTIES
UF A BDATE £ al TUSARTUM (L MORUM
AND DTS RELATTON 10 PATHOGENESTS
o .
‘ ' ! > . by
B . (::::> Wi John McPhee
{
1’\
A THESITS

5UBMI1T£J TO THE TACLLTY 0f GRADUATE STUDIES AND RESEARCH

=

N PARTIAL FULFILMENT OF THY RLQUIRLMENTS FOR THE DEGREE
OF doctor of Phi]usophy(

v

U[.P/\i”MLNI Plant Science

EUMONTON, ALBERTA

SPRLNG, 1978

- . .

- ‘"‘r’

ur



\‘ ‘ N ¢ N
J |
[ ) 1 ) ¢
THE UNIVERSITY® OF ALBERTA
FACULTY OF GRADUATL STUDIES AND RCSEARCH
. ) ) o ) » ) ‘ P
The under;igngd certify that: they have read, and
recommend to tne Faculty of Graduate Studies and Research,
‘ : . )
for acceptance, a th. is entitled ..Biochemical and == =~
Physiglogical Properties of Exudate from Fusarium culmorum
and Its Relation to Pathogenesis, . .. ... . .. . . . . . ..
submitted by ........ William John McPhee . 1.
. in partial fulfilment of "the réquiremenfs for the degree of
k Doctor of Philosophy
in"Plant Science.
A LI
S ‘ . Supervisor
R - . J 9 /- P N
. ST - - - A "
ERS - , ..Lg§§¢04§14\.h4 kG riaffi%7ﬂ.
~ T e s B .
- : IR ‘/{:7 _ 4{ ;
- ) .../.’(.\/;.s:.f..c‘.:: LIRS
. )y L\\\m& ..............
MR VA A
. - '/»7  /
e ; ./ P ’
S
R xternal Examiner
. . . L /I

| Date/g .J.df.«..?ff.,. /?717



ABSTRACT
.«‘P\
Exudates have been observed-on a number of fﬁngi as liquid
o drop]étsfadhering to the hyphae, and detailed investigation with

Fusarium.culmorum shows a.definite pattern to the.distribution of the .

droblets in,relatioh fo colony morpho]o@y. This suggests‘the,process
of exudation is of,physid1og{CéT §ignff1§ance and soecific properties
of the’drop1ets, absérbtionjand re-exudatidn, their apparent }ole in
spore f&fmation and their bjbchemica1 contents suppgirt this premise. . ¥
Dropiets %pqear to becclosely aséociégad\wigh colony aging and tﬂeir /
properties éhange és this procéSSvgccursﬁ Initially, they are'trans—
pareﬁt and water-like, b&t become granular and opaque, and in somé
~1nstan(es packed‘with spores as the colony develops. The sequence of
droplet deve]opment and a mechan1sm for the release of these drop]ets
and their function in normal phys1o1og1ca1‘funct18n1ng are 1nvgﬁt1gated
The biochemiqa] properties of the exudate collected from F.
culmorum were 5na1yzed and a,morevdetailed look at the following compo-
‘nents, in relation to‘cd1ony age, was carried out:

=

-soluble protein ) -poly phenol oxidase

—pectolytic enzy stem ~ -acid phosphatase e

—cé]]d]o]ytié enzdwe system -oxalic, acid

-protease _‘ : | —so]ubfe feduéing sugars

—B—g]&cosidase _ n-peroxidase

,TheAdirect involvement of F. .culmorum exudate ‘in the process
of pathogenesis was demonstrated by injection of the exudate 1nt0.

tomato, sunflower and“bean tissue. The reactions of host tissues to

iv



<

A
‘ ? ;
' L]
tht exudateswere observed. | , ’
¢ ' , . L .
/7 Coll wall degradating properties of the cxudate were investi-

gated using both scanning clectron microscopy and thin-layer chroma-

tography.
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CHAPTER 1

IMTRODUCTION

The plant pathologist must u]t#mate]y strive to completely

-understand plant diseases so thdt control can be most effective and
t o

»

at the same time cconomical. In an ideal case, he gathers enough

information to give him an uhderstanding of the host; pathoden, and

v

. 0
enviromment, as well as the interactions among them. Although .there
are @Umerous examples of control without detailed knowledge of the
disease or the causal agent, the most successful control is gen

obtained by a thorough knowledge of. the disease epidemiology.

et al. (1975) emphasize the importance, and often the necessity, of

what might be called "pure research" on the physiotogy of sthe péthogen -

in order to under§tand its role in a particular host-pathogen inter-
action. o ' . . P

{

To date, much of the study in plant patho}o%yfhas'Leen ained
at the elucidation of the resistance mechanisﬁ in the hosf‘and not at
the pﬁyéio]oqy’invo1ved: for eXémp]é,.the nut%ﬁtibna] requiréments or
metabolism of .the pafasité. There have been numerous‘studies on the
ﬁutrjtibna1 requirements of. mShy %ungi, yet it has been oniy recént]y
that the science of fungal ph&sio]oqy has become sophisticated enough.
to deal with the specialized nutfitiona] requirements of s@me of the
le{gate parasitic fungi. This very recenf success is largely the

result of research into the nutritional requireménts of the rust fungi

\\}//



(Bushnell, 1968; Williams et al., 1966). However, one thing that

has been c¢lear for sometime i that many f

19al enzyme systems are
inducible and chanqges in substrate, substiratN levels, cr age of mycel-
fum may drastically change the vinds and Jevels 0 £ exo-enzymes
released by a qiven funqu- (Rrown, ]”1 ; Christensen
Cooper n.i Huud.‘]973; Singh and Wood, 1956). For this reason the @’
physiology of invasion of host tissue by a fuﬁqa] pathogen 15 very .

different from growth of that funqug on art1f1<1a1 medium (Bateman,

‘]963 1966) . It is also clear that enzymes produced in vitro, or for

v

that matter in vivo, are not nO(ogsar11y functional even though suh—

strate is ava1]ah]o (Eole and VWood, 19616).

] Exudation is a very common phenomenon in fungi, but as with
nutriciona] studies, is an iﬁsgjﬁf fungal physioloqy thch is largely
unexplofed in relation to pathogenesis. If liquids characteristica]]y
exuded by funq1 have a ro1e in the various stages of pathoqenes1s,
they will undoubtedly have their initial opportunity to interact at
the host-parasite interface. This is the most ccitica1 barrier. to
infection and is of utmost 1mcortahce in anycattempt_to understand
how pathogenesis #s initiated and 1n%ectiv1ty acheived. However, it
is an elusive arca hecauée 1) it is so difficg]t to define; 2) there
are structural, phvsical, and biochemical aspeccs to the process; and
3) the relationship between host an& 5atﬁoqen 1s so interrelated
that separat1on of cause and effect becomes almost 1mposs1b1e This
interface is a]so where the host f1rst comes in contact with fungal
exudate. .

This study was designed for the purpose of investigatina hyphé]

1

exudation in the fungus Fusarium culmorum and its possible role in the

J/
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stages of pq&hoqoqosjs. Particular consideration is given to inter-
pretation af the results in relation to the ﬁotato‘stonage problem
"dry rot" of which Fusarium spp. are the major pathogens.

Atiompts were made to 1) roford the development of fhe anga]
exudates in vrelation to the aqing of tﬁ% colony; 2) to determine
the biochemical nature of the exudate associated with F. culmorum;
and 3) to investigate the"offects of this exudate on plant tissues.

0f particulgr in?erost during the project was the histological
and biochemical similarities between cell damage 1ﬁ potatoes- treated “

with exudate and the observations made on potato tissue suffering

from storaqge dry rot.

/

Fungal [xudhte§

The presence of liquid on fungal repréductive structures has
been reported numerous times. Liquid droplets. have'been associated
with the release of basidiospores (Buller, 1958), and investigations

by ¥noll (hul]er, 1958), of the drops of 1iquid excreted from the ends

of pileal hairs of Coprinus ephemerus and Psathyrella disseminata, on.

various Eystidia and the sporanqiophores of Pilobolus spp. suggest

that these drops contain an unidentified colloid cohstituent which
Knoll described as mucilaginous. He also reported that crystals

of .oxalic acid formed at the ends of “ystidia as the drOpslof 1iquid'

dried.

- Remsburg (1940) observed ]1q‘}d exudates associated with the

sclerotia of Typhula spp..and noted /that a crystalline residue was



formed when the Tiquid was.dripd on a glass slide. Since then, a

N

number of reports,h&&é been pub]ished regarding the Biochemica] con- a

tents of the scle¥dbtial exudates (Colotelo, Sumner, and Voegelin, 1971a;

N A J

Colotele, 1973 Cooke, 1969; Cooke, 1971; Jones, 1970). Colotelq et al.

(1971h) demonstrated the presence of a "sac" enveloping the liquid -
droplets on the éclerotiq'of Spjgfggulglsclerotioruq. , . {//F—<
Exudﬁtos”associd%Yd,directlx with vegetative mycelium have not
“been reported as often. fhom,}}n 1930, and lTater Raper et al. (1968),

reborted exudates associated wrih the m}ce]ium of colonies of Peni-

cillium spp., while in 1932 Fenner, in‘describing Mycotypha microspora

reported the presence of "tiny water drops™" adhering td the aerial

“

mycelium. She noted that although the droplets appeared consistently,

they disappeared within. a aay or two, and she attributed no importance

to them. . i .

Exogenohs factors associated with fungal gfowth and the role of ‘
these factors in pathogenesis were reported in the 1800's by Ward (1888). -
In this paper, he illustrates a keen skill of observation and comhunica—
tion as shown by the following quoté:

Inthe neighbourhood o the myedlinum, o.q.
b the margin of the Jdscased arvea (Fig. 3),
the coll walls bounding the lacunae, and
those of the epidermis and aquard-cells of

ELhe stomata, are often found to be swollen
el turning browm and gramular (Fig. 8).
This was a phonomenon which areatly puzzliod
me unttl I found that <t is due to the ac-
lion of a soluble ferment excreted by the
Junqus Ttsel f and which slowly diffuses
around and kills the cclls.

+



This;sudfe represénts an early reference in‘support_of the
production 6f diffusible, toxic factors whiéh can cause‘host cell
- damage well in advance of the invading hyphae. THéYe are ampie re-
ports to show that fungi growing in cq]ture release degrading'enzymés
» .
‘jnto their qur{9uhdinqs,but the mechanism by which these exogenous

compounds are released is not known. However, there is a distinction

to be made between the cytoplasmic extrusions described by Ward (1888),

and the exudates discussed in the opening paragraphs of this review.
The-extrusions described in detail by Ward, have been observed‘for a
number of fungi associated wjth this study and are described in more
detail under "Results". .

The Lharacteb1st1c presence of the 1iquid on aer1a1 myce11um

2

and in association with the surface hyphae indicates that a basic
physiological mechanism is in operation, whjch resu1ts in the co;stant
. exudation of these droplets. Té date, there is no exp]qnationlof the.
meqhanism.~ However, recent work on the 1yso§oma1 concept in paants
and fungi (Gahan, 1973; Mati]e, 1969; Wilson, 1973); fhdicatJ_;;;;\\
there is an exb1anation to-account for the intracellular source and
thction for these exudates.

In planf cells, the priméry function of the Golgi Apparatus
seems to be to synthesize po1ysacchahides which are then bassed-out
to the points of cell wall synghes1s “and exper1menta11y, 1t has been
shown that the Golgi Apparatus of dividing cells of maize epidermis
produce distinct v?sic1es which contribute material to cell plate
formation (Leech gﬁ»gi,; 1963; Whaley et al., 1963). Similar %indings
" were made with Phalaris %oqt tips (Frey—Wyss]ing et al., 1965),.and

by the time the cell ‘plate vesicles have extended to the lateral wall

v
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of the mother cell, primary wall deposition has already begun at the
centre of tho‘plntv. Aith few excaptions, a primar} wall is laid
down onto the middle lamella. The deposition of material for cell

»

wall production quuirés'comp1ex 9niyme activity and these enzymes “
are presumably associated with the very same chicleg.'
'\ Aside from thi; apparent‘rOTO 1 /:nabo1i5m, fhé tysosomes_do
play an important role in pathologigal processés in animal $ystems
(Dingle, 1973) nhd this function hps been re]a{ed to plant systems
as well (Bracker, 1971; Gahan, 1973; Wilson, 1973).

The lysosomal concept was first postu]éfed by DeDuve (1959) and
: inferpretation:from the original system was relatively Straight.for;-
~ward because: first, isolation of the Vesicleg'was from 1ivef tissue
which iaAhigr'ﬂy d'ifferentiated and uniform ana as a recult, the
vesié]es so obtained were uniform in age and properties; Second,
the marker énzywe, acid ph.osphatase, was almost entirely associated
with thesehvesic1es. Because of this concentration of acid phospha-
tase in the vesicu]ar fraction in these original experiments by DeDuve,
the enzyme became associated with lysosomes from all sources. HoweQer,
the absence of this particular enzyme has been conspicuous in many
1ysosohe—1ike structures observed in;both plant and fuhgal tissues
(Dcuwaulder g}_gl,;»1969; Shaw, 1966). In fact, reports on fungal
lysosomes have been quite variable and in view of the range- of histo-
chemical and cellular fractionation techniques used, the variation in

the physiological state of the organism, and the number of fungal

. | .
species checked, discrepancies in the types of enzymes associated wi'h

these lysosomes are understandable (Matile et al., 1967; Pitt, 1968;
/ | '

© Scott et al., 1971,

o6



In receng studies on fingi, it has been shown that lysosomes are ,

involved in nultiple rolesein the synthetic‘processeé in the cell. They
r oo

are involved in septum formation in Verticillium albo-atrum,!

Aspergillus nidulans, Metarrﬁﬁzfum anisopliae (Buckley et al., 1969;

Hammill., 1972; Oliver, 1972),in conidiogenesis in A. giganteus (Trinci

et al., 1967; Trinci et al., 1968), in bud formation in Rhodotorula

‘glytinig {(Marchant and. Smith, 1967), and in the region of the growing

. ..
tip (Grove et al., 1970). In view of this evidence, the concept must "

be one of a lysosomal system rather than of isolated vesicles occurring
at various stages and in various locations within the organiém.

Figure T (from Wilson, 1973) is a schematic representation of
a possible lysosomal system in higher plants and fdngi, bﬁt because
a Go]g% Apparatus has not been found-in sbme,fungi (Bracker, 1967), the
origin of the brimary lysosomes in theée'fungilneeds clarification. |
Howeyer, the high mefabo1ic activity of the hyphal tip, the cohcentra-
tion of vesicles there, the fusion of these vesicles with the plasma
membrane‘and.the numerous reports’ indicating the presehce'of exo-acid
hydrolases associated with fungal growth, all éugg:“f that the con- |

tents 6f these lysosomes are extruded to the exteric - of the cell as a

normal ébnsequence of fungal metabo115m and physiolo,y.

Under the conditions of shake culturing, the extruded material
would be dissipated into the growth medium, and it is this type of
growth proéedure which is commonly used to obtain culture filtrates

for the analysis of ‘exoenzyme production by4fungi. In the case of

dry- cultures and most still liquid cultures, the extrusion of matéria]

<

“rom aeria1 hyphae results in droplet formation, whereas surface and

'submerged hyphae result in.collection of the liquid on or in the solid

s



FIGURE 1

A possible lysosomal system in hjghér plants.. The Golgi
Apparatus produces Golgi vesicles which may migrate to the
plasmalemma and fuse with it to produce excretory vesicles. The

endoplasmic reticulum also produces a number of distinct vesicles.

(From Wilson, 1973).
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substrate at the peripheéy of, as well as surrouhding the hypha} strands.
In the specific case of fdﬁga1.pathogens, enough information

has accumulated tosallow for the formafion of a concépi fqr lysosomal

behaviour in pathogenesis,and the 1yso§9mes in both the host and

parasite may b]ay important roles in thisg hOSt—parantg 1ntgractfon.

