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A comparison of the dévelophentgof'Efi§iphé graminis

ff.,gp; hordei” (race CR3).on the leaves of near-isogenic

.
®

ésuséeptible and resistant lines of‘ba}ley was made using
! _ >

Y

l .
‘light and electron microscopy techniques. , The lines.of

barley used were Manchurian (mla/mlk). which is susceptible

. to the race of the fungus .used, Kyin (mla/M1lk) and

S ‘
Algerian (Mia/mlk), which are resisXant varieties.
. o - - .
Anb%her suscepfible §Eriety, Kevstone was also used for”
; )

prlmary 1nfectlon studies. - T

r

Penetratlon of the epldermal ceil wall and the de-

' s

.velopment of the fungus up to the formation ef the - )

. . .’ *
‘primary haustorium occurred similarly on all genotypes.’

© Penetration was effected by @ penetration hypha extruded
* from'a lobe of tHe appressoriun. Evidence is presented
~that oenetratlon 1nqolves chemlcal alteratlon of the cell

lwall local to the penetratlon peg. The papllla, the host

dep051t formed by the epidermal cell cytoplasm beneath the
-~

o :
".infection site, had usually started to form before- penetra~
. '

»

tion commenced. ThlS strUcture is qpown to be an important

e

defense mechahism in preventlng haustorlal formatxon'on ‘the
susceptible and resistant hosts alike.. Thus the papilia .

. * L . - PP :
functions :as a genetically non-specific determinant of

fungal developmeﬁt. It is composed of an -inner electron-~

-t




-dense layer, where the penetratlop peg 1s nsually Stopped S f__'

' \ o and an outer electron rucent layer. About 50450% of
. L attempted lnfectrons are stopped by"paplllae. Appreg\dﬂia

assoc1ated W1th papllla stopped penetratlons usually re-

] H \-
g . attempt lnfectlon by formlng a secondary . appressorlal lobe.

N B The Algerian and Kwan varletles expressed resistance Lt

. after primary haustorlal formatlon, 20 hr and 72-96 hr

-

after 1noculatlon respecrv,ely A» hypersensitive reaction-
on , the Algerlan host was manlfested by a sudden collapse

~ and necr951s of the 1nfected epldermal cell. Necr051s and

-

~

«collapse of ‘the haustorium and appnessorlum occurred con-

currently with epide: mal\cell collapse. ThlS reé!tlon, po Y

.

’ observed by electron mlcroscopy, lS related with a change

) ) P 4

lﬁ epldermal cell permeablllty to trypan blue and other'

dyes, as seen ln llght ﬁ?crOScope preparatlons. Necr051s

A l

Y was confined to the penetrat bpldermal cell but adjacent

Cells reacted also and formed wall dep051ts between the

< &=

plasma membrane and .the cell wall ad301n1ng the necrotic

cell ;Hypersen31t1ve reactlons occurred 1n about 45% cff

the, penetrated epldermal cells in the Algerlan host.

e
. . Hypersen91t1v1ty on the Kwan hEst commenced 78~ 96 hr

- - " aAfter 1nocu1atlon and was 1n1t1a11y ﬁonflned to mesophyll

-

- ,“ cells beneath the developing colony. Eprdermal cells con-

-

S talnlng haustorla starte&'to collapse 96-120 hr after -
. . . - * - » o ..

e ,~'indtu1atloa, The first fine structural change associated

" with both mesophyll and epidermal -cell necrosis was the

deposition of lipo{dal material on the plasma membrane and

1

. . . . b .
* - : - /
- - . 7 - *,
. o ! - ‘
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1

tonoplast.,

chloroplasts in mesophyll c&lls aﬂd ‘t‘h‘e fofmatio’n“df wall

dépositio

in both mesophyll and eplaermal cellsﬂ_ Evéﬁtually cells I

-

-
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This was followed by disorganisation:of | ¢
: el . .

-

4

between the plasma~membrane and the cell wall

-

'

l. -
i0a

were’ complétely collapsed and contalned a mass of . 0

' ’
electron~dense mater1a1 w1th no recognlsable cell consthtu—

.

Ents.

necr051s .

:

i
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normal spofulatlon on the Manchurlan host:”™
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and dlsorganlsed in association with epldermal cell

o

Fqngal haustoria and hyphae also became necrotig
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&
[
‘
U
-
v -
. -
v T
.
M
#
R
]
- -
B
. e
N B
"
- )
b’ "
. .
’ |
-
El <
»
.
¢
PR
>
l
2



xCKNOWLEDGEME_NTS’W ' ¢ :

This work could not have been completed without the

]

help and_advice of many teac and friends and it is my
’ . pleasure to acknomledge them e

Dr. R. M. Jackson of

the Unlver51ty of Surrey, England, is resoonsible for

(? (} - developind my 1nterest;1n many aspects of fungal blotroohy
. \' o and for his guidance and frrendship over the years I am

indebted. I,dééply appréciate the guidance and patience .,
- S of’Dr. W. E. McKeen, my supervisor, throughout the course

» .
. £y «

o -~ of thlS work anﬂ in tme preparatlon of the manuscrlpt It
. ) .

has been a rewardlng experlence to work w1th him, To

N

\Drs. c. J. chkman and R. B, van Huystee; my advisory

~ \1.

~T 0 e "commlttee, I WISh to expxess thanks for thelr most valuable

e, e 0 R — . | -
T éhrg_. _suggestlons ‘and criticisms. \T\‘ ’ o ® .
. S “-n;-%} . . 3 .
* ”j ‘Dr. G. Splller read an early draft and hlS criti- ~

. T
\ - > ‘

< N .f. ‘\v;sms and suggestions are greatly appreciated I wish,to
\thank the many members of the staff and graduate students*

Olof the Dept. of Plant Sc1ences, notably Dr. C E. Blmpong, Y

*
[} . - .

s Dr. D c. Blgnell Dr J. Traquair and Mr. P. E. Dablnett,

.for many useful dlscu551ons, suggestlons'and a331etance~

‘The. help of Mr. Ron Smlth with' electron mlcréscopy and in
‘ Al
the preparatlon of the photpmlcrographs Is apprec1ated

«

-
I wish" to thank Ms. L Gordon and Ms. G. McIntyre for

\ g A
« + . .. their qu1ck and accurate‘typing of drﬁtts of khe thesis. -

.o - o
Y ” .

' ‘ 1 ) ' . T
. ‘ ‘e * ) 4
Vi ® '

-

S




- . ,
,,. . . .
ST . . . . . L]
-8 . . . : .
\ o . . v ' )

’
[

Special.thankg are due to°'Ms. G. Fagan. WitHout her

constant support,’ faith and encourégement this work would

not hgve been possible.
B L] . i
The financ¢dial support for this research frgm-a -
o ’ Q- o -
. National Research Council of Canada grant to Dr. Mch&E

- ’

{(Grant no. A0752) and for persohal support from scholar-

)

ships from th€ Province of Ontario and the National
i - Research Council of Canada is gratefully acknowledged.
. b L
w ‘;“ & )
. , .
"
L3 L)
v' »
-~ ¢
~ &
- 3
’ »
] ) ]
' ¥ .
’ A J
. .
- * : 3 5
» -~ .q
, i [
. “ 1] - ’
) N .
N rd
dw///’, : . .
. Y '
» . ¢ -
. .
3 \ \ ’ i

vii




. ) . . . .y o L
S N L " * TABLE OF CONTENTS - | - :
. . | . .
'~ CERTIFICATE OF EXAMINATION ......... e e ii
_ABSTRACT .... ST ‘..h;* ............. e ee.. idd
,  ACKNOWLEDGEMENTS ....... el U S v Vi
v | .
< . TABLE OF CONTENTS ........... e e ee.sooviidio o
' LIST OF DIAGRAME ...l uu.uouuivuunn.. S S | '
) LIST OF TABLES .......... S ;,.;...:.."f.;....:.. IT
LIST OF PBOTOGRAPH;E PLATES ......... R CEEEE PR S S ;
ABBREVIATIONS .......... e et e xx
| CHAPTER 1. INTRODUCTION ........... P JUUDUTEE
_ 1.1. Generdl ..... e, PP
* - ‘ 1.2. Life cycle of E. graminis .......... 3 -
CHAPTER 2. LITERATURE REViEﬁ-...:..........:;........ 9
CHAPTER 3. . MATERIALS AND METHODS ........ e .. 37
’ 3.1. Materials ﬂ,. ............ i.;..;..,... 37°
_; 7 ) " e 3.2. “Growth and maintenénqe srecreeanengs 37
) _ '333.' Inoculatipn oé expériméntal - N _' ¢
‘ plants ........7¢..... .........;.;.;“39 -
. 3.4. 'Incubatien‘of inoculated plants .... 39
. «
'3.5. Light‘micfoscopx me;héds et .. 40 )
E ”'/ - 3.5.1; Lactobhenol.trypén blue .
70 o | "method L......... .0l 400
] * 3.6. Electrén'microsco;;\methoqg creeea.. 41 2 ’
, 3.6.1. Fixation | ) '
J# . ' a. GIutaféldehyde with - N
.- . o N