It is generally accepted and suppdrted by much évidence,that the

exoehzymes of the parasite may digest the host cell wall if the proper

e€nzyme< are excreted, or the reverse may be true and result in resis-

‘tance to the pathoéé' (Abeles ettal., 1970).. Hydrolytic enzymes hav
“been recorded as present in plant (Kivilian et al., 1961), and fung
cell walls (Cheuné'and Barber, 1971), and the initial interaction may
be betweéen their exoenzymes (Barnett, 1974;'Curtis and Barnett, 1974;
Strand and Mussell, 1975). It has been shown that eﬁzymes are released
from potato tissue treated with endopectate-trans-eliminase isolated

from Erwinia carotovdra (Stephens and Wood, 1974) Another possibility

is the direct Tnhibftion of the pathogen exoenzymes (A1bersheim_and

Ahderson, 1971), and there is evidence that these interactions may ’ Al(
occur as the result of a¢t1vat1on of the Tysogomal system of the host-

and/o pathogen. For example, the migration of spherosqmes into the
haustor{um of Piptc ~phaiis virginiana when parasitizing chdtxgha :

m1crosgora has been illustrated by transmission e]ectron m1croscopy
(Armentrout and W11son 1969) Webber and Webber (1970), report a
concentration of 1ysosoma1-11ke_orgéhe]]es in the’penetration peg of

a Tichen haustoriqm of Parmetia sulcata Tayl. and they postulate that

these function in provjding enzyﬁes-for cell wall penetrapion. Pitt
and Qombe (1968, 1969) have-evidence for 1ysosoma1 involvement in

pathogenesis involving potato tubers and Phytophthora erythroseptica.

-




Degradation of Cell Walls
As early as the nineteenth century, DeBary (1887)‘ was able to
demonstiate and record the disorganization of host tissue using the

expressed sap from plants infected with Sclerotinia’ sp. ward,wdhr,onozi”

step farther and extracted a similar dpsrru(t1ve (omponont from a K f\\;

Botrytis sp. In 1915, Brown introduced <ignificant exper1men¥a1
improvements’to'the investigation of fungal “toxins" by manipulating
the growth of the.fungus (also a Botrytis sd.) to obtdin enzyme p;ép~
arations which were much more active, and therefore, more convenient
to work with. Since that time, many workers have confirmed the
péesence of degradative enzymes in association with pathogenic fungi
(Bateman and Millar, 1966; Van den Ende, 1974; Wood, }é@?). Table |
gives examp1es.of‘?usarium spp. which have been shown to bfodﬂce
var1ous cell wa]] ~degrading enzymeq | -

Traditionally, the two enzymes associated with the breakdown
of tissues have been pectolytic enzymes and cellulolytic enzymes, édd )
the majority of resedrchhin relation to maceration has been on these
two groups of enzymes. However, in reality the enzyme sysfems are
much more complex than that. First, there are-a number of pecto1y£1c
enzymes, each one‘specific with regards to the substrate required
and to its mechanism of action. Secondly, there is also more than one
‘cellulase 1nVoTved Th1rd1y, besides these two groups of enzymes, B
' there are data supporting the 1nvo1vement of spec1f1c hem1ce11u1ases
(Sturdy et al., 1975), proteo]yt1c enzymes, 11gn1nases, cutrno]yt1c
én;ymes and others .lood, 1968). Considering the complexity of the

cell wall which deeds to be a]}ﬂred to allow effective invasion by a

successful pathogen, the broad array of enzymes present or inducible



TABLE

PRODU&TION_QF CELL-WALL DLGRADING ENZYMES BY FUSARIUM SPP.

IN VITRO:

g ———

Organism

Fusarium sp.

F K
P

fm . m | Taallilas!

Saal

solani

spp.

- Lxysporum

. oxysporum

solani

@

.

vIvO:

Organism

moniliforme

roseum f.
cerealis

phaseolis

solani f.

cucurbitae

solani f.

phaseolis
solani f.

35
pist

. oxysporuym f.

lycopersici

Enzyine

Cellulase

Cellulase

Reference

Venkata Ram, 1957, 1959
Etchells et al., 1958

Polygalacturonase

Po]yga]acﬂurnnaﬂe
Pectin methylesterase

Polygalacturonate
trans-eliminase

Etchells et al., 1958
Singh and Wood, 1955

. Waggoner and Dimond, 1955

Waggoner and Dimond, 1955

‘ Bateman, 1966 .

Host

Corn Stalks

Carnation

“Bpan
-.Squa§h
Snap Bean »
Hypocoty]s

Pea Seedlings

Tomato

Enzyme

Cé]]u]asc
_Cellulase

Polygalacturorate

trans-eliminase

Polygalacturonate .

~trans-eliminase

Polygalacturonate
trans-eliminase

Polygalacturonate
- trans-eliminase
Pectin -
methylesterase

Reference

Foley, 1959
Phillips, 1962

Bateman, 1966

Hancock, 1968

-

".Papavizas and

Ayers, 1966

Papavizas and
Ayers, 1966

] Léhgcaké et al.,

1973,

“
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in pathogenic fungi 1s‘not surprising.

The plant ce]T wall is a complex structure of polymers which\
§urrounds the cell proper,;nd is geparated from the cytoplasm by the
cell membrane. It functions to counteract the osmotic pressure re-
sulting-from the ée11 contents, as support for- the p]ant as an inter-
ce]]u]an cementz and to play a compﬂex ro]e in p]ant pathogenesis. One
of the major functions in this latter case is to act as a source of
nutrient for the successful pathogen, and to control the production of
~ the degradative enzymes The biochemical nature of the cell wall is
of great significance to the pathngen (Karr, 1970).

. Biochemical studies support the concept that pectic substances
‘are laid down during the early stages of 11 growth (Northcote, 1963) ;
and therefore; would be concentrated in the middle lamella area. This
wa: illustrated for onion root tip cells &A]bérsheim and Ki]lias, 1963)
;and for potato tuber cell walls (McClendon, 1964). These pecti¢ sub-

stances are generally acceptéd as being basica]]y polymers of
galacturonic acid with varying degrees of methylation. Formerly,
it was thought that pectinaceous materials were the major constifuent
of the cell wall matrix in all plants,but recent evidence indicates
" that hemicellulose may constitute up to ninety pércent of the continu-
~ous amorphous phase of cell walls in some cagés (Albersheim, 1965;
Zaroogian and.Beckman, 1968). In the cell wall nroper however, (with
‘the exception of.some gr:en a1gae and mc - ‘ung1) the pr1mary constit-
uent is- ce]lu]ose formed from B-1,4-1inked D- g]ucosé molecules, some
8,000 to 12,000 units long. These form 1iﬁ€ar nicrofibrilé which aré

deposited in the amorphous matrix of the cell wall (exclusive of the

middle lamella which is not a component of the cell wall proper). and

13



these microfibrils have the capacity to become displaced froh one
another, an 1mpd¥tant fact when considering the mechanism of primary
cell wall growth or bneakdonn. The primary wall itself, can'be con-
sidered more Tike the amorehoys middle lamella fhan the closely packed
secondary wall which has as much as 50 percent cellulose fiber,
i.e. in tracheids. The primary wall is also distinguished fhom the

sec ndary wall by its ability to extend as the protop1ast expands, by

‘a dlspersed texture of the m1crof1br1ls, and by the ab111ty of the cell

S
wall to show reversible changes in th1ckness (The\trans1t1on of

material from the primary wa]] to secondary wall isiso gradual that
distinction between the two is réa]]y_hrbitrary.)

Fig. 2 shows . nc components of the pfimary'and secondary walls
and %11ustrates the presence of .other minor components besides cellu-
lose and pectin. The major one is hemicellulose, which consists of
_the sod1um or potass1um hydrox1de so]ub]e po]ymers made up ‘predomin-
antly of D- galactose, D- mannose,‘L arab1nose, D-xylose, L—rhamnose
and uronic acids (see Table.?2 and F1g. 3). Typically, a-~cellulose
is an unbranched glucose po]ymer whereas the hem1ce11u1oses are
branched po]ymers The hemicelluloses probably occur {h an amorphous
condition between the m1crof1br1]s and their concentration increases
. toward the middle Tamella. The protein content is relatively Tow,
jparticu1a}1y-in younger cell walis,<and its _role in cell wall
structure is still unresolved.

’ Table 3 ahows ﬁome typical pegass combositipns in various
tissues. It is apparent th.at pe&fances are generally rich in

galacturonic acid, but also, that they contain Significant amounts, of

neutral sugars. However, pure galacturonans do orcur, but infrequently.

14
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TABLE 27

CARBOHYDRATE POLYM[RS.bF PLANT CELL WALLS °

Polymer Known Component (s,
1. CELLULOSE D-glucose
2. HEMICELLULOSE : Xylans

Glucomannans

3. PECTIC Substances . Galacturonans
Arabinans
¥ . Galactans and/or

arabinogalactans [* or 1T

4: OTHER POLYSACCHARIDES /j/x Arabinogalactans II

Fuco~ (or galacto-) xyloglucans

" \

5. GLYCOPROTEINS

*

Arabinogalactans of type I are characterized by .essentially
linear chains of (1-4) linked g-D-galactopyranose residues
whereas those of type II contain highly branched interior

chains.with (1-3) and_(1-6) intergalactose linkages.

(From Aspinall, 1973)
’ \

- \




FIGURE 2

A schematic representation of the cell wall showing the

major constituents and their re]gtive distribution within the
primary and secondary walls and the middle Tamella. The

concentrations of components increase in the direction of the

arrows.

(From Wood, 1967)

;
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"FIGURE 3

Structural formulas for some ofsathe common cell wall mono-

and po]ysaccharides. v ‘%‘-

—
i

ga]acturonic acid
2 = pectic acid (polygalacturonic acid)
3 = methylated galacturonic acid )
4 = pectin (methylated po]ygalacturonié acﬁd)
5 = xylose
6 = xylan (a hemicellulose)
© 7 = mannose |
8 = galactose
© -8 = rhamnose
10 = arabinoge
11 ; g]ycose

12 = cellulose
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One such pure galacturonan has been demonstrated in sunflower heads
(Zitko and Bishop, 1966).

The neutral sugar L-rhamnose, as far as is known, occurs in
pectin only, in fhe interior chains and appears to cause kinking of
the otherwise regular chain (Rees and w1ghg§ 1971).

- Pectinic side chains of xylopvranose residues, alone orvwith\
'appended D—ga]actopyranose or L-fucopyranose units, are found in
tiésues with potential for répid enlargement and/or rapid differentia-
tion such as pollen (Bouveng, 1965), soybean cotyledon (Aspinall, et al., -
1967), and white mustard seed (Rees and wiéht, 1969), but are also
‘minor ﬁonstituents in more typical pectins (Aspinall et al., 1968;
Aspinall, Gestetner, MgTﬁoy and Uddin, 1968). Side chains containing
D—gg1actopyranose and L-arabinofuranose résidues are more cha(acteris-
tically typical of pectinsf

The extent of the‘homopolysaccharide,in the pectic substances
of the cell wall is not well established. Much of the information
may be misleading or not strictly compérab]e because of thé variety
and types of fso]ation procedures used. Strongly acidic conditions
will result in hydrolysis of. the acid-labile glycosidic linkages with-
in the cell wall struéture,and pectiqs with a high dégree of methylai
tion (or genéra]]y,-esterifjed Déga1achron1c acid residues) are
susceptible to base-catalysed degradation(Aspinall, 1973). .This latter
reaction leads to the.cleavage of glycosidic bonds and the formétion of
unsaturated hexuronic acid units. This elimination in the presence of
the appropriate ionic species may occur slowly at an aéid pH (Aspinall

“and Cottrell, 1970).



Barrett andNorthcote (1965), have shown that apple pectin
heated in buffer at pH 6-8 is degraded into two distinct polysaccha-
ride fractions (Fjg. 4) which show evideﬁce for the distribution of a
negf}gT\sugar—galacturonic acid residue widely spaced along the macro-
molecular chain.

Cell wall pectins are generall: a<sumed fo consist of an un-
oriented matrix between the cellulose fibFils of the wall; yet, as
early as 1951, there were indications that pectin may appear in cell
walls as fibrils (Roelofsen and Kreger; TQS]; 1954) . More recent
recoynition of the fibrils of poly-galacturonic acid on the surface of
cultured cells of several specfes has been reported (Leppard et al.,
1971).  White (i967), reported fibrillar aggregates during
exam{nétibn of cell cultures of Eiggg_glgggg) Sutfon—JOnes-and Street
(1968), observed fibrils on the surface of cultured cells of Acer, and |
Halperin and Jensen (1967), saw them on the out;ide of cells of Daucus
and {nterpret;d them to be cellulose. There seems to be no definité 
width to the fibrils and.they sometimes appear to be split longitudin-
ally or branched, suggesting a bundle-11ke Structure.

These fibrils in ce1i culture associate between cells or on the
surface of 55115 to fdrm sheets which-in ordinary tissue, would be
prbxima1 to tié part of the cell equivalent to middle lamella
(Leppard et al., 1971; Leppard and Colvin, 1971; 1972).

Chemical analysis of the fibrils of Ipomoea (Colvin and Leppgrd,.
-1973), show theﬁ to be 68 - percent hexuronic acid. Galacturon-
ic acid appeared as the monomer of a long-chain polymer, and no other

uronic acid.  nor neutral reducing sugars ‘were detected. One sur-

prising fact was that fhese fibrils were resistant to pectinase

22



FIGURE 4
!
Thé formation of two.chemicab]y distinct po]yséccharides
on random degrédation of pectin cdntaining an uneven‘distribution
of neutral sugars. The two products are (i),poiyga]acturonic aéiq_A

and {ii) a complex consisting of ga]actUronasy]rhamnOsé covalently \

linked to an arabinan-galactan side chain.

(From Aspinall, 1973))
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+ (Leppard and Cddvin; 1971), but these authors suqgqgest thot the presence
of protein and other molecular groups may intorfere with enzyme hydro-
lysis.

This chemical eva]uétion and the interpretations op plant pec-
tiné are relatively new work and their maior importance i3 pnssib1y‘as
a warning thaf4éé11ulose éan no longer be regarded as the sole fibrii-
lar component in plant cell walls. More care will be necded in the -
identification of these fibrils .in the future.

Pectic substances constitute the major component of the cell
wall in potato (Hoff and Castro. 1969). Table 4 illustrates the com-
positioﬁ of potato cell wall, the specific sugar composition of g%é
-pectic materials and th@bsugar composition of the hemiceltuloses.

This work agrees with the f{ndings of Le Tourneau (1956), but disagrees
sharply with a more recent pape} by Vechner and Prokaéov (see Hoff and
Castro, 1969). These authors fbuhd tuber cell walls to be composed

of from 65 to 80 percent glucose, whereas the findings 1jsted.heré
(Table 4) show galactose as the major single monosaccharide.

Bette]héim and Sterling (1855), showed that theiextraction
technique used'infiuences the nature.of the pectinic products released
from pota£o cell wall, and they emphasize the importaqﬁe of calcium
"in binding the cell wall pecting 5hd~somewhat, confrpl]ing their
release under various exéraction.conditions. Hoff and Castro (1969),
have also reported a hon~unif0rmity in the pectic fraction of potato
cell walls.. Theylpoint out that the large amounts of neutra]_sugars
present will Have a significant effect on the physical properties of

the constituent pectic polymers and thus, on the tuber cell walls

s
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themselves. For éxamp]%, the pectic material they isolated was solu-

ble whereas normally, pectinic acids comE;nfr‘« brecipitate out of

20‘pércent alcohol solution. These same aulhors used oxalic acid-

ammonium oxalate to solublize their péctic substances, but did not

1'ndi”cate that calcium was inyo1ved. They also speculated that. there

may be an araban—gaTactan fraction.a§<uciated wjth the polyuronides.

An arabanase-galactanase compTex has been shown to be operative 1q

carrot tissue (Hatanaka and Ozawa, 1965; see Hoff and Castro, 1969).

Although the above does not constitute an exhaustive review of

the structur%.pf the cell wall, 1t does point ouf that differences in

the degree of esterification of the D-gatacturonic acid residues, and

the-variation of'sugar compqsition'are both imﬁortant in the overall
.assessment of cell wall pectins.

fhe cellulose found in primary and secondary walls appears. to

'résu1t frqm different bipsynthetic pathways. This is conc]uded {fom

the‘facts'that the molecular size o% the secondary wall cellulose is a
constantvﬁw'13000 to‘16000 and is independent of the extent of con-

version,'whereas cellulose of the primary wall is of ‘lower polymer -
size and 6f non-uniform distribution (Marchessault and Sarko, 1967; '

Rees and Skefrqtt, 1968).~ Marx-Figini (f969) suggests that the

molecular size of the secondary wé]] cellulose is geneticé]]y deter- .
mined, but that morphology and crysfa] stru;tufe\are dependent on the°
- molecular properties of cellulose itself. 7 ;
The hemicelluloses of lignified tissues fall fnto'two>groups ‘ f%

(Fig. 3) (Timell, 1964, 1965). Only small differences in the struc-

) ture~df the backbone chains within each group have been detected; the

major variation in structure is in the number, nature and mode of ©

&)




attachment of the sugar residues and ot other constituentslsuch as
Q-acetyl groups, which are attached as side chains. -These differences
Fef]ect differenFes in biological function. Generalized structurés
of these two groups are shown in Figure 4. POIV$$ccharides of the
xylan group and somelimes of the . glu-omannan qroup are components of
: fhe secondary wall.

Although tradig}ona11y, attention has been directed at the
polysaccharide composition of cell walls in the evaluation of tissue
breakdown, the poséib1e role of g]ycoprote{ns cannot be overlooked.
Evidence does exist for sugar-amino acid linkages within the cell
wall (Lamport,:1973): Some. of the common sugar coﬁstituents of‘
these glycoproteins which haye been identified are arabinose (Heath
and Northcote, 1971), galactose (Monro et al., 1972), rhamnose’
(Pusztai and Wat*. '969), and galacturonic acid (Pusztai et al., 1971).
fhe,biological function of these g]ycéproteins in the cell wall is
still largely :resolved. [

Since fungal enzymes capable of the breakdown of —o:t o: 1ese
components of the cell wall have been detected, it {§.c1e ~iey the
process of invasion of host tissue by fungal paEhogens is a complex

one. ‘ h

Tissue Degradation

Cell wall dissolutionof one kind or another must accompaﬁy the
1nvasiqn of hos; tissue, and it is clear that the process of invasion
wi11'vary with.the combination of host and pathogen 1nvo1vgq, Yet
despite the potential for variation and complexity, some generalities

”

do occur. Obligate parasites such as rusts and downy mildews grow in
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the intercellular spaces or between cells when these are in contact »
and penetrate intracellularly b; means of short haustoria which extend
into the lumen of the cell. Facultative saprophytes such as the smut
fungi are also basically intercellular within host tissue, and the fact
that these fﬁngi do grow between cells Withoﬁt intercellular spaces
indicates -that there are some modifications of the cell wall. However,
by Tight microscopy, there is little evidence of any change having
O‘CCUY"”@din the wall strucfure (Wood, 1967), and there appears to be no
reduction in the coherence between adjoining cells because infected
tissues are of the same consistency as normal tissues.

”A second general type of tissue alteration occurs with the
d{séase of parenchyma tissue resuiting from attack by facultative
parasites (although under certain conditiohs some are intercellular,

e.q. Rhizottonia solani). This type of breakdown is described as soft

rot because the tissue becomes soff and has a waterlogged texture:
This imp]ies‘that two things occur: 1) an alteration in cell permea-
bility takes place and, 2) since‘the cells become separated from one
another, degradativn of materiaT between adjacent protoplasts occurs.
There are in fact, some suggestions that macerating activity and
toxicity can be completely .separated. Tribe (1955), showed that
maceration of tissue could occur without killing Qf.fhe cells if sub-
stances in the external solution are keptvslightly hyperfonid, and it
may be that the killing of protoplasts during maceration is fhe‘resu1t
‘of osmotic effects. This work was confirmed on the same experimental
system by Fushtey (1957), but attempts_to separate the factors respon-

sible for macerations and cellular death faijled.
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Kamal and Wood (1956). reported some separation of the macerat-
ing and ki]iing activities for enzyme extracts from Verticillium
dahliae, and Basham and Bateman (1975), working with Erwinia
chrxsanthemi“which produces a homogeneous endopectate lyase, showed
both electrolyte loss from cells and c~11 wall breakdowrnt in tobacco
pith cells. They were able to proteff‘fho protoplasts from injury by
plasmolysing the tissue prior to treatment with enzyme, yet ceﬁ1
wall ‘breakdown was not retarded. S?a1ding (1969), indicated that
tissue maceration and cellular death of sweet potato attaéked by -

‘ i

Rhizopus stolonifer are linked.

'

Changes in the permeability characteristics of plant cell mem-

branes are common in diseased tissue (Hhee]ef and Harichey, 1968), and

it is commonly evaluated as the extent of ion leakage from diseased

. |
~tissue.

The third general class of rot, again charac£e§jst1c o% facul-
tative parasites, is dry rot.and the significant characteristics of
this disease syndfome are slow development, dry texture‘and (exéept \
under conditions of high humidity) a Tower water confént than in normal
tissue. With this rot, degradation of cell wa11§ octurs and %he -
differehce from a soft rot 1is that soft rot retains water while the
dry rot does not. . 7
: i

Wood (1967) }points out, "Almost all of what is known about
breakdown of cell walls by plant parasites4comes from the study of
soft rots.", and perhaps this is not unexpected considéring the impor;

tance of maceration to pathogenesis and the ease with which the symp-

~toms of soft rot can be studied in vitro.
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dry Rot_in Potatn

As early as 1908, Pethybridge and Lafferty (see Bovd, 1952),
reported on tho Sdﬁéeptibi]ity of potato tubers to dfy rot and ‘since
that time, the méjority of the work oq.dry rot ha§ been in relation
to the incidence of the disease in the field and to control of the
diseaée in storage,while almost no woik has boen done on the physio-
logy of the disease.

A number of organisms have been associated with dry rot,
although fg§gkigmlg§gﬁglggm_remains the major organism causing the
disease. Other species of Fusariq@'thch have been imp]icatéd as the
causal prganism of dry rot are F. avenaceum (Moore, 1945), F. arthro-

sporoides, F. tricinctum (McKee, 1952), F. solani (Goss, 1940), F. sul-

N

v

Ehuréum Schlecht (Boyd and Tickle, '1972), -F. culmorum and F. sambucinum
,(Booth, 1;71), and F. roseum 'Avenaceum' (Jones et al., 1968) .

From the research done thus far, the following general facts
about the disease have been established: 1) water conditions play an
important role (Fernando and Stevens, 1952; Greg, 1952; Lapwood, 1957,
Murant and Woods, 1957), i,e, dry rot outbréaks freduentfy follow
severe dry seasons. However, Boyd {1967), notes that the variety Home
GUardlloses water faster tHén variety Catriona, yet the latter variety
is much more susceptible. Also, Moore (1945), states that'high humid-
ity favoured rottiﬁg 5ut that the extent of the rofting varied with the
species of pathogen; -2) suscéptibility is largely inf1uenced by the
variety of potato attacked; 3) there is higher susceptibility at Tower
temperatures (Griffin; 1964), and in cold storage. This may'be due to
a lag in wound peridérm formation (Steward, 1943). However, Boyd |

M

(1952), found higher susceptibility at 59° F. than at 39° F. when
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stored before treathent The influence of temperature during storage
- may be on both the host and the pathogen.

Details of the physiology of thi§/disease are very sparse and
it is difficult to put forth any general hypothesis related to the
,dfsease syndrome on toe evidenoe that is available. Singh and. Mathus .
(1937), and Appleman and Miller (1926), report rapidly growing tubers
in post-flowering period show a highlsucrose/hexose ratio which falls
\off sharply when leaves begin to die. This may be correlated with
Boyd's findings (1952) that there is a very high peak of susceptibili-
ty in immature tubers in the post-flowering period and a sudden de-
crease in susceptibi1ity.when the haulms are'doad This h1gh suscep-
tibility when tubers are “immature and low susceptibility when 1ifted
was reported again in 1967 by Boyd. Pethybridge and Laffery (see Boyd,
1952), discount the action of sugdr concentration in influenoing in-
fection since susceptibi]ity was not increased by low temperature
storage before inogulation, which should havé increased the reducing
sugar content (Sereno et al., 1957). Bo}d (1952), suggested that
pre- matur1ty suscept1b111ty probably depends not on sugar but on the
presence of a trans1tory compound which is concentrated during active
growth of the tubers and wh1ch is then converogd as the tubers mature.
He makes mo prediction as to what the transitory compound ‘might be but
one poss1b1]1ty is a phenolic of some kind.

Some workers have suggested that susceptibility and resistaoce
to dry rot are related to the production of phenols by the host tissue,
either by cOnstitutiVe means or as a reoult of fungal inducement (Griffin,

1964) . The classic example involves 1nfect1on of onions by Colletotri-
AR A2
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chum _circinans. Thfs fungus is soil bofne, Penetrates the outer tissue
of the onion by fdrmation of an appressorium and parasitizes the‘inner,
thick, fleshy leaves. Varieties of onions w1th p1gmented outer scale
leaves are resistant while varieties with co]our]ess scale leaves are
susceptible. The toxic pigments that account for the fungal toxicity
are flavones which also occur as g]ycosides in plant tissye (Walker and
Stahmann, 1955). Similar work has been done relating to Helmintho-
sporium carbonum (Kuc et al., 1955; Kuc et al., 1956; Kuc, 1957)
and Streptomxce scabies (Johnson and Sthaal, 1952; Schaal et al., 1953;
Schaal and Johnson 1955, and in cotton 1in rg]at1on to Rhizoctogig
sqlani (Hunter, 1974).

In potato tissue chlorogenic acid tends to accumulate around
1nJured tissue in infection with S. scabies (Johhson and Séhaa], 1952;
Politis, 1948). Bate-Smith (see Griffin, 1964), reported that fresh
potatoes are less susceptible to rot caused by F. caeruleum (Lib.)
Sacc. than stored potatoes and that fresh tubers have a higher content
of ch]orogen1c acid. But, Kuc (1957) found that a]thpugh potato tissue
infected with F. solalli f. radicicola (F. caeruleun ((Lib.)) Sacc.)
produced chlorogenic acia the fungus was not inhibited by extracts® “of
\1nocu1ated tuber tissue nor by high concentrations of chlorogenic ac1d

(1x1o2

M.). - .
However, most of the pheno]s are very reactive; thereforea re-
s1stance is more likely due to a pheno] der1vat1ve, if indeed the |
pheno]1cs are 1nvo]ved at a]] .
U]trastructura] studies of cells undergoing a hypersensitfve'
response show that the walls of- the plant cells surround1ng the hyper-

sensitive cells are a]tered (Friend et al., 1973; K]arman and Corbett,
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1974; Mercer et al,, 1974; Tomiyama, 1967). Albershiem et al. (1969)
offers a hypothesis to explain resistance in the true bean Phaseolis

“vulgaris to Colletotrichum lindemuthianum which implicates the level

of glucose as a controlling factor for the production of cell wall
degrading enzymes. Other workers have shown the involvement of an
~elicitor of fungal origin which stimulates the production\of a phyto-
alexin and imparts resistance to the fungal attack (qurs, A., J. Ebel
and P. Albersheim. See P. Albersheim and A.J. Anderson-Prouty, 1975).
Ayers et al. have shown that the e11citor is a polysaccharide and has

extracted active elicitor from the purified mycelial walls of Phytophe

thora megdsperma var. sojae. The polysaccharide portion of 'the elicitor

preparatioh are'3-11ked; 6-1inked, 3,6-Tinked and terminal glucose,
The structure of these elicitor po]ysacéharides resemble closely the
non—cel]uT051nglucan of this pathogén's mycelial walls (Zevenhuizen,
1969).

‘“ This research has puf'a new emphasis -~ *he involvement of poly-

saccharides in pathogenesis:‘ First of all - 1 naturally implicate

fungal cell wall degrading enzymes which are capable of releasing poly-

saccharides from host cell wé]]s (Hancock, 1967). The effect of length
'. of growth period and nutrition available upon tuber susceptibility to

.dry rot caused by Fusarium caeruleum has been studied by Boyd (1952),

and he found that shortening the growth periodlﬁgduces‘dry rot, His
conclusion was that susc.ptiblity in immature - tubers was closely related
to sucrose content which éuggests that some kind of possible interaétion
between the pathdgen and the host sugars. Only 1ittle work has been

carried out to-date, in relation to specific sugar-releasing enzymes

and their role in nathogenesis, and particularly in relation to dry rot.
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Sturdy and Cole (1975), have shown that the cell wall degrading
«-1,3-arabinofuranosidase produced by Fusarium pggrglgym is "npst“
actiyg in Tesions produced in susceptible potato tubers; however,
they conclude that this particular enzyme is not a major factor in
the process of tissue digintegration, but is a minor contributor to
the process. ’

Elucidation of the details of -ctting proceéses will undoubtedly

be aided by the current and future work in plant cell wall structure

and in the systematic, enzymatic degradation of these walls.
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CHAPTER 11 >

MATERTALS AND METHODS

Maintenance of Culture

The culture of Fusarium culmorum used is an Alberta isolate

origina]ly supplied by Dr. A. W. Henry and a stock of this culture
was kept-on a potato-dextrose-agar slant culture (PDA or PDA-D). The
potato—de?trose—agar designated as PDA-D was prepared from commercial
(Difco) potato-dextrose-agar,and that designated as PDA was prepared in
the Taboratory as follows: |
(i) 200g of diced potatoes in 800ml of
distilled water were autoclaved at
121° at 16 psi for fifteen to twenty
minute§; ' ‘
(1) the autoclaved material Qas filtered
to remove the potato, and the liquid ‘
extract so obtained was mixed with
20g of dextrose and 13g of bacto
“agar. The volume was adjusted to one . &
Titre with distilled water;.
(iii) 'fhis solution was autoclaved for
twenty minutes.

These stock cultures were transferred to fresh slants every four

months.
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I.ng@ylafio.n. of Plates -

First, to observe droplet development in relation to colony
aging, glass petrie dishes containing standard PDA-D were centrally
inoculated with 4mm square plugs of inoculum and incubated at 20°.
The inoculum was taken from the edge of a seven-to-fourteen-day-old
colony to ensure that all stages of m.turation occurred within the
time and space limitations of the experiment; Second, for collection
of exudate, glass petrie dishes were used. A sterilized 5 x 6cm
sheet of dialysis membrane (ée11u1oge tubing, 0.0025 cm wall thick-
néss, M.W. cutoff of 12,000 supplied bylArthur H. Thomas Company) was

placed on the surface of the agar, inoculated géntra11y with a 4 mm.

square plug of inoculum and stored at 24°. For these experiments B

only the peripheral mycelijum of one-to-two-day-old colonies was used
to ensure that no pigmenthaé transferred. This was important because

there is an ‘ng factor associated with the pigment, and without this

&

factorsmainly exudate-producing, aerial mycelia were generated which
‘ , .
means a greater number of droplets were formed.

3 The purpose of the dialysing membrane was two-fold: 1) it
aided in the separation of the aerial mycelium from the surface of
the plates, and 2) it enhanced the amdUnt of aerial mycelium pro-

duced, which in turn, increased the number of droplets of exudate.

Observations o% Droplet Development

Colonies were observed by using incident and reflected light
~microscopy. There were no difficulties in observing the initial steps
7

of mycelial development and droplet formation because the amount of

mycelium was relatively sparse. Due to rapid growth, older areas of

P
o
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the co]ony'weré soon covered with secondary mycelial qfowth and
conidial masses. To allow observation of any one area-of the colony,
it was necessary to use T/10 or 17100 dilution of the média. Using
this type of technique resu1tpq'in re1étive1y reduced secondary growth
and allowed for observation ovér Tong periods of time, eQen though
11hear growth héd extended to khe limits of the petri plate, This
technique was used ©o0 obtain sequences of growth ahd droplet formation
which were recorded photographica]]y over several days.

+*

.Co1!eétinq fhe Eiudate

The simplest technique for collecting the exudate was to draw
the material up under slight vacuum into a fine capillary tube with
an ID of 50p. This method was too time consuming for collection of
the large quantities necessary for rapid detgiled biochemical testing
so the following technique was used:

The aerial mycelia were removed from the colony by means
of a stainless steei spatula and deposited in a p]astiébcentrifuge
cup equipped with a false bottom. The myce}ié”were thén dentrifuged
at 3400 rpm (approximately 1400 X g) on a Sorval RC2-B refrigerated
centrifuge for forty minutes; The exudate which collected vthe
bottom of the tube was passed through a 0,45 pm Millipore filter and
the filtrate used difect]y for biochemical analysis. - For experiments
involving plant tissue, filtration was carried out under sterile

conditions to avoid contamination of the tissue during injection:
» B

e



Biochemical Tests

1. Total Protein:

The tot.:] protein content of the exudate we measured directly
.by the procedure of Lowry et al., (1951). This method is based on the
formation of a copper-protein complec rmed in alkaline solution wh?ch
reduces the Folin reagent and produces a blue colaur. The colour was

read on a spectrophotometer at 630 nm and the protein quantitatively

determined against a bovine serum albumin protein standard.
‘ e

2! Qualitative Dntérmihatibn of Protein:

Electophoretic separation and detection/of protgin was carriéd
out by the method of Davfs (1964). The total protein pattern was
determined by staining the gel with 1 percent Amido—Schwartz dve in
7% acetic acid. The excess dye was removed by rinsing the gel in 2°

acetic acid then washing overnight in 7 acetic acid.