S ,' . : post os&ificafion AP 3 | -




. A < ‘ ‘ ‘ .’ :
K . b. ~Glutaraldehyde with .
R . . m ; .
’ ¢ - " simultaneous ésmium” S
, ¢ ‘D \ . ' . , ' .
.o faxation ......0f0.0000 42
& . E [y »
> ¢ 3.6.2., Dehydration .5.J¢.cceevenn 42
L ' » R . . © ]
¢ 3;.5;3; Infiltration N.;<~«...ﬁ... 43
o . 3.6.4.: EmPedding .s..eeeeencoe.ot 43
. .
’ - , 3.6.5. Séction®#Ng .....i...ven... 44
- ( ' <@ _“ . ) . o , o ° ¢
- o, .3.6.6. Staining “...... e Seeen 44
, ’ . 3.6.7. .Electron microscqpy'L....."J=46°
+ o’ Q o . -
g ) L I  3.6.8. Photegraphy, and
. R o ’ ,
. magnification ..... ceegete 46
CHAPTER 4. OBSERVATIONS AND :RESULTS ...tvennvvno.i. 47 ,
¢ - - . Gy .
; < . . . 7 a . ‘. o T
- < 4:’1. Light microscopy ...... et e sas e . 47
R . .~ . [4 . -
- « o e
b 4.1.1% ~Introduction ............i%c 47
. - . o . °5 »
e ‘ . ey 2 2 . ° - ‘
. T . -4.1.2. Compatible 1n%eractlonsv..o 48 .
i .eh’.‘ﬁ» v ? — ) . o [y . : ¢ ’oo.q
, 4.1.3.. Incompatible inter- - e
“ \ . ' . e, )
. “ ACEIONS .o eeeersraioncens a9 . .
° a. Preyention of pene-
- . tration .....e0..... .. 50
+ ' ' .' .
. v " b. Epidermal cell
= - [ ‘ - ]
staining ... .......%.. 51
. - ‘ ° o ~ N
4.1.4. "Kinetics of infection .... 52 ’
: S . ' 4:2; Electron-microscopy - Earlf‘ : 7
L interactions ........ cer e e aean s -59 "
’ c4.2.1. 'Compatible interactiens .. 59"
38 ) . . .
) a. Formation and strac- - b
: ° - . ]
ture of the appres- i
. . . . N o .
v . ’ sorium .......e....... B9
. ° T ’ « ix >
. LY » .




v 9 “
- ' . ‘&.
© .
-
- .
o ¥
]
R
.
)
¢
[ .

0
-
v [
<
-
)
$
M
[ El
o
.
o -
-~ 2
4
]
v
- »
4
v LI
ve
a
N @
a
u
. T
P P
g
o
o
. .
¢
.
.
5 E .
P 4
-
o
o - <
L]
K
]

See

P
) -

’ o

o

13
° ,
.
*
40
o
o
o
-
0
o
? 3
e
4

I

e

.o

x
-2

4
o
,
. .
fel
« 2 * .
. .
1
.-
LEN
.3
A
.
P
D+

L

a.

Penetration

.ge»;.n-; tubces' L] : * .’.Q -

actions, .. eee e

Preamble .....

5
b.. Kwan

&

t

[
*“ s @ e a s oo

c. Algetian ....
. . . "

-

-

H

L .
, Host,respo’ses'..:

Und%ﬁfe;entiated

" Incompatible inter-

. - ’ »

Electron microscopy - Later’

= ° e

Interactions ......cee...

4.3.1.

t

o

4.3.2. Mésophyl;‘c;lls

w4

e
v
.. -
‘s &
“in
£ e
' g
~ .
.
s
“
Xy
®
-
a
.
°’
.
.-
w
-
v
L]
[
°
BN
- -

a. °Mancihur:ian .

b.

"Intrgduction “o e

¢ o o;8 &6 0 o

® s o v e » o W

4 [4] .
Kwan - hypersensi-

\

. 3 J <
.tive response .....s..

Epidermal ceils, haus- = .

o

tori

b

A. Manchurian ,

@

3

a 4nd hyphae .........

a.

*

a

c. Hyphae ...........

°

e

Infected

eﬁidermaL cell ...

B. . Kwan'

A,

-

-

b.  Haustoria

"

-

s o ¢ 8 0 0 s @

.. .

gpidermal cell

and haystoria ....
] h

L)

',Hyphae\....--.-..-'



R J

. .+ .. 'CHAPTER:'S5.. DISCUSSIONS -

LI Y - . 1

- *

. \ - "“'n‘ . :- ] "95 B - _‘ - . ’ - ‘w
NS PHOTOMEICROGRAPHS  ewll,tei...i.ln

T .

- ~ - L © . . ~
B . N ' . > . .. - -
4 . Ead R L oo .
. LITERATURE CITED T T e
o B " . ~ i - Lt - -
- . . - N
, . - o - K . ) 1 . . .o -4 N =
- - . n .
. VITA @'® 8,5 & 5 6 8 8 0 & 60 2 e T o0 C PSS G 'L. ® a0 o s 2 v e sy e
. - . . L ‘ <.
T ! - ) - - . - N . -
A . . .
" ° N ” . I . .
.=’ . o A - J
N . . e - -
. S - - - - -
~a \ I —— - ] . o . : : - Q‘ M -
2 ! .. - Rl - i - - - - .
. : . ~ -
- »- ; - A -, . . »
. . v N ‘ B < & . <
~ - -
¥ -
- “ Q@ - . - } .
ERN - - - « - ~ - '
- ‘ N &
~ . -~ LY - " - .
) s ‘e .. . - ) e .
- . - s '
. Y . .
ot . - = . . .
. - - ~ N . . / =
R N - A . ¢ . < ? - '
‘ . \ N -
- B . . . . . .
-4« . -« < Vo . . - . *
’ : N o ~ .
: - - ‘% S R , . « N .
s - - 4 . . ’ '} . . - ¢ /
- - e - »
. . - v - e .
, . - . : N ~ .
» - . I .
. . - - , .
i i ‘“' N N
i - - . . « -
N ~ -, v - o -
. . o
L. N , A . . . ”~
L g R . . ~ 3 o . oo
- vo A . ; ’ -
P 7, _ ; : . . . .
.. . - ' e
- . - - N Y
. .
« et :I A - & | 3 v N
. N . , R .
~ -7 Al N ’ " .. . N N
' . - . N i » - - -
e N s L . . e
- N . . . . .., »
. - . - . - B v . .
P - ° - .. ‘ . . 4 o
‘ ~ e . . . N . .
A ‘ . - .- . - . . . )
. [ ! - & ' _ h -t
- - - Al
- R 3 - \ o . ' ' 4 . > )
¥ tr Lt - B R . - - -
" ¢ . . . - : - - ¢ -
LT s « > . R . ’ ) T
N - .
. o - % : v
' . . .
el e e e - .
R, . r .
! o B A : - . .t /
- ! .t . - . ,
-~ : ’ . ‘ . . ’
T ’ . - “e . e f
. - ‘
. . -~ . M . . - ‘ » -
' . - . - - - - o
- N .
Lo ' A R . .
R . . . . , . . .
: . - . ) - 7 .
. . S
. . , - [N ) - - .
. ¢ ] i o .
2 [~} R y b .
© - . L ) o T e .
. L . 7 .
- P i " L. v '
> Tt T gt -~
- - - 4
. - - ”~ a - .
T o @ . ’\
P : * .
- Loy P ot - L  * '
- 8 : L - s . S
P . . Vet i,
- : . . - ot ' -
ue ‘. ) -
. v R )
AP . - .
Lo “ A . .
. R .
. i RN
. . *
. . . .
N et -
7 \\..J
. -, . Tt A
. . . .
AN : .
X1l - L
.. n - o
. . o . ‘. I

o o
b S .
\ -
’
o,
. .
Lo
<

n, -
N [}

TN s e e

e« ds e ¢ 0 o0
0\\

PEES
o T o« ]
-
-
.
. . |
‘. v
- &
12 -
‘ *
o e .
L2270 T
- Y
- s Y f A
el ‘ B
. 246 .
P - 3 N <
. .
. - N
) e -"' r
/-- /\ "Q ‘\
N - N
£, o~
- ° Ut
B s
AT Vo
s '
. . R - - ~
.
.Q o .
- A . .
— ~ -
- \’\ \\' N
v - ,';‘
- . E M
, ' . . ’ .
, Je oo, .
* 1Y -
, - . .
- 4
- - - A
- - . .
. N 1 -
. g
. R , o
. ‘ B -
4 . '
B » .-
» o o L0
e ¥
“
. - = .
. .
o . P B
. .
. N G . " »
v *® )
.
<
P
A .
- - ’ .
) .
- = Id .
L]
- .
N ;e
. '
i ld .
N -
t -
»



Diagr

1.
r

2.

-

30

Tethnique for selection of pE

L4

Py N - . "
LIST OF .DIAGRAMS
am o, ' :

Life cycle of Erysiphe graminis ...............

- °© ©

r.

e .

4 -
ema:y perretra-,

susceptible ana:resiStaht"b%rley-variétieg

. »

)

tion sites for electron MiCrOSCOPY «.veewecvns. 45 .
& © ‘ . ]
Early developmént of Erysiphe graminis on qu\\ o ‘
" Ld f ) . N .




4 A " AT « ) & o o ’.}
. [ L . - o
: S e :
had [ o -
] . . & < o] o
< ' 4
ed . u ¢ ) - *
< " <L B - s, o + e
D . . © N ) M
° N - |‘ Lo
~,’ « . - « .- . o ) . L)
' L4 ) lurﬂ “
N a ° 2, ¢ o
i o . LIST OF TABLES ¢, .
e ) . ) .
KN - - a3 0 . N
- ; r m ~° o . .
Ry . »- ° v c-'. . R
Table - » 7 o Page . °
a * © >y © ¢ ’ N
4 . - o , % . °
. . l. Dia rammatlc re resenta on of ene <inter- A :
B B o M .
- . o o I} +

- N AN P
' . . : s - . c o . N L4 . “a o
‘ in powdery mildew ddsease°.f..u...........:.f...y 19 N
‘ ¢ - » . - e
‘ - . . L. N . o . ‘ c; .7 o . | ‘ﬁ
. . . .. . s .
= ! " . N «“o ° L ¥ < 9 L’
. ’ ) 2. Infection of Manchurian variety.:< Extent of .
¥ 1 o . * . [
- . ) . o < * 4 . °q.-, . o c:.‘
fungal development °at wvdriods times after *~ - ° -, P
. o . ~ © ) R » R T o ' -
L Ty, . T T L ‘ﬂ - oot .
. - : inogulation ..ttt errrewiacat oo atenessae. 2T ’
i ’ y Lo ’ a [ o - e 7 - ¢
, S , < S . S .
P N e 3 . o , ° . . s , . 5 =
s NI L~ "‘ - v e . o . re} R . " v o A .
: .. 3.. Infection of Kwan variety. 'Extent’of fungai N o
- . < . : < < B - -~ < ' + -_V
R . ‘ ',‘; o oy - . LN a . . - B - . 4 . . o < . ha .
) déveldpment at.various times after inoculation .. 56
g o i : a o TS - ’ ° s e
B o T ' , < ., e
- o . ¢ slb ° & \ o - s ) . 0t e / / b F . ) .
4. Infectlon of Aigerran varlety Extent of L
T 5 © P : v ’
fungal development ae varlogs times after ) Pooed .
o L Y e < . a . ) L’ . e mrv ° oo
. 4 g o o -
1nocuIaglon \...............2...%....:.........; %7 .
° N < ? .F ° N - . °
. N B = U‘ e . s < a « > LR _
‘ ] S e . : o o -
- ° - . .. - .‘ ' © i 7 ? LFie . < 2 )
5. Relatlonshlp between.successfub infection and<b R AL I T
" o, v < “" o . h o . ' .o .
© " »? kel 5 ¢
o type of‘bpldermal cell on_ eqch of”the’barley P
v . w ¢ T T .,
v Varletl&s + s 88 0 s PP [N v’ l.cl F o a0'e a0 g n:c'n,- .,_‘7 st d o 8z 58‘ B
M s e o o « M v . o
A o : ° X o T - ? ) ° ]
. vooR R ‘ - © 3 o
P e e, '“o ° ) S ‘ LR - ° C
.;“.’ 0 R § ’ o, ., v Y . < Iy
o ) . ’ . . [ z QL' .F:' , P : v ) . S
e . o v N N 20 ‘ ° 6 © & ©
! ° " “ . s 4 7 . & ~ B RN B ¢ »
o 2 ¢ » . e o r& o - . o . . co Y . av ) é ﬂ X | o
‘ *o ° o . .0 R -,
@ ¢ Co o ® ¢ . < 2 s ! .
=] 9 . - o L. o‘ PR a ° c &
' 'U J—y ° ' ¢ [} -] ’ ’ ! va5"’> > - ¢ O » ' ‘;' .
‘ 2 A ¢ . b . R -
0 ° / “ 2 i ! *.' e i : g © N ¢ ¢
. @ u Lol * co N "
¢ . Q . o i (I 0 ;‘
] . 8 ¢ B . i ‘gt 2 . . a .
,4 . . &, - 5 ° ¢ . ? . ) ' ‘o
4 ° - s ’ ﬂu ) ' o e f [ P
v 5 PSS 0 e s L - o - P 0
’ o . ’ 3 ;A 5x1;1"'i e % ’ s ° ° ?
- . T D o ) : © % = A / ‘nb IS ‘o “"‘ ° & e o o =] .

<"

actidns between host © and pathogen resultlng . , 'ci

L3



a— i »
B * A .
e ¥
N\ | | |
i LIST OF PHOTOGRAPHIC PLATES -
B - a - .
o ’ g‘ i - b B ~ R .
- s . . "E;
Néte: PLatesql, 2 (Flgures l 12) are llght mlcrographs.g
I3}
8 )
' All other Plates are, electron mlcrographs. - The
° . - o & o
scale llne represents l um in léngth unless other-
. © ° . +
. wise indicated. , ) . :
Plate Figure ° ' . Page ,
¢ h Y ', . N
0‘ . 3 . : = . ’ - - )
’ ' . . ’ 3 > . ° ©
- 1 le‘ Manchurlan. Succe531ve stages,of .
. q€ T, @ o ¢
‘ o ° Cat 9
< infectior in susceptlble barley Feeee’ 11907
- o M ‘ N b o ! o i - ¢ 4]
. © ' . L3 M o PO . . ° 6=
2 {; a, - ¢ .-‘)"rc
o2 oy 712 Kwan and Aigerlan Bevelopment , e .o
’,«4? KR N o‘ OJ. n © : © ° qc.L
e "l of ‘the fungus on the re51stant s L o o st
<n_' - & . 2 e , o . ] . S8
‘ ) N ITOStS .-.-“fi....‘”a"‘t,..,..-...«"...--.-u.. 5116
v o [y . _- . e . - :c ) .. o - .
- \~‘, « ° ‘}) X ~ ‘o . «
.o s e, . s L e P & ,° .0
. . Early 1nteractlon5'ﬁucompatlble LT e
oo LA <« -9 B ° N ' o
- o hosts (Manchurlan énd Keystoned . e .
".':’ .c ot ° ¢ <’° . ° . ”s ST . . ' .
. ~ °. o . . o ct - > N .
a“ o ° . o S T L = . e 8 ¢ L]
3 0 13-14. Conldyum,:germ tubes .and appres- . .
€ per u, ° “ 2 ° :" . 3 o ° .
\ o v “C0 oo . .
o - =sor1um ,5.1......i...:.,.;aa..;..... 118 s
= - F . P o . N Toeg ® 3 .
- - L. . % g 3 o S c__ : e )
. . . L . TR s w " -
4, 155 F6 Enlarged°qlew§ vf parts, of “the ; ‘. . )
- ) A R « s Lo -‘o - e . ' - . - y ‘ .
. v © .coni8idm,- germ tube and appres- T, ’
i’ = 5 9 N - .
b . o : i3 o : € i [ « -3
o . :x ; . Lo o ) ., . M i ) n .
e . . §OTium S P S YRS 120 °
o & N v 9 o . i 5!“- s . &
‘: ) q T o s ° . o ’ LI . . .
> o - o . L
:,,' ’ P e ° 8 o o . o - - ¢ ;e ©
P ,% 20 17 e . APPressorium .t ..ac..l.epeecseealdeon 122 :
-t ' ! o‘ W "’ s o E ” ” © o ] " ° o ° " .
"t e @ e © v v . B i " » ’ . " o
: . ‘ e @ i D. ° ‘ ' ¢ .
e 6 18 Appresserrlum..o..p..........b..:....é,.=‘. 124 - .
@ v ° y . -, . «.
o, ’:’ ":o Lot émo D e o kK4 ) ‘; ‘o . o
°O < - '
< Q. ’ @ 5 b o Vo 0 . © . a2 o
w © oy k4 é-
7 o ‘.:. “ i o . v °
i “ ’ o ’ [ Ua !X{V " ‘ °
é ! o @ P " EE ' "o ¢ -
n v'p e ot ° N Y ¢
] 7 . 9 e ° . . ° e N a ¢ ©
< “ @ ] © o Lot 'L o - °




29

30-31 -

Q Ny ...
32337

© <

<

14  °34-35
'is N{{G—BS
"16-  39-41 -

v "sl’) - !

.17 742
18 43-46

o, :u . -

9 o

Penetrétion site ..

*

©
o

| ’ . . N Co.
An incipient haustorium .pu..c.... 0.

= N
P

T2

Youing haustoria

< . - °

Haustbria; neck/and

o
5 T

Undifferentiated germ tubes
v N . C

*
- s .

Normal°unihfectéd1epidermalbqgllscu..

’
°
[ ]
©

Early iﬁteractiqns - Kwan hostv

°
Lo
[l

3

v " » - ]
s o o o 4 o " 6 v s 80 s s
° "

ped
. GP uJo .» . \ (‘:

-]

N - ' i b. \.‘n
\“‘ _ .
M . ’ , ‘ ‘ ] -
N - ‘ - %L '\’ ’
7 19-20 .The'appressorial lobe (pre-
3 . L :
W penetfation) ............ 0%l
: ‘ N . N ] ‘ _ ‘ ) > "' .
8-f.o21—23“ Appressqrial loBe, penetration peg
. . 'and PAPILLA + e e e e
9 ‘24-26 Eenetrationmpegs, papillae and’
. ) i s o
L .. ordanelles of host cytoplasm..!......
- ’ o 9 © . & . s - :
o ) . ° é
o © 27-28  Appressorial’ lobe, penetration peg -
. and papilla ...s;“.;...,;.utu....f..

v
v s s pge g e et
a '

o
<
o

-3
© <
.

haustorium ...-
< .

T e
-

/ “
o

o .
.

- . .
PR . o
*

. o

o8

Appféssofial lpobe and peﬁetrationa -,
¢ 3 L -

- 0 - ¢
© o
8 46 % 00 00 0 0 wre s e s e e e

s

M ¢ 4]
,

Serial sections through a penetra-"’

3

- .
“

*tion site .....;c.iiiiiiaiiinna,

] © .Y ©

.

o

128°

Al

130

W

oo




AN
~

32

033

47

48-51

52-53

54-56

60 ¢

&1

<

62-65

. o

66

-0

67-68

69-70. -

Papilla-stopped penetratioh peg ....

L] , ¢ “
13 ' ) ‘ '
Serial- sections of a papilla--
stopped penetration ........c...... .

Papilla-stopped penetration ........

Serial sections of a phpiila—
stqpped penetration .......... 000
- - - ’

i

Early interactions - Algerian ho'st _

4 o v o

Appressorial lobe and penetgétion

» /
=« Ceteree ez .
peg &
. f
b /
‘Appressorium and haustorium ........
Haustorium ..... % ... ceicenneraenns
v . .
Guard cell inféction ...............
Normal infected guard cells .........
. . Ty -

Hypersensitive response to infec-
&

P

155 1)+

[
[ ’ »
.