3. Enzyme Assays:
j) Peroxidase and Polyphenoloxidase
Electrophoretic gels were also tested with the following
specific dyes to determine the presénce'of individual enzymes:
';N A) Peroxidases with (a) 1 percent pyrogallol in 4 percent
:hydrogén perqgide.'
Eb) 0.5 percent benzidine dihydrochloride
dissolved in a solution of 160m1 of
7 percen*t acetic acid containing 169 of
- , sodium acetate‘(tri;hydrate) and
saturafed with versene (EDTA).

B) Po]ypheno1oxidas¢Awith 0.1 percent dihydroxypheny]alanine in

0.05M phosphate buffer at pH 6.0 (Macko et al., 1967).

>
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Protein determinations were carried out on all of the filtered

40

exudates used in the following enzyme assays, in order that specific activities

| .
could be determined (expressed in units of enzyme activitv per ma protein,
i€ ' ) LS

when desired.) ﬂ
' /

|
/

ii) Pectolytic and Cellulolytic Activities |
{

Pectolytic and cellulolytic activies oﬁ the filtered
exudate were determined by the viscometric techniquefof Kelman and
Cowling (1965). A 0.25 percent carbomeethyl cellulose (Hercu]és-
Inc. CMC-70) sb]ution in 0.05t citrateﬁbuffer at pH 5.5 was used as
the subsfrate to determine the cellulase activity./ A 0.25 percent
sodium polypectate soiution in-0.0SM sodium citraﬂg buffer at pH 5.5
was used to determiné pectolytic activity. A CaﬂAon-Mahning semi -
micro viscometer (numbered 199 A883) with a charge capacity of 0.55
ml was used-and all assays were carried out at 3b°.

In the viscometric assays, 0.9 ml of th% subét;ate was added
to the' viscometer and allowed to-equf1ibra§e tqf30°. " Exudate of 6.1 ml

was then added and the change in viscositybrerrded as a change in

running time in seconds: Autoclaved exudate plus substrate was used

as control.
iii) ‘B;§1ucosidase

R-GluCosidase activity was determined by the method of
Cohen et al. (1951). Filtered exudate was used directly; the con-
trol was aqtoc]Zved exudate b1us subétrate alone. fhis methoa is
_based on the release of 6-bromo-2-naphthol from 6—bromo—é—naphfho1f ' :
B-D-glucopyranoside by B-D-glucofidase and the formation Of a colour
complex with tetrazotized dforthoanisidine.‘ The colour was measurea‘.

on a spectrophotometer at 540 nm. A standard curve using 6-bromo-2- "



naphthol was prepared and the nuﬁber of moles of substrate fransformed
was read directly from the curve. The specific activity of the
enzyme was ca]culated.]
iv) Protease
Protease activi£y was determined by the procedure of

May and E11i0t (1968}, using 1 percent casein (Hammerstens) in 0.1M
Sorénsen's buffer at pﬁ 7.6. Incubation of thg substrate was carried
out at 35° and the_reaction terminated by the éddition of TCA. The
tyrosine and tryptophan re]eased by the action of the enzyme was
determined by the'absorption of the supernatant solution af 280 nm, A
unit of protease activity is defined as that amount of enzyme which
produced an %ncrease in absorbance at 280 nm of 0.05 in forty minutes
at. 35°. )

v) Ribonuclease oy
RNase activity wasidetermined by the method df Wilson
. (1963). The substrate (Sigma yeast RNA) was dissolved in a 0.125M.
cacodylic acid buffer at pH 5.0, and Fhe”reactfbn carried out at 37°.
The hydro]ysis of RNA by RNase releasééisp1{t products which are not
» precipitated by the perchloric acid-uranyl acetate‘sp1ution, and these
split products are determinéd by spectrophotometrié ané]ysis of the
supernatant at 2§0 nm. A unit of RNase activity is defined as that

amount of enzyme which produces an increase in absorbance at 260 nm

of 0.1 in thirty minutes.

\
e

‘ ]The specific activity is defined e number of enzyme
units per mg protein where, by internationc. .greement, 1.0 enzyme -

unit is defined as that amount of enzyme causing transformation of

1.0 Mickomolg of substrate per minute at 25°. :

4]



vi) Acid Phosphatase

» Acid phosphatase was determined by the method out]fned
in the Sigma Technical Bulletin No. 104 (1971), revised edition.
Incubation of the subsfrate p-nitrophenylphosphate in 0.05M citrate
buffer at pH 4.8 was car}%ed out at 37°. The compound p-nitropheny]l-
phosphate is co]ou}1ess; but hydrolysis of the phosphate group by the
enzyme liberates p-nitrophenol which produces a colour that can SE

read directly at 400 nm.

_A p-nitrophepol standard curve was prepared and the moles of

substrate transformed were determined directly from the curve.

4, OXalié Acid

Oxalic acid was detefmined?by the method out]fned by Beer gEA
al. (1965). A 0.5 ml sample of filtered exudate was added to an
twenty cm centrifuge tube and 0.4 ml of CaC]2 (saturated solution in
5 percent acetic acid) added. The mixture was mi*ed and allowed to
stand overnight. The contents of the tube ;ere centrifuged at 3000‘x g
for ten minutes and the supernatant discarded. The precipitate was
washed.three times with co]d; 5 percent acétic acid-saturated calcium
oxalate solution and centrifuged each time at 3000 x g for ten minutes.
The'supernatant was discarded each time. . b

The gediment so obtained was dissolved in 1.0 ml of‘4N H2504,
transferred quantitatively to a 50 ml beaker and heated to 90° on a

steam bath. The hot solutionwastitrated to a faint pink end point

with 0.02N KMn04. T oo
oy . ‘ . Uibegr
Iml 0.02N KMn04 = 0.9my anhydrous oxalic acid.

42
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5. Reducing Sugars
| The method used was that of Nelson 1944, as modified by
Somogyi (1945). The solution to be tested was reacted with alkaline -
copper in a bhoiling water bath; then, the reduced cépper was determined )
by the addition of arsenomolybdate chromogenic reagent which produced a blue
colour with the reduce& copper. Quantitative estimation of the colour

was determined spectro-photometricallv at+ 500 nm against a reaaent blank.

Glucose was used to.prepare a standard curve.

Degradation of Plant Tissue
1. Potato Disc Experiments

The effect of the filtered exudate on potato was dqﬁermined
by estimating a) wet weigh. loss, b) dry weight loss, c) release of
reducing sugars, and d) direct observation of the exudate-treated discs
using the scanning electron microscope. Twenty potato-discs, 10 mm in
diameter and 200y thick, were cut from the cenfra] portion of potato
tubers us%ng a cork borer and a hand microtome. The discs were thoroughly
washed in three changes of tap water and the washed discs placed in a
15 cm test tube with 0.5 ml of citrate buffer at pH 5.5. Filtered
exudate (0.1 ml) was added and the mixture gently agftated on a Burrell
wri;t action shaker for various time intervals.

- In experiménts'designed to detéfmine the - wet weight loss, the
discs were washed three times, blotted on a paper towel to remove excess
surface water, and the weight recorded. They were then incubated with
the'exudate—buffer mixture, -or var.:us time intervals (Fig. 37),

removed, washed as describec. and *"e weights. recdrded again.
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After the wet weights were taken, the discs wére then dried
overnight at 95° 1in a forced draft oven and rewoighed.b

Both a buffer control and autoclaved exudate were run for com-
pafisons.

Quantitative determination of the reduéing sugars released
during tissue degradation experiments .as carried out by analysis of
the supernatant liquid as follows: the buffer solution in which the
discs had been incubating was drawn into a 1 ml tuberculin svringe
and filtered through a 0.45 u millipore filter. This filtered solu-

tion was tested for total reducing sugars b§ the method described above.

2. Effect of Exudate on Live Tiésues . K

The capaciﬁy of harvested‘e*udate to react on live tissue
was tested in fomato stems, tomato fruit (both field and greenhouse
grown), and in field grown sunflowers. The tomato varieties used were
Earliana and North Star. The var?e%y of sunflower used was Giant
Russian. Tomato stem injections were made on young seedlings approx-
imate]y'30—40 cm in height, while the aée of the fruit used varied and
was designated as ripe (red) @r unripened-(green). The sunf]o@ers
used, were at -the stage just grior to the heads openiné.

A Stylet 1 cc tuberculin syringe with a #25/ 5/8 needle was
used. The tomato stems were injected centraily into.the pfth, in the
central region of the node abeve the lower leaves, by angling the |,
needle into the stem. Tomato fruits were fnjected into the blossom
end, ébout 5 mm off centre énd the needle was 1nserted.apbroximate1y

1 ch into the core of the fruit:
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Injectionsinto the sunflower head were made into the pith area
from the underside &f the head and several injections were made into

each head.

The results were recorded at various time 1nterva1) by photo-

graph1nq the affected t1ssue

Thin Layer Chromatography

Samples were Jrepared for thin layer chromatographyLby.u]tra—é
filtration on a Millipore 13 mm, stirred, ultrafiltration cell uddef‘a
nitrogeu.pressure of 60 psi. Pé]licdn ;embrane filters PSJM, PSED,~and
PSAC were used They represent molecular weight cut-offs of 100 ,000,
25,000 and 1,000 respectively. The 1,000 membrane, PSAC, gave suff1—
cient clean-up for clean TLC runs. The exudate was collected in the
norma] manner (for potato- d1sc exper1ments the supernatant f1u1d was
"w1thdrawn by syringe), and in each case, added to the filtration cell
and run through the three filter sizes in sequence. \Filtration re-
quired approximafely one hour for each run.

The fi]tered materia] was immed%ate]y spotted on 20 X 20 cm
plates and coated with silica gel G in 0.1 M bor1c acid (50% W/v).

The s111ca gel was coated on the plates to a thickness of 0. 25 mm using )
a Qu1ckf1t automatic plate Teveler w1th an ad3ustab1e spreader. The
pLates were dr1ed overnight at room temperature.

Two solvent systems were used: 1) n-propanol-ethyl acetate-
water 7:1:2, 2) acetone-formic aeid-ethano1 (95%) 3:1:1. The first
solvent system was run 4 1/2 ‘hours and the seéond 1 1/2 hours. De-

velopmerit was carried-out in glass tanks, presaturated with the solvent

system in use.



Detection of the sugars was carried out with the fo

1Towing

stain: 4 percent ethariol-aniline, 4 percent ethanolic diphenylamine,
\ ,

85 percent phosphoric acid - 5:5:1. After spraying, deveiopment of
the colour was accomp]?shed‘by drying éhe b1ate§ at 120° for twenty
to thirty minutes. ' |

’

Scanning Electron Microscopy

The breakdown of potato tissue by exudatevsolutioh suggested
the possible destruction of the cell wall of the 1ﬁdiv1dua1 cells of
the p-tato discs used. The procedure used for examining the cell
wall surface was,as follows. The discs were washed as previously de-
scribed. They were thén‘immersed in 3 percent glutaraldehyde in .
phosphate buffer, 0.02 M, pH 7.4, foF three hours at rcoom temperature.
The ;pecimegs Qere fheh washed with three successive washings of tap
.Water; placed in 3.perdent osmium tetroxide in 0.1 M phosphate buffer,
pH 7.4, overnight. After three, thirty minute ri;sés with tap
water, the discs were dehydrated as follows. - Equal amounts of tap
water and abﬁo]ute ethanol (99.8%) were added to the specimen vials.
For the nexk three changes‘of‘a1cohni, 3/4 of the liquid in the vial
was removed and replaced by absolute éfhano]. The final déhydration
was in absolute ethanol. The discs Qere kept in each a\coho] solution
for thirty minutes.

! The discs were then placed in 75 bercent amyl acetate in
- absolute ethanol and feft overnight.
For scanning, the discs wére critical-point dried using liquid

carbon dioxide in a DCP-1 critical-point drying apparatus (Denton

Vacuum Inc.), attached to an a]uminum stub with silver dag, and the
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disc coated with carbon and then gold on a rotary stage’in an Edwards
vacuum coating uniﬁ, Mode} E120. Total thickness of the coating was
about ZSQ,A' The discs were examined with a Cambfﬁdge steroscan scanning

electron microscope 54 at 20K volts.



CHAPTER\>}I

RESULTS AND DISCUSSON

Exudation ' / ‘ \

-~

Maturing colonies of Fusarium culmorum éxhibit three distinct
U , LI

growth zones which are designated as A, B, C, in Figurq 5b. . Zone A,
located closest to the point of inoculum, is the major region of spore
production and the hyphae of this zone vary in morphology (Fig. 6).
Some of these are older hyphae, which are‘associated with surfacgjgrowth;
they are thick-walled and highly septate,and in their growth, tend
to radiate out toward the colony front with only a few lateral branches.
They can be followed for conéiderab]e distances &1thdut major inter-
uption whgn observed‘microscopically. These thick hyphae are sometimes
highly pigment%gpwi%h the red pigment rubofu;arin (Aéh]ey gﬁ_il., 1937).
which characteristically stains the agar medium a.deep red in this:
species.
. Another type of hyphae in this zone are thin.strands with

re]ativé]y few septa and no pigmentation. These hyphal strands tend
to be aerial, are highly branched, and grow in all directigns forming
an inferconnected'mét of mycé1iuml(Fig. 6) rather than a radiating
pattern. /‘ \

The third type are rhizomorph-like strands of hyphae (Fig. 6)

which are held together by an undefined.material, which will be dis-

cussed in more detail Tater.
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Macroconidia are abundant in this zone while microconidia are
absent. The'macroconidia are produced from the phialides on conidio-
phores which are initially generated on aerial Mycelium,and eventua]]y.
targe, black sporodochia are formed. These findings are as those
described by Booth (1971) for the sporulation pattern of Fusarium
culmorum (W. G. Smith) Sacc.

Zone B (Fig. 5b) is a transition zone between zones A and C.
This zone is also pigmented but with the gold pigment aurofusarin,
which is c]ose]y related chemica]iy to the rubofusarin found in zone
A (Ashley et al., 1937). As the colony continues to age, this gold
pigment gives way to a deep red colouration in the colony,and the °
change is likely related to a change in the chemical environment with-
in the staling medium‘and hyphae. This zonebalso contains‘a variety
of hyphae contained within zone A, but with relatively more of the
thin agrial type being present. There is cqgsiderab1y less sporu]a-d
tiee in this zone but the maerospores are generated in the same manne}
-" as described above, a]thqugh there are no‘sporedochia present,

Zone C is the mdst active and uniform zone in relation to hyphal
extension. Being the front of the colony, it is associated closely with
active growth, cell wall synthesis, brakéhing, and nuclear division.
This is the region of droplet formation. It consists hain]y of thin,
uniform, aeriai mycelium, but also has considerable surface Sﬁg\aub-‘
merged growth at the very .periphery of the zone.: There is no pfgmenta—
tion evident here. "

With the particular experimenfial conditions used for determiné~
tion of droplet distribution, zones B and C afhays appear relatively

narrow in comparison to zone A. The linear ratio is: zone A:B:C =
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5:1:1 approximate]y. whereas by area, the ratios would be approximately
'2.5:1:1. By visual ohsorvation‘of‘the colony gronth. it can be con-
cluded.that these ratios remain relatively constant throughout the
constant growth phase (48 to 96 hours).