Hypersensitive response showing
o,® ‘. o

electron-dense depositsoin the

APPresSsSOrium ......cevepeoecssnae fieee -

Necrotic appressorium, halUstorium

and epidermal. cell .....veeunroneons

+ o

T oxXvi -

152-4 °

150

156 " — s

158-60

162"

164

166

168/70

172

176

178

3



.34

35
?6
.37
38

39

40

73-75

78 .

o’ 79"80

81-82.

83

4 ]

Serial seétions éhrough a hyberr
'sensitive_epidermal cell,\show—'

ing the appressorium penetration

l‘ - .
hypha and haustorium .............. 180
Papilla-stopped penetration ....... .182
Later interactions - Mesophyll -
Mesophyll cell from infected

Marichurian leaf .........eeeeevens. 184
Megophyll cells ffom infected
Manchurian - leaf ......svevecueene.. 186

- ¢ { o

Chléroplasté of mesophyll cells )

in the Manchurian host ........ ... 188

4
Mesophyil cell from infected

Kwan leaf ..........ceeeennnneenn

Kwan,.fgffects of HR on mesophyll

-
ol

cells. Initial effects .%.........

wan. Effects of HR on mesophyll

. Chloroﬁiasts and wall . *
depos ts 194

'-o-..o--oc‘a--o-.-o--.-nu-o

"Effects of HR on m?Sopﬁyll,

cél s. 'CHlogoplasts' cepereisenees

14




<

- 'S i '. ’ . '~’.>: .
' .(4 . - ~:,~;: "',V:w‘ P 'y
' : he e
. T
. 'S " + _\ ’ . . ., ., .
« 43 90-92 Kwan. «Effects of HR on mesophyll
. cells. cCellular collapse, wall
v, l\ ) - 3 13
* - .'dgposits and chloroplasts ........ - 198 ‘
. , A
44 93-96 Kwan. Effects of necrotic -.
, ™ ¢ , . .,
r ’?sophyll on adjacent cells ..... - 200
- 7 \".. ’
45 - 97-98 . Kwan. Final stages of S
Necrosis ......... et L., % 202
Later interactions - Epidermal
<cell and the fungus N
46 99-d 00 quchhrian;. ﬁaﬁstorium andvepi- .
' .. dermal cell .......... Sieeea ie. 204
47  101-162 Manchurian® Haustorium and epi-'  ° )
’ . *" dermal ‘Cell ...veveidenennnnnnaiae. . 206
:," ) I/“s,‘—:"as, T
48 103 Manchurian. ZAppressorium, -
haustorrum}aﬁd epidermal cell .... 208
49 104 Manchurian.. Fungal hypha ........ 210
50 . 105P Manchurian. Fungal hypha cee e, 212
5;' 106 Kwan. Haustorium and epidermal - | )

- r

52 °107-108

Cello.....y.....'.ﬂ..a ooooo -‘--obofnc- 214.

Kwan. 'Initial effects of HR on

haustoria and epidermal cells c.g- 216

/
xviil . Q*



. * \\\ h . ;'\ . R < ~ - )
- ™ R . - .7 o: - ’ "
. L - . v . ‘ ;3 - ty
N “_' < ¢ ) ..‘.r S ) T » - ' )
e ! Lk S . L . P - N ’
L v - ‘.. . - .- . ! i N . - , .
N ™ z l‘: . ” i s -
IR 53 109-111. _Kwan. "Effec¢ts of HR on * .57 o7 s
. l N : ‘L,“' - .. . . - " e‘ ) . P . -r ‘..".. - B .
CF © ,+x» W -+ haustoria and epidermal celks-....  -218: .
R . . . R .‘, - K ) - , . o - S
. L . TP ke, ' o s
LT 54 . .112~114, Kwan. ‘Effects of HR on . '
\ v iy > +° ~q: ~ ’ f'x'.: . " ‘ 3 ,
i " ., & .- .. haustoria.gnd epidermal cells .... 220
3 < o sl s ] . . e - . - ,
! . . o v . - ) '
: 55 "115~-117 Kwan. Effects of HR on
» N .:\ L4 - ' - ’. 3 - ) ‘ . -
v | ; . haustc?d_:la and epidermal cells .... 222
. 4 ) ) 2, ) .- . KT ' .
- 56 118-120"- Kwan. Effects of HR on ; :
e ) £ .
' ., hyphae .. ... ... it dinnrennn. 224
. . 3 - '-"‘- ° .,\ . / -1
- : &, L o o . ’
. 57 121 . Kwan.  Effects of HR on ' "
. e ' - T " “::A" - . “ ) .o .
‘ hyphae-...:...............‘.;........ 226
\S e - - N PO .'
- v ;* s
N g L
\ . - . - "4»3 :
’ L 2 ¢
. - ; - ¢

1,

. o . " ‘e
. , - . f/
. . “
° o
. Al
~ - -
L]
. -
<
. * *
] . .
»
4 . "
’
-
. - 3
. - - ~ * *
’
a -
+ - . . -
o - -
- e . - - . 3 ‘O
* -~ - L)
, - . . T .
- L.
. ~ 2
- ]
v
.~ .
. - . T
, 0
3
. ‘
- » ‘
. - N *
-
N .
.‘ P - !
T
'
-, X1X
. . : - - - -
1 - .
- -
» ¢ -



- - ’
‘Pj& -5 i
? *.“2"{/. .
. '; ‘, < ’ -
s .,
. - T -
. ) %
. » “ABBREVIATIONS
& . ® . 'y
bt *
A Appressorium ¥ '~ "Hpm Haustorial plasma mem- .

AL . Appressorial lobe .- brane

c Chloroplast  ,+ & - HR Host response {In. text
. Hypersensitive reaction)-
Cm Chloroplast . Hyvoh . {f
membrane- ) Y ypha .-, ‘
Cu Cuticle " Ics Intercellular space -

D . Papilla ‘ - L Lipid body
D3 Primary deposition M Mltochoodrlogb
of papilla .+ mb -Microbody

Dy = Secondary deposit-’ - ml Middle lamella
. lon of papilla MW Mesophyfq’cell.wall

EC Epliermal cell " N- Nucleus, . Vo
Edm Eleictrorn-densé€y, .' * . - S LT e s . -
] .
materlal ’ . NC Negrotic, cy-toplasm | o b )
NH ~Vecrot1o haustorlum a

Ehm Extrahaustorlal

membrane NMC .Necrotlc meSOphyll cell
EM, + Electron ~ Nu Nucleo{us ) o
microscopy - P Penetrat\havpeg- T
ndoplasmlc _ pa ‘Plasmodesmata o o .
ESH Pd  Plastid : %:: - _-.. .
. . pg- Plastoglobuli.,. * ' .
EW 4. pm Plasma membrane v
) ..Po  Pore . ST

Faﬁ Fungal adhesive - o
. material i ..~ PR Polyribosomes . .

GCW ~ Guard cell wall -B Ribosomes . SN
' RER Rough endopl'asmlc retlculum ,

¢

~ Go  Golgi apfaratus. - _ .
gr. Chloroplast ‘grana 75 "Conidium o . .

ct” Germ tube , .SAL Secondary appressoilol lobe

- o 6
Gy Glycogen particles ' Se JSeptum C . '
' Haustorium : . SEM Scannang electron mlcroscopy
Ha  Halo ’ ' ' ‘sg Starch granule 5?‘” .

_Hl1 . Haustorial 1&55 Sm’'  Sheath (matrix)" - [ - N
Hn  Haustorial negk - - & Small vesicles . . -

R . SW' Conidial wall : *
«
o : . .»



T Tonoplast'
\Y Vacuole
Vb Vesicular body

Ve% Vesicle

_VL wall deposit

iy

[PV [ . T O

. IUUETRPL - P
e v




The author of this thesis has granted The University of Western Ontario a non-exclusive
license to reproduce and distribute copies of this thesis to users of Western Libraries.
Copyright remains with the author.

Electronic theses and dissertations available in The University of Western Ontario’s
institutional repository (Scholarship@Western) are solely for the purpose of private study
and research. They may not be copied or reproduced, except as permitted by copyright
laws, without written authority of the copyright owner. Any commercial use or
publication is strictly prohibited.

The original copyright license attesting to these terms and signed by the author of this
thesis may be found in the original print version of the thesis, held by Western Libraries.

The thesis approval page signed by the examining committee may also be found in the
original print version of the thesis held in Western Libraries.

Please contact Western Libraries for further information:
E-mail: libadmin@uwo.ca

Telephone: (519) 661-2111 Ext. 84796

Web site: http://www.lib.uwo.ca/




" CHAPTER I
H

INTRODUCTION

~1.1. General

Eryéiphe graminis DC.NQKSMerat is a biotrpphic fungus

- - L 4
of the family Erysiphaceae. The Erysiphaceae are ascomy-

»

cetous fungi -which cause the plant diseases éalled powdery

mildews. These Are aptly named because the ectoparasitic

fungi of this group produce enormous numbers of conidia
v

which give the surface of tﬁe host the appearance_ to the
, r ' ' “
unaided eye of being oated with a fine white powder.
@ oo : )
Some of t?gyylapt diseases caused by members of this

family are among the most destructiﬂg ones-Known, whereas
i . ©

others appear to béﬁVeryumild and cause little damage. .-

Among the most seridus parasites are Uncinula necator, the: '

1

=2

caus€ of powdery mildew of the grape vine, Sphaérbtheca

mors-uvae, powdery mildew of gooseberries and Erysiphe

g .
cichoracearum, powdery mildew of cucurbits-and other
- o

plants (Alexopoulos, 1962). -

o

a

P

Powdery mildew diseases of ,cereals caused by E.
3 v - -
graminis, are disedses of major economic importance, and,

in cool humid regions of the world, may be the main cause

" of reduced f}elas,%especially‘of barley, .Schailer (1951)

o




?

\

v

) <

. | b \ , \
in the USA in a study comparing the yields 6f resistant-

bl a3 ! )
(Atlas) varieties of wheat concluded that mildew could de-

crease yield by 25%. Last (1955) studied the Yield of

' spring sown" varieties Bfwbarley in field experiments and -
H i -~ N < .
found that -loss due to mildew could be as high as 22%.

Barley, Horde um wulggre L., is one of man'

«

food crops, poss§bly even the ﬁlrst crob that mankind

. cultlvated at the beginning of \riculture (Darlington,

1969) The wild 'relatives' of our cultlvated barlev are

0

4

to be f4und in the Mlddle East and the. parasitic funcus

1 4

E. gram nls_f sp. hordei probabl .coevol®ed with its host

v EN

in this ‘Pait of the world (Koltln a Kenneth, 1970).

Anthropol glcal.ev1dence for the earl} culture‘of*harley .
max/be inf rred‘frOT the myths of D,meter - the\ha&iey
'mother - a protot;pe of corn goddesses throughdut the
d/"orld (Frazer, 1922)., Presumably one of her functionrs was,
to protect the barley from any natural disasters which
might befal®™ it 1nclud1ng powdery mlldew dlsease, "2

s

Erysiphe graminis DC. ex Merat has been studied in -
] . - ° : Y -

- recent years not only because of its importarce as the -

© o

- causal agent of powdery mildew disease of cereals but also

because, in conjunction with its hosts, it affords a con;
venlent system to study the phy51ology of paraSLtlc SXFbl-f
oses. The reasons for this sultablllty as a research tool

lie in the fact that.lt has an, ectoparasitic growth habit

and that its penetration of host tissue is réstricted to

‘the outer epidermal layers of the plant. -THis facilitates

re
.




T\-'

llght mlcroscoplc observatlon of the 1nfectlog'process and e:

ﬁtﬁe subsequent development of the fungus on the hbst It ~

) dlsease re51stance can be studled in cgntrolled systems.

1.2, Life cycle of Erysiphe graminis

“enables one to separ fe almost completely the h&t from -the .

-e 1

fungus for'phy51olog1cal and blochemlcal studles Smely by

swabblng off .the externah.nyphae of the funqus or by coat—
{ A * *
ing the leaf with plastlc films and peellng off the plastlc.
/
% Other advanteges-of this system'are that the genetics

of the host parasite'systems of E. graminis on whéat and

E. gramfnis on barley have. been tho;g!@hly investigated and
isogenic lines of wheat and barley for resistance and sus-~

‘ceptlblllty have been. produced =1o) thit the phy51olo}¥ of

In addition the dy‘Emics of the infeétion process havé been. ~
thOrouéhly investigete853
. *

~ . . Y .
’
rs. . - -
n J .7 ‘
.

q . . i .

"The life cycle of powdery mildews ia'initiatedrby D)
conidia or ascospores both of which germinate similarly
. . . T - 4!
(Diagram 1). _Germination usually begins within two hours

of seedind’(Brodie, 1945) and is favoured by light,‘suitable'

temperature and the absenpe of free water. - i

- \.

Under.favoumable condltlons,'one or more germ tubes

arefpréduced;from the conidium (Cofnegt 1935; Hirata, 19675.

e,

”~ : \u\ < . ) ¢ R v
sorium in contact with the host suwrface.’ On water, agar or

One of_the-germ-tubes'differentiates to form an appres-

glass surfaces, germination is- abnormal in that,the germ

a

tubes may grow 'away from the substrate, they may grow un-




, USually long and 4o not, commonly, form appréssoria’

- {(Corner, 1935) - - M B ;"

L]

Pehetration and 1nfect10n xgﬁeffected by tbe forma- R

tlon of a flne pénetratlon peg emerglng ﬁrom an appressor—’

- -

ial lobe. Thls peg grows through the epldékmal cell wall

into the lumen of the cell, at'the same:the ‘as a papllla

* e ) - ¢

"of host materlal is dep051ted beneath and aroﬂnd the pene-

\%ratlon 51te (Smlth\ 1900). Within the lumen of the Cell,
a haustorlum 1s formed and expands to 1ts characterlstlc

} o * o

Ishape (Dlagram 3). Whlie the prlmary haustorlum lS becom- EI

1ng establlshed, hyphae grow out from the r1mery:apprese~

sorium amd the conldlum along the epldermls £ thetleaf;

JBranohlng lS acute and fa;rly regular.l Seqogd@ FapofEngﬂ

] -

doria are formed as.a lateral exten51onﬁ\€ommonly on éltér—"‘

S

__-nate, hyphal cells. o o L , l, ;

4 Fy

The mother spore of the colony remalns a llving 1nte-‘ W

'gral part of-the colqnz_and does ndt collapse aﬁter the ;-:-

fungus,has establlshed a. symblos1s w1th the host. As the

o

/
1colony develops, conldlophores are formed at figst, at the o

centre o£ the colony and léter farthergﬁway as the colony -

3 - v

'eiﬁands. CJ&onles from s1ng1e sgorés rareiy become larger

uthan a few mflllmetersgﬁn dlameter. " The- mycellum of most

A

) genera of - the Erys;phaceae, %ncludlng ErYs1ghe sp. 1s
COE T L

superflafal.e It conszsts oﬁ'a network of abundant

- Twd .

-

-

Ly

[P

B TR

2

-

o



from their protoplasts. fSpeciesqof Leveiilula and,

- h Ehyllactlnlaﬂare exceptlohal because their hyphae pene*

Lo o

a° 3 N ]

.. }i } trate through the stomata and grow between the mesophyll

e . cells. Alﬁhough most of the hyphae of Phguactlnla
L. . ¢ . ': A\ ’

SRR corzlea\arf-superilclal, they do not develop haustorla

* ~ S &
} R - . ~
e \ ’ P
. L S ¢
C . ;

o

,(Alexopoulos, 1962) T

‘

oo v When the colony 1s 4 or 5 days old, conlduophores"

) . p
~ ~. 1 25

N DT begln to forh as sWelllngs from the vegetative cells in the -

e centreqof the colony.b éonldla,are cut off at €he tlps of
o, B the conldlophores (Qrdlum-type of cohldloQQny) to form a“

B » B 4 . u

chaln of CODldla as shown in Dlagram-l In Leveallula

.

°'taurica the mycellum is endophytlc,sthe conidiophores grow -
zaL-sta

o ‘//] - ‘out of stomata and produce therr conldla out51de the leaf.,
& ”‘ The conadla of the Erysrghaceae are hyallne and 31ng1e-' i
I "‘ ~celléd\' Tﬂby vary in, shape from specres to Spec1es butu

5 &

_ 'lJ_':'* generally, they may be descrlbed as oval Conldla gre the
PR e o . . . -
‘ asexual progagatlng units of the powdery mlldews and are

3 1

normally wrnd“alssemlnated and by chance come 1n cpntact

<« e i -
.Q'. o ° E3

e . w1th a sultable host surface. ' The" conldla are usuaily :.&-
.5 . shoft llved but 1f they.pre~de9051ted°on a sultable host »

-substrate thEy develop and repeatzthls}process of the:

T

o -
a

agexual cycle w1th1n seven days.' f s Lo

The perfect stage of the llfe history 9 .o&dery

\mlldews 1nVolVes the formatlon of a clelstqtheclum or‘

’

s U frultlng body (Dlagram_li Clelstothec1a are. produqed
. regularly, occasxonally or not at all, vagylng-frOm speC1es’

to spec1es, _They are usually~“first formed after the

s
- . N
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N

‘hordel the clélstothec1a1 sfage is 1mpo;tant ﬁbr over—

v

«
&
L

e~ E

asexuel stage has ex1sted f0r'seVeral weeks, nﬁrmally‘in'

. a
» N 3

" the late summer (Yarwood,,l?S?). The nutrltlve condltaon

k] o~
-F ~ L - =8

of the host aﬁd sexualltygqée COn51dered the magp;‘factorsa
‘O

a 0

determlnlng clel%tothec1al formathn,,whlch 1s ushally

. « e o 3
A “li =

prebeded by a decrease in COnldLal productlon.uac

El
o O

The clexstothec1a at flrst agpear whlté

:°, \0 N &

then chanqe
- .

through orange, reddlsh erwn to black when anally mature.‘

Asﬁl and thelr;ascospomes are formed:WLthln ;he clelato-‘

thec1a and the developméht of these structures requrres a
c o B ”‘o'-

~o:°

long perlod ‘of tlme,

[ 0 R <

1n the fall and sometlmes ndg untll tHe féllcwlng sprlng

< o -] » e

Overwznterlng takes place usually 1n the cLerstothec1al

> a \ o

stageabut semetimes colenles may overw1nter as mycella xn

o [, ;e .

FOr E.°

?e

theadormant:buds of thelr host. graminls f “sp.

o 5 0

- Q
o™ “

‘summerlng 1n the. hot desert cl;mates of the Mlddle East

5 0 'w

T3 o

-’.w:v

-

. °where harley and ‘its mlldew evoived (Kolt;n and Kennéth

Eed

sy IQ'{Q-} The rff‘atnre cl‘te:.stdthec‘a °of most of’ the Erzs:.gh-

a

‘SLderably 1n length and shape.

. ascus but E.

aeeae have characterlstlc appendages wh;ch'mqy varyjson-
The asc1 afe globoée 'to

‘Soid and,when mature burst to release the,@scbspores.