After inoéulatidn, the fo]]owing events oceur. For some time
(approximately 24 hours), the co]ony consists of only a typical non-
pigmehted C zone which contains very few thich hyphae and no rhizo—‘
morph-like strands. This could be considehed the lag phase or estab-
‘“*fq}ent period for the inoculum and is actually a colony consisting
C zone. Sometime, between 24 hours and 48 hours, pigmentation
. round the‘wnoculum and then, as the colony deve]ops, zones A
ﬁhth deve!!p . At th1s stage, a deve]op]ng colony conS1sts of three
i *gﬁnes- a new C zone constant]y be1ng regenerated at the peripher‘
hyphal extens1on occur; a E zone, which 15 trans1t1ona1 ‘and shows ariy
signs of aging such as pigmentation and hypha] d1fferent1at1on,_and an ~
A zone in wh1c&%?g1ng is advanced and masses of spores and sporodoch1a
_ format1on are obvious ‘ ‘ | q

| F1gure Sa shows that droptet formation and d1str1but1on are. ;
interre]ated to co]ony growth At 48 hours, the peak dro%let distribu-
t1on occurs .8-10 mm from the .point of 1nocu1at1on, at 72 hours ‘this
peak has sh1fted w1th ‘the, drop]et concentrat1on, now hlghESt at 19-21 - o

mm from the pornt of 1nocu]at10n and at 92 hours, has sh1fted aga]n, '

w1th-the droplets~now~conCentrated at'the 30-34-mm po1nt In each

case the zono conta1n1ng the droplets, represented by peaks on the

graph (Flg Sa) drsappears 1n t1me and the area of the colony repre-df§:i |

sented by that peak becomes devo1d of droplets and transformed into a-fhf

more advanced state of maturat1on (F1gs 8a d) \%The fate of the drop |




FIGURE 5a .
b
The number of droplets at various distances from the pbint of
inoculation with £, culmorum. Counts were made at 48, 72, and 92
hours and the peaks on the graph indicate a concentration of .droplets
at the colony periphery at these respective times. C(urve a = 48 hours;

b =72 hours: c = 92 hours,

1

FIGURE 5i)

Ve

\
A colony of F. .culmorum illustrating th% droplet zone "C" and -
£ .

the two pigmented zones "A" and 'B".
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Jets as maturation advances is explained in more detail below,

Droplet Characteristics

Ae}1a1 droplets in a given region may exist in various stageé
of development., Initially, they are generated at or near the hyphal
tip (Fig. 7), and at this stage, they are watéry in appearance and
completely hyaline. Observation shows that they may appearvin groups
within a specific area of the colony'or in bead-like fashion on a L
single hyphal strand (Fig. 8). These -are not swellings oh the hypﬁg1
wall as they seem to appear, but rather Tiquid drops resU]ting/ffom
tip growth continuing as droplet formation continues to occur.

| Obsérvqtion of surface grdwth shows that the growing hyphae |
in contact wifh‘the surface are surrouﬁded by Tiquid (Fig. 9). A
scanning micrograph of hyphae grown on a cellulose membrane (Fig. 10)
shows a residue associated with the hyphal strand§ left behind after
the hyéha1wliquid is dehydrated. This can be iqterpreted as lidufa
generagéd by the same mechanism, but dispersed by surface tension as
‘a result of physical contact o~ the'hyphae with the solid agar sur-
face. Solubilization of the agar ogcurs from the 1nt¢racpion of the
agar with fungal exudate. A scanning micrograph (Fig. 11) shows
surface hyphae of E. culmorum produce distinct channe]é in the agar
which are about twice the diameter of the hyphae. Presumably, under
these growing conditions, tge hyphae are generating liquid which is
}ydrolytic and which enables them to penetrate the substrate. Both

these examples give evidence to sugbort the secretion principle.
One of the more noticeable characteristics of droplets in

early stages of formgtion is thaikTiquid is drawn bc. . into a hypha
. "



.characterfétic of the "A" zone,

FIGURE 6

.t

E. culmo. _ surface mycelia in zone "A" sHowing the variety

of hyphal types in this zone.

= thinner hyphae in the same area. R = rhizomorph-

”m

T = thicker hyphae (no

FIGURE 7

-

=

A s1ng1e transparent drop]et surround1nq the

N

a colony of . culmorym.

te distinct septa).

1ike strands

hypha at the tip on |

FIGURE 8

.

o

.Time secuence - cer 140 hours of one area of a'colony of F.
culmorum. .(a) An area »1th1n the "A" zone approx1mate1y 48 hours after
inoculation. A- this tfme the drop]eti (C) have accumu]ated in a group

4 and are still in the ear]y,transparent ;tage. (b) Drop1ets ‘have become
granular (G) at 96 hours. (c) Hyphae are groupad together and macro—

conidia (S) are visible (120 hours) (d) A more advanced state of
A Q

deve]opment show1ng‘1arge numbers of con1d1a. Note: the arrows in 8c
~and 8d show conidia have formed where a drop]et had been jhst a few

hours before.
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\ ‘ FIGURE 9.

° | A surface photo of the hyphal tip area of a 6-7 day old
F. —wiicoum colony showing liquid surrounding thehyphae in contact - ‘
Wb urface (large arrow). The sma]T arnﬂﬁydnd1cates the hypha.

‘“"ﬁéu

. D
FIGURE 10 ' o,

)

.\.,)

A scanning electron micrograph of a hyphal tip of E. cufﬁﬁ?ﬁm

showing a.residue,surrounding the tip (arrow). . .

[

FIGURE 11

A=

s

A F, culmorum hypha] strand arowing out of the PDA agar
surface. These two ﬁﬁctures are a stereo-pair, and when observed through
ftereo glasses the areaf1nd1cat9d~by Qpe arrow shows a trench in the o f

agar under the hypha] strén&

e s oo : -
it ' S Lt
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and then re-exuded (Figs. ]2a c). In this sequence, it is removal of
the petri plate 1id wh1ch allows reappearance of the droplet, within
secondss at precise]y the same point on the hypha. Relative humidity is
probably the controlling factor, although exged fve]y high moisture
is not a prerequisite. Growing colonies undCi\iorma1 room humidity
produce numerous”drnplets; and those & sociated with the CTder‘portions
of the colony tend to dry after remu;al of the petri p]ate lid, Teaving
a grénu]ar residue on the surface of the hyphae: The phenomenon of
reabsorptlon and re-exudation occurs only with very younc droplets and
near the hypha1 tip. The mechanism by which this occurs is unknown.
quertﬁy, hyphal strands in the presence of droplets may be
drawn together {Figs. 6, 14) to produce thick, multi-hyphal strands
characteriéfic of mature areas of the colony. The force required ma}
be supplied by surface tension between the droplets and the hyphae.

Figures 13a—e show this proces occurring between two strands, and

once the attraction is initiated, the strands come together very rapid-

1y. The material binding the strands together is presumab]y the mucila-

' genous residue remaining dur1ng and after the water is d1ss1pated

When this occurs in the actively growing C zene,‘very little residue
remains after the water is eliminated - ,Inbmere meture areas of the
colony, where the liquid involved is more viscous and opaque, many
strands becole involved in this fusion phenomenon Washing the strands;
with 1actppheno] cotton blue shows that these thickened strands are a
conglomerate” of maﬁy hyehae (Fig. 6). This type of hyphal aggregation

Y

was described as early as 1889 by DeBary.
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FIGURE 12

Absorption.and re-exudation of a droplet on a colony of E.
culmorum. (a) A droplet in the transparent stage. .(b) 30 seconds
after removal of the petri dish 1uk'the droplet has been reabsorbed.
(c) 45 seconds after removal of the lid. ('} 75 séconds after the 1id

was replaced the liquid has been re-exuded.

y | ‘ FIGURE 13
This sequence shows the fusion of hyphal strands on a colony
of F. culmorum. Arrow 1 (13a) and arrow 2 (13b) show fusion at’ one
point while arrow 2 (13t and arrow 2 (13c) show fusion at a second

point.

P \ FIGURE 14
Hyphal groupinq on a colony of F. culmorum and the distinctly

opaque 1iquid associated with it.

D FIGURE 15
F. culmorum macroconidia wiﬁhin“é‘iiqﬁid drop. ‘ J
7 - s ;ﬁ
* . FIGURE 116
| ~ A group of E. culmorum conidfa released from a droplet which
has ﬁduched the agar surface (arrow). An intact drop]ef‘can beu;een

above the agar- surface. . : IR
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Spore Formation

'It is common to observe macroconidia within these hyﬁha] drop-
lets behind thé ]eadihg edgé of .the colony (in zone A) during the
maturation 5tages of colony development (Fig. 15). 1In experiments
using.1/10 or 1/160 nutrient concentrations, thelassociation oﬁmmécro—
conidia formation was easily correlate. with droplet formation. O0b-
servation of.the growing colony indicated specific areas of heavy
droplet formation and other areas with equal hyphal growth, but no
iroplets. A time study showed that macroconidia production occiurred in
the areas of heévy droplet formation (Figsx 8a-c). Further observation
has sﬁown that the production of macroconidia is always preceded by
the presence of liquid drops in the areas of the spore.masses, at some
'%ime brior to spore production. ,

The formatipn of droplets at the stage shown in Figﬁre 15 (on
PDA) is the earliest -that macrosporé% are detected and as these spores
continue to accumulate within the drop]et,\the.droplet may be weighed
down and the Tiquid dispersed on the agar surface (Fig. 16). ATthough
the continuity of the droplet is lost when this happens, the inf]uénce
of the liquid remaiqs and productiqnjgf macrocohidia in tﬁe region -
continues (Figs. 17,.18). The associ;tion of conidia production withb
the liquid, suggest. that a chemica{ and/or physical stﬂnu]us is
necegéary for normal spore production and is supplied by the droplet .
.and its céntehts.A The chemica1 nature of the stimulus is not known,
but it aﬁpears to become acfive during the time thatbpigmentation is
initiated. Older, pigmented ag@F’with most of the mycelium remove},
was éxtracted with distilled water; the extract, after filter sterili-

zation, was spotted on the surface of néw]y inoculated colonies. As
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FIGURE 17
A surface view of a [. culmorum colony growing on
17100 diluted medium and showing a mass of macroconidia (small
arrow). The large arrow is a point of reference.
#

FIGURE 187 - - \

, Same view as in Figure 17 but 24 hours later. 'Note the
t

increased number of spores in the mass of macroconidia.
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gHe mycq]ium dﬁew over these spots, the co]on&, at that point, became
pigménted and spores formed (in other words, the area became character-
istic of a B zone and progressed into the A zone state from this). The
surrounding mycelia outside the influence of the.drops, but of the -same
age, i.e. equidistance from thé point of inoculation, showed no signs
of premature aging but rather, aged nc.m "ly. When this "uninfluenced"
mycelium began the transition into a B zone sta%e, the myvcelial areas
influenced. by the drops were well inté the A zone state and already had
mature sporodochia precent. ‘The final result was a normal overall
colony with isolated areas of very aannced aging, where the drops of
extract had been deposited. Distilled water drops on the colony héd'
no effect on aging. |

The sequence of development of a cluster of drop]ets over a

3

time sequence of spore formation within’the same region. Stage "a" is

five day period is"ﬂn‘a in Figures 83 the same Figures snow the
the early transparent stage with no spores present, "b" shows granulari-
zation, evidenccd b& the opéqggness of the drops and strand formatign,
whilé "c" and "d" show sporulation. The spores can be seen on the sur—
face of the’ agar. - ‘ ‘

In 61der colonies, the myéé]ia1 mat is very.thick due to-second-
a?y{growth; and pools of liquid rather than single drops are formed.
These pools are covered-with a "sac" similar to that described by
Colotelo (1971) on the surface of sclerotial éxuthe from Sclerotinia
sclerotiorum. The sac appears, in this case, to be tﬁinner than that
shown by Colotelo, but its presence does'indicété that there is some

~ material within the drdp]éts capable of forming a surface film.
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These pools or surface drops which are associated with older
co]onjes, form beneath a thin network of ‘hyphae (Fig. 19) and appear
to be related to sporodochia formation. A cross section through a
: sporodochium (Fig. 20), can be directly compared witﬁ the surface drop
on thé surface of the colony, and arrow "a" in Figure 20 sths the‘tob
of a mature sporodochium, Arrow "b" (11ig. 19b) illustrates the network
of hyphae which characteristically. cover these drops and appear to
"anchor" Ehem to the agar surface ”huch 1ike_é rope net would anchovr
a gas ba]}oon to the ground". Arrow "b" (Fig. 20) shows thét this
coveringnnétwork of hyphae remains at the advanced stages of sporodoch-
ium development and indicates that th.  ~re two different stages of
the same process. Figure . is an enlarge~ent of the interior of the&
sborodochium shown in Figu ‘0 and 1 .ustrates that the mature sporo-
dochium consists of a REEE: of heavily pigmented macrospores. Figures
19, 20 and 22 illustrate the stages from drop formation to a mature
spgrodochium; ngure 19 shows a‘very eér]y stage with only a few spores
present, while Figure 22 shows discreté concentrations of spores deep
within a drop. As maturation conf%pues, the drop changes from clear.
and cb]our]ess through shades of amber to a reddish-black; the colour:®
. change is related to the number and stage of deve]opment‘of‘the pigment-
ed macrospres present in the drop. With increasing age, the liquid
disappears,yleaving a granular mass (Fig. 23). Flooding fhe colony
with glycero1 1oosen§ these masses and releasés the individual spores
(Fig. 24). |

So far, these observationé reporfed on the maturatior
colony of F. cu1morﬁm on PDA and the related phenomendh'of 3~

tion suggest  a close relationship between' the two. The de
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FIGURE 19

L
\

(a) Top v{ew of a larae drop amdﬂést the secoﬁdé%y hyphae of
an older co]onyuof F. cu}morum. Note’the macfocqnidia within the
Tiquid néar the surface of the drop. (h) Side view of the same drop—’
Tet (arrows "a" and. "b" indicate areas of the droplet for comparisor
with Figure 20).

oy a
FIGURE 20

Transverse section of a sporodochium on F. culmorum. "Note the

structural sim}1ar1ty between thg sporodochium and the drop in Figure

19b. & = top of the drop; b = hyphal network.

FIGURE 21

An enlargement of Figure 20 showing macroconidia on F. culmorum.
o . : ) ]
FIGURE 22 )
Another stagé in mecroconidia formation 6n F, culmorum. Note:

the large mass of macroconidia contained within the drop.,

FIGURE 23
The black shadowy images represent masses of conidia on the

agar surface of a colony of F., culmorum which appear as a granular mass.s

FIGURE 24
‘ The granular mass on the F. culmorum colony shown in Figure 23

was flooded with glycerol and the individual macroconidia released,
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desor1pt1on presented here “for F cu]morum represents what 1s a geqera] ‘_ f 0
occurrence of exudates on the growing hyphae ofsnumerOUS fungi: Déting b
thevpreparation of this research, exudates haweibeenbobserved,assecjated»
withtthe development of cultures of F. cu]morum,.f, caeruleum, f," - o
sanbucinum, Sc]erotinﬁa sclerotiorum, Sclerotium rolfsii, Pythium ulti-

mum, as well as F. cu]morum growing on potato and,tomato,J%. sclerotior-
. PR MY, T A

Do

um on sunflower, tomato and carrot 2, ~
A . . )

The genera] ocdurrences of - these exudatd@ their. apparent 1nf1u-
ence in sporulation in the case of. F cu]morum and the fact that not
on]y are there solid mater1a1s rema1n1ng after removal of the liquid,

' but also, the presence of the droplets in cases of parasitism, all
g naturai]y lead to an-investigation of the bfbchemica] ‘composition of -
' the 11qu1d being exuded from the hyphae, for the purbose of re]at1ng

the contents to the Physwo nqy of bathogenes1s.

. ,‘ K .
The Blochem1caﬁ Comph x1t, tne Exndate | . g .
. :;_ For col]ect1£n of the exu the fungus was 1nocu1ate~ a”‘pf
gmwn on d1a1ys1ng\mlambr&nes as d;‘:'wed under Mater1a1 and Metho ﬂ

Thls'ﬁesulted in a g owfh sequence s11ght1y d1fferentsthan prev1ous]y ;

J“&esg;abed the-advan age to th1s was st1mu1at1on of, more aer1a1 growth

S5
and deléyed pigment- format1on, wh1ch broadened the "C" zone, to the oy

e éptent thgt after twenty—fnur hdurs, 1t was about 1 cm in rad1us w1th

Jno p1gmentat1on visible. ’ ' , : L .
. B ! i ’\ '
. _ Remova} of.mycelium for the purpose of cg]]@kting exudate for

a twenty-four hour analysis invariably resulted in the collection of '

- A

'much surface 1iquid It was assumed that this 11qu1d7Was 1dent1ca1
y

to that assoc1ated,with the aer1a1vhyphae with the except1on that it

*
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had been 1n'contact with. t&f substrate. For forty -hour co]]ect1ons
<“the co]ony\cons1sted of mainly aer1a] mycelium wh1ch could be collected

w1thout remova] of any surface mycelium. At this stage p16mentat1on )
“y

is just beginning to shonlapd’ e entNre "C" zone is easily harvested

» w.thI‘!{v1sua] d1sturbance of the surface mat. From s1ity hours - and

up, co]on1es were p1gmented and secondary growth was present

% .
Protein Determinations ‘ e

As is character1st1c of b1o]og1ca1 systems, a 1arge number of

prote1ns m1ght be expected 1n the exudate, especially if enzyme act1v1ty .

]

RE suspected and s1nce significant amounts of res1dua1 protein are

r

A

foundyﬁn plant cell.wa11s The presence of ‘protein as an integral part -

‘ By
of funga] ce]l waﬂ]sals 1ess we]] estab]1$hed a]though Tt has been
\@ ; Al

'wbdetectea (Aronson angiﬂlachlfsm 1959 Bartnick1 “Garcia and. ﬁ?ckerson,;ﬁi,\
S : et

-t f;éw

]962 Crook. and Johnstodﬁ 4962) but in reltation to enzyme protein,

structura] E&T] wall.proteln wpu]d be a minor component of ‘$he exudate

@» -

A total prote1n determfnat1on was ;carried out on all exudate runs
< R :
gathered®at Var1ous'k010ny ages for use in enzyme assays, amd for ©

gel e]ectophari 15 analyses - ngure 25 gives a plot of the
,3. q *

n

our separate detenn1nat1ons done in triplicate) and
‘\x p [

: s
111ustrates the cons1stent prof11e for prote1n content 1n the exudate

collected from these co]on1es”< Much of the var1at1on shown in the

“':standard deviatior bars represents variation between runs rather than’

.var1at1on within runs. .For example: the Towrinitial va]ue at twenty

hours, the increase in prote1n concehtration to a max1mum at sixty to

-

n1nety hours,and a decrease after nlnety hours represents a genera1

‘rule. The large standard.dev1at1qn,at ntnety hourS'(upper curve, Fig.

AT
Al
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: ‘gfor the d}fferently aged co]on1eSVfrom wh1ch th%f were . taken (F1g. 27)

e

#Ea

-

-

&
'
| ‘ ﬂ
) / w0t

/

25) results from a low value of 14, and a high value of 25.6 mg/ml, but

70

Figure 26 shows that the pattern for each of these runsuis characteris-,’ ‘st

tic of the average profile shown in Figure 25. (The results for all
runs 'are”recorded individua11y in Appendix A.)

Variation between runs may be explained as var1at1ons 1n the
t ~ ¥

.
medium, the inoculum, and in the source of the membrane mater1a1 used. %

The time interval between inocuiation and initiation of linear growth,

for-example, may vary enormously depend&ﬁg on the type of inoculum or

“nature of the medium (Mandels, 1955; Page, 1961). There appear to be

» o : . . i S
tw0‘970up1ngsqfor total protein, one with a higher maximum than the

other (Appénd?x A, page ). 'The curves in Figure 26 are representa-
. tive o1 th ﬁwo Qroupé g“The abrupt sh1ft to genera11y1h1gher praotein
\*)

PR

wf exidate coincides with a change in med1a from

va]ues fo’

ST e

~PDA-D to PDA (seevMater1a15 and Methodsﬁfor exgﬁenatlon} Variatic's o

weré a]mg,nq&gced when the d1a1ys1ng membrane supp11er was changed

i

e
4

Here;ﬁthe exp]an &n, may &ﬂe $n the épct that there are d1fferences K
¥ e
,' ° - ’ e ’ N “ N = . 0w ‘A‘
in the membrane th1ckness v Cor g
&y R

The tota] prote1n in myce11a1 ext;acts 1s re]at1ve1y constant

0

This suggests a raﬁger constant enzyme poo] w1th1n the ce]lu]ar cyto—

p]asm of an aA, e1y grow1ng and matur1ng co]ony F1gures 28a b and ¢

show the prote1n prof11es on acry]am1de gels.for both exudhte and ™
¥

mycel1a1 extract (Extracts were maltie of the same myce11nm used for

exudate co11ect1on and dup11cate runs were carr1ed Qut to conf1rm the
f"‘ .

.

resu]f% reported )

T

There are a number of protelpfbands present in .the gels and the

~

pattern resu1t1ng from each co]ony//ge d1ffers, 1nd1cat1ng a dynamic

~ . -+ ) ' o ~

Al T

S of oy



FIGURE 25 ,

. / *
Protein content of the exudate from F. culmorum colondes
at various colony ages. The curves shown represent a general trend

and,theo1arge stéhdard deviation is discussedlin the text. The lower
: {

curve nepresents a°plot ofthe mean values far exudate o hyphae
grown on PDA D Tﬁshypper curve represents a»p]ot dF’the mean values

for exudate from myce11um grown on PDA. (éﬁzndard dev;at1on bars.
t . '_i

are shown).. oo v

g
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colonjes of various ages.
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FIGURE 27

K‘

-

‘Protein content of extract from the mycelium of E.” culmorum

.
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FIGURE 28

(a) Protein profiles on acrylamide gels fo%eékhdate and
,~1for extract of the mycelium from which the exudate was co]]ectgd.
Four different aged colonies were used. , ;
(b) A plot of the numbers of protein present at eéch

stage in (a); o mkce]ia] extract, e exudaté.

,?% (c) Qua1 ive penpxidasé\and polyphenol oxidase
fob g,

» £

iy tﬂons by éf?ylam1de ge] e]ectrophores1s for: both exudate
and extracts of the myce]ium from which the exudate was collected.
The peroxidase gels show two str1ps. The upper was stq1ned with

benzidine hydrochloride, and the lTower with pyrogal]d].
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aspect .to. the contehts of the exudate. O} most signifieance are the

. differences h\tween the exudate profile and the extract prof11e A com-
parison of the two shows both qua11tat1ve and gquantitative d1fferences
Figure’ 28b 1illustrates a decrease in the number of bands associated with
the exudate at sixty hours, a time when the colony has almost overgrown

the'p1ate.'-This is ailso the time when staling products h begur to/

build up at the colony front and on a normal growth cur 1d. repre- .

sent a negative qgrowth acée]eration‘phase.
When electrophorisis patterns are obtained from colonies over
110 -hours ol1d, a.decrease ir the number of bands 1is observed, even for

‘ the hyphal extracts, which indicates an extreme deterioration of the .

system.

u-- ’
Some acrylam1de gels were sta1ned spec1f1ca11y for. po]ypheno]

oxidase dnd p0h1y1dg§e (F}q 28) and ‘the ma;ov conclusions from these -

tests are that there are. enzymes present in the exudate and that they Lo

are not common re5p1ratory enzymes, Bus enzymes which may be assoc1ated
w1thgt1ssue degradation. The po1yphen51 ox1dase\and perox1dase enzymes
may be'invo]ved in e]ectron transfer, a]though this has not been shown»

. ¥
conclusively for fungi:ﬁ Desp1te their function within the fungus the

1

presence of these componghg

for 1nteract10n with host phenolics.

o

Quantitative Enzyme Assays s
T

.o ' -\ ) ) .
The.hypothesia that,has been made is .that the ‘hyphal e&udates
are of physiological importance and pr have influence in the process of o

i)

pathogenes1s To confirm this latter point, two things were considered:

-

i) whichspecific enzymes are present in the exudate that may aid in % ;
, ) ~ Py .

-
-
1 -hir
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or the breakdown of cell walls by a

\5’ .
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establishmgnt ththe pathogen;

i1). does the exuddte have any in vivo effect -on host t1ssue In con-
s1der1ng the first of these . the question becomes which enzymes are
of significance. To answer this quesiion;‘fhévi]]ustration of'tissue~
breakdown is shown in Figure'36' The enzymes'ihdicated in this Fiéure
were assayed. RNase,suggested by Berkenkamp (1973), to possibly p]ay a

ro]e in helping. pathogens estab11sh themse]ves in host t1ssue, and ac1d

phosphatase wh1ch is the classical marker enzyme for. 1ysosomes were

\‘\

also assayed. - l .

The oxalate content of the.exudate was also determineH; becaﬁse

~

‘oxalate was earlier implied to act synergistica11y~with~po1yga1aptur— .

onase in host tissue %nfected with Sclerotium rolfsii (Bateman and

-Eeer, 1965), and because’ it has been,used in the extract1on of pectic

substances for some tipe.

-

The profiles for RNasé,:protease;‘B-g1¢cosida§e and acid.
'phosphafése (Figs. 30,37) indicate that these‘enzymes are induced, and
R t . .
-that they redch maximum levels (with the exception of B-glucosidase) at
.\ ’ . N

.-

.approximately ninety hours. These are 311,hydr01ytic enzymes that

may function in the process of aUto]ysis; since they reach a maximum at

a time when colony maturation opcurs Autolysis is usually brought

about by substant1a1 depletion 'of nutr1ents, or through 1nh1b1t1on of
] K

further deve]opment by the creat1on of an unfavourable growth environment

. due to the accummu]at1on of metabo11c prooucts in concentrat1ons inhibi-

tory to the fungus. This s the cond1t1on which would exist. at the stage

of de - lopment of the co]ony frpm‘whjch ‘these éxudates are taken. Sub-

sequan decline in enzyme concentration could be due to protease.diges-

82

(4]



Two separate-determinations of the activity of RNase in
“exudates from F. culmorui colonics of different ages. The substrate

used wassa 0.4 mg/ml solutions of.yeast RNA at pH 5.5. RNase

Y

activity is expressed as ;/ml where 1= the amount of ‘enzyme

‘redﬁired to produce a change in 0.D. of 0-1 at 260 nm.
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FIGURE 31

. . o
(\ Enzyme activities in ﬁ.'gu]moggm’exudate§ from colonies of
. : ¥
various agss
\a) Protease activity in units /ml. Substrate was 1% .casein

" solution in Si%enens buffér at pH 7.6. One unit of enzyme is the

amount of .enzyme necesgary to produce an 0.D. change of 0.05 at 280 nm.

(b) Acid ahwsrhatase act1v1ty in units /ml. . The suhsﬁrate

.. Was p-nitrophenyl phospnate in 0.05 %trate buffer at pH 4.8. Onew

a

;;'_‘Hﬂif‘Of enzyme activity is equiVW1ent to the re]ease of ]uM'of
phogbhate/Jnin; \ | .
(c) Relative 8-glucosidase‘act191ty determingﬁ by thé
- colour 1ntensjty at;540 nm Yesu]ting.from'the release of 6-bromo-
2-naphthol frdm:bersmo—Z-naphihol—B-Dig1ucopyranoside and its

RN

‘complexing wﬁﬁ::tetrazot1zed d}grthoanls1d1ne
(d)

determined by the change in viscosity of a@b.ZS% solution of_ sodium

ectolytic (m) and cellulolytic (O) activities

“

polypectate in 0.05M sodfum citrate at pH 5.5 and 0.25% carboxymethyl

& :
J —ile11u1ose in 0.05 M“@itrate buf fer PH 5.5 respectively.. The activity

- is relative to the v1scos1ty of the above solutions treated with equa]
S ' .

vo]umes of autoc]aved exudate

LI
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tion withinathe exudate,a]tho%gﬁ storaqe of exudate fro/ Fusarium
culmorum over short periods of time did not result inla decrease in

protein; storage of exudate from Sclerotinia sclerotiorum did not

result in loss of enzyme activity (N. Cq]oteTO, personal communication):

§=Glucosidase did not show signs of decline at ninety hours as

the brevious'enzyme~did; but instead, indicated a continuing increase

- in act1v1ty within the exudate, According to Cochrane (]958), ce11o4

b1ose is formed dur1ng.the hydrolysis of cellulose wh1ch is- substrate

ferlsjg1uc051dase. Also,. it is clear from Figure 31d that ce)1u1ase ;
acthity remains re]ative1y high for more pro]onged periode- thus,
the generat1on of substrate for the B- g]ucos1dase could be expected.

Viscosity changes of up to 50 percent were recorded for both

eodium po]ypectate and carboxymethy]cel]u]ose solutions treated y1th

. filtered exudate. According to Wood (1968), "many factors othef than -
ability to,produee PE* and PG** me& condition pathogenesis,” so that

‘the mere eresence of certain hydro1ytic'enzymes in vitro is not
sufficient to involve them in.pathogenesis. It does however, 1nditate~

a potential for tissue disintegration. No attempt was made'tb deter-

mine 'specific'péttin—decomposing enzymeg, although it has been known

&7

for some time, that a number of such enzymes are involved in tissue
d1s1ntegrat1on. RS

Calcium is an»eséentia] component of cell walls, and treatment
of tissues wtth ca]ciuﬁ/:educes the rate at which the tissues are

‘ macerated by enzymes. Glasziou (1957) hypothesiiéarthat growth regulat-

*
-
m

“n

pectin methyl esterase

**k PG ‘

polygalacturonase

-

N



. 1ng substances affect cell wall structure by a]ter1ng the extent .to
: wh1ch pectinesterase is absorbed by the ce]] wa]] His postulate

States that h1gher concentrat1on of growth substances reduces the absorp-

3

tien of pectinesterase by the wall; thus, the pectic substances become

.
|

less estertfied'and, in the presence of ca]cium much firmer. By the
same reasoning, the remo’f] of ca1c1um should prevent the wall from
becoming f1rmer, and the capacity of oxalic acid to tie up the ca*t

which might be present may be an important factor inethe overall process

of pathogenesis.

-

- The presence of oxalic acid in the exudates was'determined

during colony growth (Fig. 32).- According to Foster (1949), oxalate

will cont1nue to accummu]ate as 10ng as the organism is alive and has
ava11ab1e ‘carhohydrate.' Under the growth conditions used in these.
experiments, this would be well into the eighty hour stage, yet Figure
32 indicates a sharp drop in oxa]ate content of the exudate we]] before
- seventy-five hours. s

- De%any (1886{ observed:that the preSence of calcium 1eadsﬁto
more’ oxalate formation ,and Robert (19]1 1912) repdrted that Targe

%

amotnts of- ca1c1um 1n the med1um caused a 10- 17 percent increase in

the dry we1ght of Asperq1|1us n1ger, .and. that much of th1s increase was

~

due to increased calcium oxalate depos1ts in the mycelium. Th1s does

.offer an explanation for the disappea~gnce of the oxalic acid, as
it may be deposited in thé mycelium. ~
The role of oxalic acid in pathogenesis 1s still uncertain.‘”
Oxalic acid does have the capacity to ‘éxtract pectic substances from’
the cet] wall; Bateman and Beer (1965) have suggested a synerg1st1c

act1on for oxalic ac1d and po]yga]acturonase However, 1hjections_ of

~



"

\y FIGURE 32

Oxalate content of exudates from_co]oniés of
A,

F. culmorum of varidus ages. Oxalates were precipitatga.from

solution using Ca‘+’1qm57 removed by_fil&ration, redissolved and
. o oo
determined by titrajon with KMnO4. One ml. of 0.02N KMnO, is

A Y

equivalent to 0.9 mg of anﬁ&drous oxaliclgcid.

Each curve represents a different éxperimental series.

;o | .
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several oxalates and oxalic acid into green tomato fruit during this

research, showed no visible damage to the ti<sue other than a very

N
v

slight water-soaked appearance.

Tissue Degradation = AT

PR BT
~ SN Ty

The Botent1a1'%bY'tis oxt

suei@“ﬁ%gi&tion by exudate has been shown

!

in the previous; section, bdfﬁtb”ﬁemohs"?ate.this capacity in situ,whole
. ST AR a —

J 3,

1.

tissue was used. IQ_thése éiﬁgﬁiﬁénp53 ‘the response was very rapid,and
the destrgction‘oT;E{sgue exténs¥ve and'non-spécific.% Figures 33a-f
i]fustraie the damage which occurs to stem tissue of ninety-day-old
tbmato.p1an€s after seventy-two hours exposure to exudate. .A1though
there wés extensive damage to thé.pith region (the regton ipto which
the exuda€% was injected), the growing p]anté’hppeared helalthy with no

sign of wi]t.symptomg. There was no viéjble damage to the vascular

s -

tissue.- ?he control, Figures 33e, f, shows negligible, visib]g, mech-
anical damage due to 1nse;tion of fhefneedle and; Figures 33c, d show
“an intermediafe amount of tissue damage re§u1ting from injection of the
autoclaved exudate.