. o . -, P 046" ~ 1, @

,Ascospores are gén?rally hyailne, unlcellu&ar and oval.o"

v, s
¢

Pwo or: four celled SCOSpOreS arenalso knowﬁ in-some . .°

© © PA e

The number Qf;ascoépores 1p ‘each ascué var1e5f°

gene‘r!.

u tag

~between ‘species and wythln tbe same specles.~ Uncinula .

A

In many spec1es ﬁhe ascx mature late

o L o T

Yo, -, / -8 ‘e

acerls regularly contaans elght, rarely§31Xcasc09pores per

° “

v
u

<

>

crchoraceéfhm has tyo, rarely thxee‘ascespOresh-
_circt A S S JrE2
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CHAPTER 2 : E
. REVIEW OF LITE{ATURE o

The amount of work reported in -the literature on the

physiolqu of host-parasite relations, disease resistance

‘and the ;ine structure of host-parasite interactions is

vast and an exhaustivé review of these broad fields is not
attempted here. 1In any case much of this work has been-

. L ) o . - 4 L
reviewed in recent years so only literature of immediate

relevarice to the work piesented here is included.

. In" recent years excellent reviews on the phy51ology of

.
o

host para51te relations, have been publlshed (Brian, '1967;
Scott, 1972; shaw, 1965; Smith et al., 1969; Yarwood,
1956).  -Lewis (1973) has examined the tetminology employed

M classifications of fungal nutrition and has suggeéteq.a

return to the broad use of the term symb1051s as originally -

[

1ntendeé by de Bary when he coined the word The termin-

e

ology proposed by Lew1s will be used in this stydy:. The
‘term 'obligate para51tlsm s, @ term usually applled to fungi

that areg not culturable’ on artificial medla (thaese include

. the powdery-mildew fungi), is rendered ambiguous by recent

work in the culturé of some species of rusts (Scott ‘and

Maclean; 1969) and is replaced by the term obligate bio- |

4



10
troph, which includes all the organisms which, 'in nature,
are capable of growing only in association with their
- , hosts. This group includes both mutualistic and parasit;c

fungi, embfacing the fungi of vesicular, arbuscular and

- sheathing mycorrhiza, lichens, smuts, the TaEhriggles;

rusts, powdery mildews and the’Plasmodiophordles. It

includes some members of other groups such” as Phytophthora

infestans; Venturia inéegualis and Claviceps purpurea.
Al @

Recent reviews on tﬁe fine structure of fungi,
haustoria and the host-parasite interfaée include those of
Bracker (1967), Bracker and Littlefield (1973), Calongé
u(l969), Ehrliph and Ehrlich .(1971), and Hawker (19§5).;
Various aspects of disease resistance have been«reviewed,
eg. Cruikshank (19655 on phytoalexins, but probably the most
thorough sufvey is t§at of Wood (1967).

.The establisﬁﬁéZt of a functiQPal host parasite rela-

tionship dé?endé on certain critical stages. These stages
will be.examined more fully later in this chapter butcig is
obvious that one of tﬁe stages csncern§ the initial pene-
tration of the host py~the,fungué. Powdery mildews, like .
rusts and other pathogens, are able to pqutrate not only
ltheir.hosts but also piants on which the&lwill ma%e no
further growth (Corner, 1935; Whitg and Baker, 1954):
‘Though penetration‘iiseif does not ensure the succe;s of
the mildew_ in establishiﬁg a stbiosié;”it‘is an'essential
step in, this regard. Various studéﬁtg gf powdery.mildew

L8 -
infections have described this stage as they observed it in

[




-

11

¢

1ight microscope studies. Smith (1900) and Corner (1935)

L4

have described the gérmination of the“conidium to-form an

.appressorium and the fine-penetration peg, which émergeé

from this structure, and penetrateé through the cell wall

to form a haustFrium withi;’the lumen of the epidermal - . ;
cell. Corner (1935) observed penetration beginning 24 hr
éfter inoculaiion ét ZS‘C apd 100% R.H., In many instanciz/’\\
after‘benetration and hauétorial §o;mation, no further
dévelopment occurs-on incoméétiﬁle hosts. ‘Although the

f@le of the haustorium as an-oxgan of nutrient absorption:
for the fungus has never been properly egtablished, it s
reasonable to assume that this is.the cgse. The formation

6f a functionél‘haustorigm must then be another crucial

step in the establishment of a compatible host—pé?asite
relation;hip. This draws attention to the importanée of
studying *he primary penetration and ghe invasion of the
epldernal cell by the fungus durlng the early stages of

1nfectlon.

Ellingboe and-his students were the first to study .in

detail the initial interaction of E. graminis on sus-

i

ceptible and,resfstag; variéties‘of-wheat‘and barley..

Masri and Ellingboe (1966b) considered the primary infec-

tion of barley by E. g;aminis to bg a multicomponent pro-

cess, each phase distinguishable on Ehe basis of morphology

N P

or differential sensitivity to environmental factors or

both. They. con51dered these stages tb be germlnatlon,

?

formatlon of appressorial initials, maturatLon of appres-



secondary hypha. - : . .

observed at this time. 18 hr after inoculation the.

e .
. 4 K

soria, penetration;wformation and‘deﬁelopment]gf the

haustorium. and formagion of a functional} elongating )
, . . 74 ’
They demonstrated that there'is a‘good correlation
H , v .

- between the number of elongating secondary hyphae on the

leaf surface and the number of priﬁary haustiria in the

epidermis of the same leaf. The fprmation'o longating

>
secondary- hyphae can be used therefore as a good criterion

R

for the establishment of a 'successful host- paraslte

relatlonship They found that’ astearly as the 11-12 hour
after inoculation a few infection pegs have formed in the
epldermal cells. The tips of the_}nfectlon pegs are often

swollen as they emerge from the cell wall. Two hours

later, after fﬁrthervelongation\f d enlargemeéht, the-
perietration hypha starts to-turﬁ:z;;;;a\a\gosition para-

‘llei to the leaf surface. The haustorial sheath can be

haustorial body is fully formed with a distinct sheath, a

— : 5 . ;
nucleus and a vacuole at each side’ of the nuclews. .Later.

~

development consists only of the elongabiqﬁ‘of the finger-

like projections on both ends of the haustorial body. " By~

-
.

34-36 hr after inoculation the -haustoria have reached their
v » ‘

mature size of 64-70 um. b

. e

Hirata (1967), in his monograph'summarizing the results
\ ' L
of many years of study on-the paragitic relatiofis of E.

graminis on barley, found the-deve opment of the mildew to .

be‘mucp the same as that observed by Masri and Ellingboe.

7
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! - : :

However,‘he saio,that the heustorium reqoires 4-5 da&s;to
mature with about ten lobes at .each end of the hod; and
attains a total 1ength of 150-160.um. He founo—that the

primary haustorium begins to develop 10 hr after/ihocula—

-- ¥

2tion, whereas the*secondary and subsequent heustoria begin

4 ¢ "

to- develop at, about m&ghighr«of’the following day. . 30 hr’
. . ., « ’ :

.after ‘inoculation,- when\ the hadsﬁorial growth is soméwhat

advanced, one or two hyphae graw_ out from the appressqrium.
In support of Ehe idea that hyph@l development from the
appressorium is due to or highiy'related to the activities

of the primary haustorium; he found«that hyphae from the

appressorium generally do not groﬁ.out for more than 10 hr

after*establishment of the appressorlum and also do not

b4

1

growiout from germ tubes formed on substrates whlch permit

no haustorial formation, such as glass slides or epidermal

v

3
strips of onion bulb scales which have been immersed in

alcohol washed with water and then floated on water. .

It seems very probable then that the haustorium is re-

v guired for -the develqpment of hyphae and that the conidiym

can oply supply enough nptile_nts to form the ‘prpressorlum,

. penetrate the defences of the epidermal cell and form.the'
/
primary haustorium.

" e

Pethoéenic fungi invade host:plants by direct pene-
tration through the epidermal cell wall or by intrusion

through natural openings such as stomata, lenticels or

o - 4 . -

wounds. Whether the former method of penetration is

accomplished by mechanical or chemical means or both has

-




[ 3

'-¢$\r‘ Woodward (1927) wi®ing with Podosphaera leucotriché

<

been discussed for a long time. Erysiphe graminis, as do

other powdery mildew fungi, penetrates directly through the

cell wall.:

McKeen et 41. (1969) have.pointed out that in the past

many plant pathologists speculated that éntry ;hrough the

. cell wali was mechanical. Opinions varied, however,;from
the.videa that penetration deéends on total enzymic dis-
solution of both cuticle and, cellulose wall (Caporali, 1960
Woodward, 1927) to its being tofally rechanical (Peries,
1962).. Betwegn these two extremes were thoge whg believed
that penetration of the cuticleris mechanical wherea; pene- .

tration of the cellulose layer is both chemicai.and mechan-

iéaéfiBlackmaﬁ and Wélsford, 1916; Corner, 1935; Leong:

.1971; McKeen et al., 1966; Mitcheil, 1957; Stanbridge et al.,

1971). . i}

B . - - L] ¢
réported that chemical dyes showed an enlargement of the

.

passage through the cuticle. His objection to mechanical

penetration was that some means of attachment ©f the fungus

<

hyphae to the host epidermis would be necess¥y to producé\

‘the relatively great force required for a purely mechanical

v . » ; ‘

penetration. He could find no evidence of such:attachment .
1 - P

with this organism. Mitchell (1967), however, in his ..
eléctgon'micfospopy study found no evidence for degradation;

of the cuticle by three species of powdery mildew fungi,
. ’ & ;
namely's. macularis, E. polygoni, an® E. cichoracearum.
} 4 W . .
He found that the passage made through the cuticle of




strawberry, clover and sunflower by the penetration peg is
always the same diameter as the peg. No difference in

electron-density of :-the cuticle was observed at the pene-

tration site or elsewhere. Thus he' considered that cuticu-

.
o

lar penetration is purely mechanical. 1In addition he ob-

'served a mucilaginous goat surrounding the hyphae that he

thought would aid the firm attachment of the fungus to the
host cell during-penetration. Leong (1971) confirmed these

findings. oo . L ‘ :

[

The classical work in support of mechanieal penetration

is, that of Brown-, (1915, 1916) who showed that extracts of

o "

mycellum of Botrytls 01nerea were not capable of dissolwving

" the cuticle of thelr hosts, even though they had been shown
“")

to have a powerful maceratory act1v1ty on_ exposed paren-

L3
“chyma. Blackman and Welgford (1916) supported thls‘argument

by establishing that the cuticle over the epidermal cells is "

, penetrated by 1nfectlon hyphae before the cel\s are kllled

-

They also clalmed that the mpc1laglnous coatlng held the

+

spores of B. cinerea to the leaf even before penetratlon.

Brown and Harvey (1927) demonstrated that*fungal hyphae

can penetrate relatively hard substances such as various

HE <o

thicknesses o paraffln wax membranes and fllms of gelatln

qof different hardness obtained by treatment w1th alcohol ~

¥

followed by £ rmaldehyde. ¢ .

4

Flentje (1957) showed that penetratlon of host plants ’

’

by Pelliculany fllamentosa is preceded by ‘a flrm attach—

~ L 4

ment of the 4ungus to the host by a mu01laglnous ‘sheath and '
[ w

[3

"1 ° - 3
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that failure to achieye this attachment on the host re-

[

sulfs in failure to infect the host. Consequently, hég;
thought "penetration by this fungus to Ee mecﬂgnical.
Traqsmiésion electron miarosaope,stu@ies ot penétra—
tidn have supporfed the idea that penetratigg of the
cuticle by powdery mildew fungi is meéhénical. Besides
Mitche{l's observation on hyphal penetpation, Leonq'(197i)

LY

studied primary penetration of \clover by E. polvgoni and

4

considered that penetration of the cuticle is mechénical'
Because no change in electrén'density or erosion of cuticle

was observed. Similarly Stanhridge et al. (1971) and

MCKeen ZFd‘Rimmer (1973) observed no indication of chemical

" Hlegradation 6f the cuticle layer of barley arohnd the

~

penetration zone of E. graminis.

) .
Martin {1973) remarked that, considering ‘the chemical
L4 © » b

nature of cuticular waxés and cutin, it would beiunlikely

that these soft substances should provide much of a barrier

.

to penetration. It is élso!interesting that scﬁhninq

electron michspoe (S.E.M.) stndies have shown that' the
waxy outex layers of the leaf areiexcavated beneath the

. > v ‘:
conidium and appressorium of E. graminis and an indentation

cbnforming to. the shape of these structurés is left where
they have been removed f{om the leaf. Schwinn and Dahmen
- (1973) an an S,E. M. study'répprted‘that duiinq the infec-

tion process prior to the penetfation of the cell wall the
; . - ‘ n
wax layer of the leaf is dissolved by. the appressorium and

‘beneath this structure disappears completely. ‘

2y

-




Lo
Direct evidencg for .degradation of the cuticle by

powdery mildews has been obtained from analyses of the
. &'; >
.surface layers of healthy and mjldewed leaves of apple and

turnip. Whereas:the'wax content of mildewed leaves was

higher than that of symptomless leaves, the cutin content

" 'was considerably lower. Rose Ipave; infected with S.

3

'Eggai'é had only a quarter of the cpein found in healthy :
*

leaves, and the£ESWas also a marked reduction in the cutin
» . . .
" of leaves. of Malis sp. heavily infeoted by Venturia

inaéqualis (Roberts ¢£ al., 1960). -

..

Linskens and haage {1963) reportéd cutinase activity
.

in vitro for Botrytis cinerea, Rhizoctonia solani, Clado-

sporium cucumerinum and Pyrenophora graminea all of which

~

are pldnt parasitic £Lungi.
\]

‘One of the most challenging problems ofhplant path-
i

ology today is the elucidation ofxthe,me%hanism(s) which’
determine whetﬁer a plant fs fes;stang or susceptihle to a
parﬁicurgé pathoéen. Resistance to a plant pathoqén has

.its basis in theﬁgenetic composition of the host, the ex-

pression of which may‘pe modified bv,nutritionai and other

+ ’ ‘
env1ronmentalffactors. There appears to be a very close

‘felationship between varieties o} a giverr host and pathorl,
gehic races of a given fungus. The gene-for-gene hypothe-;
. - * . »
sis was first formulated as thg genetic basis for host-

»
-

N - 2 y
- parasite compatibility for the flax rusﬁ;ﬂiseaSe (Flor,

1946, 1947) and, since then, similar relationships have been

’ @ . *

found for many other-diseases involving biotropvhit fungi
" . N . )

[ v !



:\[ ‘:f(Persog; 1967; -bay, 1974)}u Suech a- relatlonshlé ex;fts in -
’ M v
- the barley ‘powdery mlldew disease (Moseman, 1971 Table 1)

-~ [

. where specific genes for re51stance and susceptlblllty in

N \\ . ) DA M >

' ‘ ;( : barley'pnd-spec1flc genes for v1rulence and avirulence in
- ) B - . . r . B . \: M

. *the powdery mildew fungus have beeqﬁidentified.

. . L ' - : ) B

a2 e,
-« N

.
R

- - . . ’ L]
AN v . .

hosts with a resistant genotypeé MMl or M1l/ml and Ybatho-
o . ' ’ .
‘gens ‘with the corresponding~genotype A. High infection
; types result either.from-interactions between hoSts with

«

r3\\ ’ ‘;resistant"éenobypeSfMl/Ml‘or ML/ml - and pathogebs with*a

.

I \\§\§; éoffésponding‘biruleﬁce genotype V or froﬂ-interactions
- o . -
between hosts wlth susceptlble genotypes ml/ml and: patho-

.. N N

. - T gens w1th elther the correspondlng vxrulent (V) or

< '

E.-gramlnls and the subsequent growth~;nto & sporuiatlng

| 1
< g

':}‘:. . C 10ny have been studled with,lkght m1cros¢ope technlques

by Masrl and Elllngboe (1966a, b), L{?z,rgnd Edward$ 119747,

;; < . McKeen and.Bhattacharya (1970), Stanbrldge et ‘al. .{1971),

and mostsrecently, by BushnelI’and‘Bergqulst (1975).

/— . - =

) Fo: E:'gramlnls horde1— Masr1 Q;d Elllngboe (1966b)

P

'a

have desczlbed flve mechanlsms by whlch barley contalnlng

L . - -~

' ;JL"~ various resistanf genes is resmstant to attack by- "the CR3

T;f' }lgerlan (Mlar, Geldfo;l (Mig), Kwan (Mlkf and Psaknon

(Mlp). They COnSLJered all- these genes to be pIElOtrOplC

[}
» . "

;;w ' gace of the fungus.. The r951stant~gehes they examined are

av1ru}enq (A) genotypes (see Table l) " The expression of -

. ;Af these genes-during the course of. the 1nfection of barléyﬁby

18

Low infection types result from an jnteraction between

A\

e

7

[}

-

-

-f

.

W beeause,theyvall exhxblt mere than one effect in thelr'mqee

L]
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* the difficulties in observing mildew on leaf tissue. They

4

°

‘ o . . . . “ -
of action. The manner in which - these genes(conferred re- -

sistance were: ©o-

Il
LAFT - a

oon

i) exclusion of the pathbgen from the host

ii) delay in garly haustofrial development’ v
i1ii) distortion of some haustoria T o . Tl
iv) destruction and distortion of the’ ma)brlty 2 w -
*» of the haustoria five days after 1noculatlon' .
“and ‘
v) ‘“suppression of fungus sporulation after the ° ' .
. establishment of primary “infection, thereby N N

preventing phe occurrence of repeating dis-
éase cycles. ’

o
. - - . .
r s . M

. , ¢ -

- ©

< - w

For the Algerian gene -(Mla) the various mechanisms by *

which fesistaﬁce?of the host was expressed were identified e
B « “ N »
as follows:, -/ L R
& B ’ A 3 < ST
. ™ .1). exclusion of 95% of the applied conldla o . )
from entering the host ‘ T S
iiJ delay in, early haustorial deVelopment ‘ -
iii) redudtlon in final size of haustoria e et
. iv)- dlstortlon of a small portion of haustorla . -
'v) suppression of fungal sp@ruiation even . : .
after a® successful host para51te re%atlon— : . :%;‘
ship ‘was established. " . ' LS .
t - »’ . P ‘.
They con51dered the first and last of these mechanlsms .~ﬂ

[ - . -
to be moest lmportant in conferrlng a hlgh degree of resis-." ;

tance in’ thls host. o , : ) «
McKeén and Bhattachafya :(1970) studied the effett%of.
the Algerian gene (Mla) in the light and electron micro-

i e

scope, They used coleoptiles in their study because of - Fff9§-

found about 80%"of spores 7érminate to form haustoria on

-

‘susceptlble plants and only 14% on the re51stan§ host -

They thought that two types of resistance occur, one whlch -



s

i's effective du}ing or immediately after host wall pene-

tration and another whlch 15 effective 2-4 days later.