- Th& fruit of the tomafo was also 1nje§ted with é*udate and the‘.
resultant damage_recorded on film. There was variation in these results
depending on whether injections were made into unripenedv(green) of’
ﬁjpenedv(red) tomatoes. The ;1ssue of green th?toes is comp]ete]y»
qiéintegrafed after ?orty—eiéht hours )eaviﬁg”a large, dry hole in;the éﬁ
fruit, a symptom which might be_génera]]y c1assifigd as "dry rot" ‘
(black arrow, Fig. 34a). w1thin.this cavity, there are fibres which
’na?é/;;sisted,comp1eté breakdown (white'arfows, Fig. 34a). In time-

study experiments, similar damage to the tissue was observed even after

\

Q



' FIGURE 33 SN
' |
{ :
" - bffects of exudate, collected from mycelium of F. culmorum

colonies, injected into stems of tomato seedlings:

(a, b) exudate; (c, d) autoclaved exudate; and (e, f)
distilled.water. Arrows indicate the point of entry of the needle.
Pictures a, ¢, and e are internal views of the injected

areas and b, d, and f are exteriog views:
In 33a (exudate), diginpggfation ;f the tissue is
evidenced by a ‘hole in the pith'region_gnd browning is evident in
all the surrounding pith area. In 33c (autoclaved-exudate), browning

is visible around the injection point and in the surrounding pith

region. In 33e (disti]]ed water control), browning is hegﬂigib1e.

o

;f*‘\

~ : .
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~and damage -to control was n¢z¥jgi§lp ([?q; de).

an:

v

only twg hours. -As.with <tem tissue, autoclaved exudate causad some

o

it not compled » disintegration ot -the tissue (Fig. idb),

. <
wdater soaking, Ul
- ¥

L3

Injection of qudarwjfnt« ripe tomatoes results in a completely

™~
¥

ditferent response (Fig. ). Complete disintegration, which is cha»-

o
acteristic of the response of green tomatoes Joes not occur. Instead, .
the tissues arc transformed into a mass of discqnﬁinuouS,ce]]s surround-=

e ) X ‘. - "] '
ed by liquid, a condition known as Naceration, and this same response oo &

involved. The fact that spore suépénsioné brought'about soft rot symp-

~

|

. N ’ ’ " ' I 13
some parasites which usually cause dry-rots,can cause lesions with softyf

is observed after injection ot hoth g'een“énd ved tomatoes with a sus-

pension of. F. culmorum spores. The differefice in response likely re-

"

flects a difference in the cell wall structure 8f the two .tissues.

toms in both red and gfeenifﬁhit may be due to:

1) stimulation of rigening of.the tomato me§u1ting fréminjéc—

2 -

tion of the exudate; -~ . o

2) the time period fon.germinafion of sporés and gﬁowth'of
: N o W N -
. = o ' < L
mycelium a11oweq for ripening of the-fruit before enzyme action began. 2o

Sﬁgar determinations do show differences in.the carbohydrate ’7//L
make-up of green and red tomatoes. -Ti to%a]lreducing sugars extrajtéd
1LC » |

from red tomatoes were twice the content éXtréétgd‘ffdm_ﬁhe;gréen;‘

showed ,a difference in the relative amounts;df gTdcose and frucﬁbse e

-,

between extracts from gfeenAand red tomatoes. Wood (1968) states that

rot ‘characteristics,when conditions in the host tissue are particularly
suitable for growth of the parasite. One of ﬁhg.ways'h{;Prahsfo}mjng a

dry rot into a soft rot is to increase the-water_éontent of the tissue.

~

rx

The water content .of red tomatoes appears ﬁjgher than the water content -

el

S,



N
. FIGURE 34

“ﬁffébts of exudate collected from mycelium of

F. culmorum colonies injected into green tomatoes: \
v )

(a) Exudate. Note the hole (b]aék arrow) and strands

~

«: of fibrous material within ,the hole (white arrows).

(b) Autoclaved exuffate, in this case there is né‘

disintegration of tissue} but there ig\an area (light cifcuiar‘

- zone at tip of arrow) of tissue browning.
(c): Control injection (distilled water) shows no

visible damage to the fruit.

| \\\';~\; : ) " FIGURE 35

Effects of exudate collected from mycelium of
. culmorum colonies injected into a ripe tomato. The response
~f injection of exudate into ri-e t-matoes is different from

njection into:green-(34a). There is no disintegrafion in this

case but rather a maceration of tissues typical of soft rots.

—_

/
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NS
of.qreen tQJ{;oos. Nood'S_postula;?kconsiders that the water'eontent
may regu]ato the rate of qrowrh of tho funqucs thus, "+t appeané that
whether a soft n%t or dry rot 1es1on dovelops i;‘a plant tissue depends
on how rapidly the parasite begins to secrete mgcerating enzymes undem
the p ailing conditions,“ (wood? 1968).. Honeier, the enzyme complex
used here for injection into red and gree., 1o ;toes was identica];
therefore, it is concluded that in\tnis easécvthe difference.in response

reflects a difference in the biochemical make—up of the host tissues.

Primary wall is prevalent in younger tissue and the arrangement

of the cellulose in primary wall is relatively unbound, so reversal of ©.

wa]] structure is qenera]]y p05§1b1e at this stage. By comparing these
conditions to the secondary wa]], which 1is composed of c]ose]y packed
m1rrof1br1ls and has a permanent rigidity, it is easy to see the rela-
tive ease with which the younqer tissue is completely d1s1ntegrated
Enzyme attack of tye secondary wall would tend to result in destruction
of the midd]e Tamella causing interce]]u1ar'dissocjation or-maceration;
but. the cells would still maintain an intracellular Conesion. This
does occur, with older tissue.

Sunflower tissue responded to exudate 1n3ect1ons in a s1m11ar
manner, F1gure 36a, b shows a complete disintegnation of tissu% in the
area pf the injection; autoc]aved exudate results in brown1nq (Fig. 36c)
and water soaking but no d1s1nteqrat1on d1st111ed water has little
visible effect (Fig. 36d). | “ )

During these disintegration experiments, it was noticed that
exudates.col1ected in the earlier stages (up to forty.hours) produced

a white f]occu]ent prec1p1tate upon autoc]av1ng, and the precipitate

was 1nc1uded in the autoclaved injections as a’ suspens1on The pre-

()]



FIGURE 36

Effect§ of‘exuddte, collected from mycelium of

\
a

« F. culmorum colonies, injected into sunflower heads. In each

) oy \

!
* case the arrow head indicates the needle-entry scar:

(a) Exudate injection causes complete disinteg(ation
of fhe tissue {(note the spongy téxture of this tissue). -

(b) A tﬁin section through the area indicated by the
arrow in (a) shows the extent of the hole forﬁed.

(é) Autoclaved exddate.broaaces an area of tissue
browning (small arrow):

(d) Control (dis§111ed'water) causes negligible damage.ih
ﬁhe region of the injection (small arrow)'and the tissue layers

are relatively ordered compared to those in (c).
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‘ ilzl&gte v{sua11y resembled protein, but analysis of the autoclaved

naterial showed that the ff]trate had the same'profein lTevel as non-
autoc]aned exudate. Analysis d;d show a slight quantitative loss 1in
reducing sugars after autoclaving. Separate inje%tions of the superna-
tunt and the washed resuspended prec1p1tate demonstrated that the active
component in the autoclaved sample 15 conta1ned in the prec1p1tate

When this precipitate was hydrolysed overn1ght in 2 N HC1 at

’ 100°, then tested for reduci#@ sugar and amino acid content, both were

found to be present in significant amounts. It is felt that perhaps
this precipitate is a glycoprotein, since glycoprotein has been detected

in mycelial extracts of ground, fresh mycelium of Aspergillus fischeri

“a

(Gorcica et al., 1934}, in association with yeast céﬂ] walls (Kom ane//

Northcote, 1960) and 1n association with an enzyme System of Aspergillus

niger (Zaborsky and Ogletree, 1974). ‘A protein-1ipo- po]ysacchar1de
I

" complex has been implicated with fungal pathogenes1s in re]at1on to

Vert1c1111um wilt of cotton (Keen, Long and Erw1ne, 1972 Keen and Long,
1972; Partridge and .Zaki, 1972). '

The tota] reducing sugars in exudates co11ected from colonies
of various ages was determined (Fig. 37). The concentrat1on, initially
re1ati§e1y high, drOppedoff rapidly as the colony overgrew thelpetri
plate. The presence of sugars in.hypha1 exedates can be expected,
based on the theory that these exudates are re ated to the 1ysoeoma}
system end are found in the tip region,,whieh s a region_of4very active

rd

wa}] synthesis.

A qualitative analysis of the sugars present was carried out by
thin Tayer chromatography and is reported in/the section on "Specific

Effects of Exudate on Potato Tissue". *

100



FIGURE 37

Y

Total reducing sugars in exudates collected from
F. culmorum colonies of various ages as determined by the
Somogyi's colourimetric method. Total reducing sugars were

determined as glucose equivalents from a glucose °standard curve.

(Standard deviation bars are Shown).
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Specific Effects of Exudate on Potato Tissue

| To relate previous findings to the disintegration of_potéto
tissue, exudate‘was reacted directly with‘pqtato discs cut frqm the
sforagé"tissue of ray tubers. The Tosses in both wet and dry weight
were'eva1uat%g. A dry weight loss was recorded (Fig. 38), indicating
remoya]'of solid material from potato cells as a result of the action
of both autoclaved and non-autoclaved exudate. The effect of buffer
alone is negligible. However, wet weight dete#mfnafions (%19. 39)

show a different response, in that only non-autoclaved exudate show a

significant weight loss. For a possible exp]anatfon, it is considered

ettt ) Ty

that the dry weight of potato tissue is approximately 20\ percent of the
total weight in t#e tuber; a 30 percent Toss in dry weight constitutes
approximately a 6-7 percent loss of total weight. This is in the range
of the small amount of wet weight loss shown‘for‘autoc]qved'exudate‘
[Fig. 39). Non—autociaved-exudate—treated tissuevshdws'a 30 percent
loss in wet weighf and for a simi1ar reason, only 1/3 of this is account
ed for as Toss in dry weight. The conclusion is that a large portion of
. the wet weight change, shown by non-autoclaved-exudate-treated discs,
isldue to an efflux of 11quid from the ¢e11s, which may 1ndicate an
alteration in cell membrane permeability. An alteration of cell mem- <
brane permeability,, in relation to pathogenesis, was discussed. in this
thesis in the section “Tissue Degradation™ and may be a sign%ficant
factor in the death of cells. |

->ObserVation of the discs after treatment showed an obvioﬁs v*si-_'
ble difference between treatmeﬁt with exudate and straight bqffér. The
exudate freated discs were thin, soapy to the touch and lacked rigidity

(the latter property may be due to the efflux of liquid mentioned). The
A



FIGURE 38

Effect of 0.1 m] of exudate from 60 hour colonies of
F culmoruym on the dry weight of 20-disc potato samples incubated
with 0.5 ml of citrate buffer, pl 5 5 and temperature 20o The
iry we1qht of a 40 disc sample taken at 0 time = 100%.  The
three graphs repriesent three 1nd1v1dua1 experunents carmed out

under equivalent experimental cond1t1ons Discs were dried
—

overnight at 950,

’ : . -
. = exudate

©= buffer- contro]‘

'A= autoclaved exudate

Dashed Tines represent extrapolation to zero time.
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FIGURE 39

Effect of 0.iml of exudate fr0m360-hqur*Eo]on1es of
F. culmorum on the wet weight of ZO—diSC‘DOt;tO samp]eé incubated
with 0.5 ml. of citrate buffer, pH 5-5 and temperature 20°. The
set weight of a 40-disc sample, taken at o time, = 100%. The
three.qraphs represent three individual experiments Ea;ried,out
under equivalent experimental conditioné. The weg weight was

the weight of the discs after they were removed from solution and

excess water blotted off between two paper towels.

o
O

O’ = Autoclaved exudate

i

Exudate

Buffer

Dashed lines represent ektrapolation to zero time.
M “ » Co

©“
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-discs‘trdated‘with autoclaved mxu(aLQ on tho‘@thér_ﬁand, remained rigid
-and'”wafpr_]iLn” ,oiel [naintained\their turﬁor as did the Eontr6T€
| A more detailed look at the 1lterat1on of potato cell wall as

a result of exudate, treatment was possible using the scann1ng e]ec%ﬁonj
m:croscope. Figure 40a-d shows a potato cell wall which ha%Jbéen ex-
posed ﬁd extdate for various timé~jnterva1s. This series of electron
micrographs indicate that under the experimental conditions used::

1) the cell wall is a1tergd by exudate treatment; ?) the action of the
exudatsfis rapid and damage to the secondary wall matrix is exten§ive;

and 3) the fibrils within the wall are resistant to the action of the -

* .
enzymes involved. e

The unaltered ce11.wa11 (Fig. 408 is relatively shooth, and
although hjbbed, appearé to be homogeneous. In comparison, many elec-
troﬁ mibrographs of p1ant'ce11 walls show the cell wall surface td'be
fibrous. This is true for the primary wall of parehc'yma ce]ls.fro%
onion bulbs (Robards, 1970}, the secondary wall of mature vesicles in
carrot cell wai]s (Ste@a;d, 1968), the primary walls of parénchyma
tissue from wheat (Preston, 1964), and the parenchyma cells of Avena
coleoptile (both inner and~outer surfaces) (Wardrop, 1955, 1956). :
Generally, in isolation of cell wa]lg[”mﬁe cells are macerated and
treated with IN NaQH and TN HCT 3 the hydrolytic action would remove -
some of the hem1ce11u1ose and pectic material o} {;e matrix and expose
the under1y1ng fibrils. The only treatment used Gn the 115 shown 1in
Figure 40a,b, othe: liun the usuéj fixation pﬂﬁcedure, was 1/2 hour in
0.05M citrate buffer at pH 5.5, The fjbri1s in this case, are not
visible until after the cell wall maf;}x has beZn removed by enzyme
digestion. ) ’ . /}  .

e~ _ . -



~ . FIGURE 40

Scanning electron microqraph of potato tissue treated:
with -exudate from a 48-hour colony of F. culmorum:
(a) Cell wall of pdfato‘tissﬁe fncubated fér 1 hour.
20 Discs were incubated in 0.6 ml of'0.0S M citrate buffer, hH 5.5.
{(b) Buffer treatﬁenf'(as ih "a")} for 24 houré. '
(c) Cell wall of pofato tissue incubated 1_hbur with:‘
. --exudate. 20 Discs were 1ncubat¢d.in 0.1 ml exudate + 0.5 ml of
0.05M EFtraté buffer, pH 5.5. L
(6) .Potato cell wa]H whigg has been exudate treated -
for.5 hours (same conditions as in "c"). . R
| (e) Potato ce11.wa1] whicﬁ has been exudate freate@ fo .

24 hours (same c¢onditions as in "c").

. FIGURE 41
Scahning electron microgréph"of a section of potato

thbek tissue with advanced dry rot symptoms.
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Potato discs treated with autbc]aved exudate do not show the-

dissolution of matrix material which is seen with non-autoclaved exu-

date.

FromAFigurgA “40c, it appegrs'that approximately 25 percent of
thé matrix is(removed\from the surface jayer in on]y‘one hour. The
dam&ge'occufrggg\after'twenty—four'hours does not appear tu be much
~greater fn re]ation'to the surface area affected, but it may‘penéfrate
»considerab]y deeper. The miérograpH of tissue from potafo fnfected
with a Fusarium sp. and showing advanced dry rot symptoﬁ; (Fig. “41)
does show similar ra~.. fibril arrangement to exudate-treated tissue
(Fig.‘ 42)1 bﬁt also indicates deeper and more complete removal of the

matcjx material.

Exudate-treated discs are much 1éss.rigiq than those treated
Qith buffer! Figure‘42 iﬁ]dstrates physﬁcé] distorfion of ce]is which
occurs affer-treatment of the discs with exudate. 'The nature of this
distortion suggests that the matrix is nécéssary‘fo maintain the rigid-
ity of thg ce]]lwa11. |

A model for the structure of ce)iu1ose fibrils within the cell

wall has been proposed by Robards (1970) (Fig. 43). The author states

that in Many cases, each microfibril may have only a single crystallite -

(micelle) and in that case, the diameter of a macrofibril would be in
. o . ) .
the range of 600-700A The 'macrofi"m.}' in Figure 43 1s approximate-

0 i .
1y 700A. Recognition of fibrii.- ygalacturonic acid on the surface
of cultured cells of several species (Leppard et al., 1971) indicates
that cell wall fibrils can no longer be assumed =5 bhe only ce11u1ose'in

nature. However, a comparison of the one hour and twenty-four hour
. 1

‘exudate-treated discs (Figs. 40c,e) shows no visible difference in the



“ FIOURE 4?2

Scannina electron,microqraphs of potato discs treated with

exudate from [, iﬁjﬂ!ﬂl@b
| (a) Surface view of a potato disc which has heen suspended
for one hour in 0.NSM citrate buffer at pH'5.5.

(h) Suffaco view of a potato disc which has been suspended
for one hour in exudate‘zolﬂtibn (0.1 .ml1 exudate + 0.5 ml of 0.05M
citrate buffer, ph 5.5), . | ,

‘o
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CFIGORE 43

Schematic diagram showing the arrangement of cellulose
in cell walls. fhis diagram shows how a complete cell wall
is built up from the inditidua] chains of cellulose. Eéch
microfibril is shbwn to be comprised of about 6 micelles, but

in many cases, each microfibril may have only a single

crystd]]ite (micelle).

(From Robards, 1970)
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ctructure of the fibres. This indicates that they are not attacked by-
the enzymes system of the exudate. 1: ue from a potato specimen suf-
fering from natural dry rot also show [ittle obvious breakdown of the
exposed fibritls (Fig: 41). This may indicate that these fibri]s\aﬁe

{ . .
ce.lulose. N T

\ =

The cell wall materials released during exudate digeétion were .
investigated qua]itative1}<using thin-layer chrbmatbgraphy. A "finger-
print" of fhe sugars in the exudate was first established to determine
Qhét sugars woqu‘be introduced into the system. The results of these
TLC runs are shown in Figure  45. The sugar-pattern indicates that
the following ére present: glucose, sucrose, trehalose, fructbse and
glucosamine. The shape and position of the "glucose spot" suggests
that it may be a combination of sugars. Comparison of this "glucose
spot® with the standards (Fig.46,47)suggests mannose is present. Mar-
chant (1966) found galactose, gTucose, mannose, arabiﬁose and xylose

in the conidial cell walls of F. culmorum as well as the amino sugar

glucosamine.

2

Quantitative data for total reducing sugars show a decrease in
sugar content as the ége of the colony from which the exudate was-
harvested fncréases,.buf‘the TLC profiles (Figs. 44, 45) show the saméx
“fingerprint" fof 40, 69 and 90 hour co]]egtions‘of the exudate.

A one dimensional thin-layer chromatogram (Fig. 48) shows an
increase in the amount of material released from the potato discs with
time. Theré'are a number of spots that appear, particularly below the
fructose spot, after two hQurs of incubation in,tﬁe presence,oi;exu-
date (F{g. 48) . Two dimensi6na1 chromatograms of simi]af material

show the presénéé\of a spot corresponding to the galacturonic acid



JIGURE a4

A one-dimensional thin-layer chromatogram run.on
exudate from 40-hour (right hand side of plate) and 65 ﬁdﬁ; \\\
(Teft hand side of plate) colonies of F. culmorum. In the
centre is a run of a 0.3 mg/ml standard mixture of glucose,

vsucrose and ‘fructose. The chromatogram was developed in n—propang]:
ethyl acetate: water, 7:1:2 for 5% hours at 25° and stained with

a 5}5:1 mixture.Of 4% ethanolaniline: 47 ethanolic dﬁpheny]amine:
85% phosphoric aéid. The origins ﬁndicated by‘arrowé) were

A3
spotted with 10 ;1 aliquots.

FIGURE 45
Sugar "fingerprints" of exudates fror - | ies of
F. culmorum of various ages run on two-dimensione™ * 'n Tayer

chfomatograms: The first dimension was run and develuped under the
same conditions outlined 1nAFigure 44. The second dimension was
developed in acetone : formic acid : ethano] (95%),.3:1:1.for 1%
hours. The origins in the 1ow¢r right hand corner (indicated by
a O) were spotted withf]O V]' aliquots of a T% dil ® of exudate

(a) Exudate collected from!a 40-hour colony.

(b) Exudate collected from a 69-hour colony.

(c) Exudate co]lected‘from a 90-hour colony.

The spots are numbered according to position and colour

(see Figure 47).
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FIGURE 46

N Two-dimensional thin layer chfomatograms of the sugar
standards. Standards were applied in the 10Wer right hand
corner of each plate at the point indicated by an 0. Experimenta1
cord-tions were the same as in Figure 45,

(a) Mixture of glucose (1); fructose (2); sucrose (3),
and trehalose (4). ’

(b) Mannose (7). B = blue

(é) N-acetylglucosamine (6). Br = Brown

(d) Galacturonic acid (5). LB = Light blue.

Standard conlentrations were Tmg/ml and they were

app]iedAundiluted.

N
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FIGURE 47

Composite diagram showing positions of standard

+ sugars on’ the two-dimensional thin Tayer chromatograms shown in

Figure 46.
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FIGURE 48 .
A one-dimensional khin‘]ayor cﬁromatdqrém showing sugars
fourst in the supernatant solution from‘potato discs treated with
exudate from-QZ—hbuf F..culmorum colonies. The run§,¢from Teft

to_riqhtx are:
o Blank (potato discs +.hﬁffér) afteé 1/2 hours,
'R]ank (potaﬁoldisés + buffer) after 24 hours,
33-1, 1/2 (po;ato discs +.¢xudate +‘buffer) after 1/2 héur.
33-1," 2 3/4 (potato discs + éxﬁdate'+.buffer) after 2 3/4 hours.,
33-i, 24 (potato'disc; 4 exudate + buffer) afte% 24 hodrs.
Experimental conditions for thin layer chromatography‘are’the same

as those in figure 44. . Ten pl aliquots were spotted at the origin

(see arrows). - -

.FIGURE 49 v
wafdiménsionallthin 1a;er chromatogram showing the sugars
found in the supernatant soiutiqh from -potato discs treated with
exudate from 42-hour F. pg]mgﬁgm_colonfés; Experimental conditions
for thin layer chromatography are -the séme.as thsse in Figure 45|:
Ten pl-aliquofsrwere spotted at the df1§1n~(sma11 arrow). The large .

'arrow indicates the position of:a faint galacturonic acid spot.

The spots are numbered according to position and colour (see Figure

AT



L

E=Y



stanQ@rd (Fig. 49). This is a clear indication of the breakdown of
_ pectic material and its release from the cell wall, and confirms the

interpretations based updn the scanning electron micrograhhs.
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CHAPTER IV

'GENERAL DISCUSSION

The role of exudates in pathogenesis was the major concern of
this research. . First however, it was necessary to establish some
basic concepts related to the process of exudation. The technique
deve]oped\for collection of the exudate allows separation of the
Tiquid from the mycelial mass and independent evaluation of it. The
approach is néw, and introduces a system in which the biochemical
parameters can be‘separatea‘from the physfp]ogica] parameters, at least
as far as the pathogen is concerned. However, it is necessa}y té keep
in mind that such a system is an artificial one and caution must be
used when interpreting results.

Experimentally, tﬁé system used here interacts fungal exudate
with host tissue. By-passed are thg penetratipn,and infectivity stages,
both of which are highly significant in the process of pathogenesis.

‘However, the inter- and intracellular interaction between fungal patho-
gen and host is initially one of exo-metaboiite 1nteréction (Barnett;
19745 Curtis and Barnett, 1974) and the influence of fungal pathogen on
host tissue is Qe]] in advance of the fungal pathogen. Thus, injection

f exudate does parallel some segments of the process of pathbgenesis,
(/)//::;R‘thbugh it is only one iéo]ated part of the system.

The general equation of pathogenesis (Fig. 29) indicates that

pathogen-secreted po]ysaccharfde-dggrading enzy&es b]ay a fundamental.

o~
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role in pathogenesis. Increased knowledge of the structures of thé
substrates of these enzymes, that is, the polysaccharides of, plant
cell walls, has advanced the concepts concerning their role in patho-

genesis. Albersheim ot al. (1975) has refuted the importance of cell

wall composition of host in the induction of specific polysaccharide [
A

degrading enzymes by pathogens. He feels that similarities between
cell walls of different plant species, and the fact that the walls of
aT] plants arc composed of the same ten or so monosaccharides, is

i .
evidence that the cell wall structure is not a significant influence

in pathogenesis. He also suggests that polygalacturonase involvement

in the degradation of cell walls is a general phenomenon 1ndepéndent

of the particular host variety.

A theme of this thesis has beén thaf the p?ocess of exudation

and thus, the contents of the exudate,are related to the normal func-

tion of the fungal colony and therefore fnd@nen&;nt of the particular
host. It follows that the presente of cell wall degrading enzymes
allows the pathogen aﬁ advantage in é-susceptible hoét So that produc-
tion of certain cell wall degrading enzymes is a prerequisitehfor’ ”
parasitizjng'a particular host. : o
Albersheim et al. 0}975), in their revkéz, dﬁscouﬁt the impor-
tance of possible minor differences in cell wall glycosyl tinkages, buf
it seems to this author that this is a very weak assumption. Induction
of specific enzymes by specific substrates is well documented (Christ-
ensen, ]951; Cooper énd Wood, 1973;: Singh and Wood, 1956) as well as
the role of simple sugars in the control of enzymes during pathogeneéis

(Cooper and Wood, 1973; Horton and Keen, 1966).
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The influence of cell wall mono-, di-, trf—, and po]ysacchar%des
may be a quantitative phenoﬁenon as well as a qualitative one so that
the success of a particular pathogen may depend on tﬁé release of
sufficient quantities of a.particu1ar-sacchéride. It appeared. from
the ;esuffs‘gf injection of exudate'%nto green and red tomatoes that
response is probably due to differences in cell wall composition.

" A systematic approach to a problem, such as the influence of
cell wall on pathogenesis, may be possible. A defined natural enzyme
system (this could be done for the exudate tollected from a pathogen)
would allow reconstruction of the yme system, one gnzyme at a time.
Scanning electron micrographs oﬁ\ggg?tissue would show any major
changes in cell wall structure due to the action of the?énzyme(s) em-

ployed; and this could be correlated with analysis of cell wall break-

down products as was done in this thesis for exudate treatment of cel]
. ; . -

wall,

Some gas-liquid chromatography was done for qualitative and"
grantitative ané]ysis of released sugars with promising reéu]té:
Further details of this have not been given because of the preliminary
nature of the work. The use of SE30 packing ih a4 foot glass column
on a Barber-Coleman Mode] gas chromatograph Qave excellent separation
of a number of silylated mono- and disaccharides and ﬁentative con- -
firmation of the TLC resuTEg on exudate sugars. |

It is possible fhat s]igﬁt variations inlce11 Wa11;po1ysatcha-
rides may be genetically controlled. Majdr genetic mutations undoubt-
edly resu]t.in plant. death, but minor rﬁfations can result in varietal .

diffeg;nces. These differences, if they represent differences in

glycosyl linkages or polysaccharide sequences, may represent a basis



¥ |
for resiétance to particular pathogens and with the proper biochemical

“data, the plant breeder could use this infdrmathn{fbr selection of

resistance..

Other resistance mechanisms involve specific enzyme inhibitors.

‘(Albersheim et al., 1971) and elicitor-phytoalexin systems (Keen et al.,

I

.1975), and informatien‘on ce]} wall structure and interaction with
pathogen exudate will undEUbfed1y aid in interpretation of'these re-
lated areas. _ .

- This release of 1iquid from fungi is involved in systems other

[

than the pathogén-p]ant systeﬁ. For example, AspergiT]us flavus is a

human pathogen, and it also excretes 11qu1d droplets simijar to those

seen on Fusar1um cu]morum (N. Co1ote1o, personal commun1cat1on) The

role of these droplets in the'pathogenicity of this fungus should be
considered. Penicillium snp. exude liquid wh{ch eo11ects on the coleny
surface and which is, in some cases, character1st1c of the part1cu1ar
species. The species of" Pen1c1111um which produce pen1c1111n, also
produce ye]]ow droplets on the surface of the colony. When assayed,
‘these drops show'penici]lin amounts c]ose1y.approx1ma§3ng the.amounts
phesent in the broth (K.'B. Raper, personal conmunication).

Ergot tox;ciqy haa'been‘known to man for much of reconded
\historxg/}et mycotoxicity remajned a neglected area until the 1966'5
(Kadis, Cieg]er and Ajl, 1972), and the role as causitive agent of
disease of many of the mycotox1ns remains to be determ1ned Many of
the fungal toxins associated with animal and human foods show up as a

result of contam1nat1on by p]ant pathogens. Two coumarin derivatives

that possess strong thtotox1c properties have been isolated from

- Fad

celery 1nfected wi §c1erot1n1a sclerotiorum (Scheel et al., 1963).

i

o



Smalley et al. (see Mirocha and Pathre, 1972) found that Fusarijum tri-

cinctum was one of the fungi most frequently isolated from corn associ-

ated with toxicity in-domestic animals in Wisconsin and Ueno et al. (1973)

has listed thirteen Fusarium species showing lethal toxicity in mice.

It is possible in the above cases that the toxic component is

A «

exuded by a system similar to the'one described here. (F. culmorum was
one of the'species included by Ueno (1973)).

Classically,evaluation of the toxic component or destructive
céptacity of a pathogen ha; been carried out using cu1ture fi]trateg.
Brown (1915); working with Botrytis sp. initiated the use of culture
f11tfates andAsince that time the technique has been routinely used
(Bateman and Beer, 1965; Horton and Keen, '1966; Cooper and Wood, 1973).
The exudate system utilizes ihe selective permeability of the fungal
membrane and is isolated from the staling products or products ré—
sulting from chemical interactions within the culture fiitrate.

In p]ént pathoggnesis, as the pathogen advances into the host,

*

active exCretion of exudate is always occurring, and the exometabolite

environment is therefore always 'fresh'.

Summary , ;

The presence of liquid droplets on aerial, filamentous myte]ia
is a geﬁeraI %eature of fuhga] colonies growing in nature or on artifi-
cial ‘culture media, yet only a few“references to the phenomenon ars
%ecorded (Fenner, 1932; Raper and Thom, 1968; Thom, 1930), and even
then, only casual mention is made. A considerable amount has been
'reported in relation to exudation from fungq] reproductive strﬁctures

«(Buller, 1958; knoll, 1912; Remsberg, 1940) and more recently, WOrk )

[

-~
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/" has been done on the biochemistry of these droplets (Colotelo, 1971a;
Colotelo, 1973; Cooke, 1969; Cooke, 1971; Jones, 1970), but no attempts
to elucidate the biochemical make-up of exudates associated with
fﬂamentousyphae'have been reported. fhe wor‘k carried out.during
this research shows,for the‘first time, details of many of the charac-

teristics associated with the droplets found on the filamentous hyce1ium

of Fusarium culmorum. Also presented, is eviden;e for the interrela-
tionship of these droplets to the lysosomal system described by Wilson
(1973). This hypothesis speculates on the poésib1e cellular origin of
the drops. S \ S

In 1973, Colotelo suggested that sclerotial exudates of

Sclerotinia sclerotiorum may play a role in the process of pathogenesis

and, although the ability of culture filtrates and fungal exudates to
destroy host tissue has been known for some time (Brown, 1915; DeBary,
1887), tissue breakdown has never bgen related directly to the droplets

on filamentous mycelia before now. Many . :hemical constituents

of the exudate from E; culmorum are describud nereland the selection
of which constituents to test for was based on their known or theore-ﬁ
ticaj involvement 1n'the.process of pathogenesis. A number of cell
wall degrading;enzymes were shown to be present but as we11; a heat
stable component was shown to be partia11y involved in the process.
Some evidence is giver -o support the possibility thaf'this component
is an oxalate.
Afterbbiochemica11y illustrating the potential of this exudate

for tissue disintegraéion, the aétua] destructive cépabj]ity of the
exudate, independent of the presence of the organism, was demonstrated

for four different p1anf tissues. This is the first time the exudate

from filamentous mycelia have been 1inked directly to pathogenesis.

{

\



Some details of the morphology of titsue breakdown in relation
to exudation were investigated. A definite loss in weight by potato
tissue upon treatment with exudate was recorded, and the disintegration

*

indicated by this, was visually demonstrated in e]ectronmicrographs

of the treated tissue. The electronmicrographs of exudaté'treated
potato tissue bear a close resemblance to electronmicrographs of

potato tissue prepared from a tuber showing symptoms of Ary rot di: ase.
It is believed that these are the first electronmicrographs showing

thé details of dry rot symptoms at this level.

An"ana1xsis of the breakdown product of treated tis;gﬁ/fg;;;1ed
é substantial release of galacturonic acid. '

Finally, in relation to the expression of disease symptoms,
evidence is given to indicate that the biochemical make-up of host
tissue (in particular, the eell wall composition) plays an important
role in determining ;he type of disease symptom expressed. Unripened
tomato‘fruit injected with active exudate consistently resulted in
internal lesions characteristic of dry rot disease, while ripened

tomato fruit injected with the same exudate solution exhibited soft

. rot symptoms.
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APPENDIX B

TOTAL REDUCING SUGARS DETM.

24 Hrs. 40 Hrs. 60 Hrs. 90 Hrs. 110 Hrs. 140 Hrs.

9 8 46
0.3 7.6 | 1.8
14 14 6.8
18 6.3 3
“ 17.5 ”
16.2 ~— 9.2
X = 19 14,7 & 9.7 5.9 1.8 3
Std. Dev. 0 " +2.9 +2.6 1 0 0

“}
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- ‘ : ,
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