>

They had great dlfflculty in- obtalnlng EM plcture§ through R

hd -

o
»

the peg région because of the large numbers of - sectlons

which had to be cut before a peg was obtained.
3

The use of coleoptlles by Bushnell" et‘al.‘(l9672,:d
McKeen and Bhattacharya ?1970), Bushnell (1971Y and
Bushnell and BergqU1st (1975) 1n*the studles of thejprlmary ’

penetratlon process %ﬁ the mildew on: barley‘and the re51s—__

. 0,,' o= . *#‘" e i ‘cc -
tance mgchanlsm of ‘the varﬂeusqgenesh_uné%ubtedgy has cer—; o
tain advantages 1nothat w1th Bushnell's m;croculture system

¥

1an in. vivo study of the 1nfect10n pgocess can-‘he made.;&'

Nonetheléss it is confusing to attempt to compafe the

1nfect10ns of coleoptlles, wh1ch ‘are small,tnon photo— T
. synthetlc and would hardly ever be 1nfected naturally w;th

powdery-m11dew,w1th those® of leaves. Tb assume that the~ -

Susceptlblllty'éé coleoptllés is 51m11ar to~ thab of the
photosynthetlc 1eaves may be unwarranted and in. thls :
B oo
regard Bushnellret al, (1967) state that 'the coleoptlles

may have been sllghtly res;stant to E. gramlnls in- contrast ¥

, to fully susceptlble follage leaves becaUSe the hyphal

- . / -

: growth pattern was 51m11ar to that of the fungus on-in-

ﬂcompatrble‘ osts as reported by leata'(1967).
. - s N ' ‘ . - . ) )
Edwards (1970) provided evidence that a 'basic 'stain- =
- . N i ’ i ’ . . s )
%ng material' is .present in the infection site of-unr/ . .

uccessful attempts at penetratlon. Lin, and Edwards (1974)

extended the work angd séhdled the prlmary lnfectlon process




‘ ﬂ . . \ X
" \of E. graminis on four isodenic lines of barley. They

- L)

‘ found that the unidentified 'basic staihing material' is

\assqclated with papillae when penetratiohn by‘appressoria.is

N N . o

unsuccessful but not with penetrated papillae. . They found
that the Algerian, Goldfoil and Psaknoh genes for resistance
delay or reduce the frequency of infection but that the

"Kwan gene has no effect ~during penetration; The %reqnency

a

Y of 1nfect10n on all’ varletles, including the susceptible
4Manchur1an control, was less than that- observed by Masri

ﬁ and Elllngboe. They observed that the resistance of leaves

@

to penetratlon 1ncreasesﬁgn both resistant and susceptlble

+ -

T
hosts w1th cell age ang also that dlfferent types of epl-
dermal cellsexhlblt dlfferences 1n resistance to penetra-
tion. Stanbridge et alt-(1971) uhdertéok an EM study of

'the,primary penetration. They showed that a small part-of

e ’ ¥ ’ .
the parasite population ceased growth without papilla

formation, a larger part with papillanormatiop and that
) .the incdﬁpatﬁbil&ty tonditioned by specific genes (Mla,'
o ) ~ . S
Mla. or Mla6 and Mlg togethef) was expressed as a halt in_

. . fungal development and hypersen51t1ve death af host cellsf
. only after.a haustorium had formed in the host cells.
. s / .

.,Bhshneblpand'Bergquist (1975) studied the primary’pene—

~,1t?atlon process using living material. They obseryved the
.1 develogment of oytoplasmic'aggregates in the lnfection

. site,‘papillae and'haustoria in various oompatib%e and in-~-

1 ©

P [ 4
compatible hostrparasite combinations. Aggregates were

<. | ‘ ' induced by 22-100% of the observed appressoria on‘all but

-
]
.

&




Y

- T T

o

one, of the host-parasite combinations. Papillae were in-
’ - .

“duced by 30-70% of the appressoria and haustoria w&re

férmed by 39-83%. The freqﬁency of these structurés was

generally the same in both qoﬁpatible‘anﬁ incompatible:

combinations. Papillae were present in ményfingtances in

which haustoriq failed to form but were also freqﬁéntly

5

present when haustoria were formeéd. -

Incompatibility was expressed_in the Algerian-CR3
combination-py the collapée.of the infected host éellssa
i6721 hr after inoculation. Cytoplasmic streaming

stopped atﬁén.earl§ time and the host cells then lost

turgor as the cytép sm clumped 'and haustoria degenerated.

About half of the aﬁ%ressorié inVolved also degenerated,

LY .

whereas the others remained he&lthy in appearance.,:Théy
noticed %%at host cellsrwh£¢BIWe§e not under attack also
collapsea; especially in par#s of the tissue that had
unﬁsually heavy inoculum loads. Similar to the findings
of the present wgrk and that of Stanbgﬂdge et al. (1971{
they showed ghat'g h;gh percentage of germlings failed to

énter the host when a papilla was produced regardless of

- L)
the host-parasite combination or the presence of specific

‘gehes for resistance in, the host.

L

The role of the papilla in non-specific resistance
seems. unquestionable but how it éxcludes the fungus has

not been determined. The papilla begins to form before an
- ‘ < H :

attempt at penefnrtion of the ‘cell wall-is made (McKeen
and Rimmer, 1973): It is not a simple homogeneous struc-

@
-~

23



2 é‘ Q " 24
1 N
L

ture. It contéins callose (Bogdan, 1968; Edwards and Allen,
' 1970), a high accumulation of silicon (Kunoh and Ishizaki, ~
f1975),vtwo distinctive layers and membranous fragments.Qir '

Most ?f”the ultrastructural studies on powdery .mildews
N - . AL B
have been concerned 'with the nature of the. host-parasite

‘inte}face. This boundary, though not’éa%y to hefine, is
the site where.go§£ and pafasiteiare mo§tuintimately
associa%ép'and through which transport of nutrients and,
probably, exchange of gnfbrmatioﬁ takes pl{éel § comprej'
hénsivefsurveyxof éuch interfaces, and an atté@ét at a
classification of them, has beeh-published by Bracker and
Litt;efieid (1973). The onto@enf of the functional host-
parasité.rebationsﬁip may involve more than bnehtyée of ¢

v A

interface. . v , ;

~ : -

'Bracker.(1968) has given the most complete account of

the fine structure of the haustorium of E. graminis but

the first study was that of Ehrlich and Ehrlich (1963). o

The haughbrium consists of a central body and ii;iiii,«”’-d/,
o, .
lobes. This main haustorial body is separated om the :

infection peg by a septum. Bracker showed that the host
plasma membrane surrougas the collar (or papilla) and is "

inserted between the collar and the infection hyphae‘aﬁd\

]
encloeses the haustorium to form a sheath or extra-haustorial

membrane. McKeen (1974) confirmed the sheath membrane to

be an invaginated portion of the-epidermal celd plasma

membrane and shOwed that, in association with the haus-

[
torium, it thickens, becomes more osmiophilic and that

kY



-

invagLnatiens towards the hausto;iu@ are frequeﬁtly preé-
ent. Kunoh (1972) demonstrated-that t?e sheaﬁh membrane
;é’a,unit membrane but McKeen showed that the transparent:
central stratum, typical of conventional uhit membranes,
is lost from the plasma membrene when it eneépsulates the . |
Hausterium. .» . '

| The hypereensitive reaction (HR) of ceils fo plant:

parasites was reported first by”Wakd (1902)-for Bromus
$ . —_— =

spp- parasitised‘by Puccinia-dispersa. It is usually re-
garded as the local reaction of a resistant plant to in-
fection (Wooa,'1967). The extent and characteristics of o
HR vary_in differegt combinations of host cultivar and -
pathogen,race. White and Baker'(1954) have described the -
hypersen51t1ve reaction of barley to mildew. Ipfection of
epidermal cells ‘of hlghly Yesistant  plants by a 51ngle
haustorlum is followed by collapse ‘of the adjace;t meso-
phyll eells. In resistant planfs this is delayed until
three o£ foufvhaustoria have formed. 'In contrast, in ‘what
are described.as sémi-resistan; plants, there is no col-
lapse of mesophfll cells until up to ten haustoria have‘
‘fOrmed in:the,eéidermal celie and_when this occurs a con-‘
siderable nember of mesophyllxcells are involved in tﬁe HB:
At flrst the restrlctlon of biottrophic. fungl by the ' §~;
host's HR was explalned simply that in these dlseases -
k;lllng of host cells meant that growth of the para51te in

the necrotic tissue was limited due . to the stgrvation of

the %arasite. But eventually it was realized that some of




° N

the characteristic features of hypersensitive responses-of

tissues attacked by fungi such as the rusts and mlldews,
also appear in diseases caused by fungi capable of necrOT e

trOpth growth hablts ‘such as Phytophthora infestans.

‘P’ infestans in certain tlssd%s.of susceptlble hosts does

’

not cause death of the cells in invaded tissues and is

capable of forming haustoria although it does not do so

(=] °

readily. P. infestans, however, is nbt restricted in its

growth to living cells. The mere fact that host cells_ are
kille¥d will ndt explain inhibition of growth of the para- - *
site in such tissues. Furthermore, fungi such as Colleto-

trichum, Helminthosporium and-Septoria typically cause

necrotic spots on leaves and other parts of susceptible
-plants. This necrosis does not contain the fungqus but
enlarges.and as it does so the parasite continues to spread "
through 'Be tissues. In resistant plahts, however,
necrosis is very limited and does restrict further develop-
ment and there may be littleﬂto distinguish the reaction
ﬁroﬁ hR of resistant plants to rusts and mildews. |
Muller and his coworkers observed that if potato
slices are -inoculated with zobspores oﬁ'a race of‘P.
anfestans to whlch they are re51stant and dre subsequently
1noculated‘w1th zoospores of a race to whlch they are highly
susceptlble, the v1rulent race develops freely on the sur-

-

faces where.no previous inoculation was made but ,only poorly .

where the surface has previously been inoculated with .the

avirulent>strain (Muller and Borger, 1941). This and sub-




sequent work led Muller to propgéé the existence of phyto- “,

alexins, which are non—specific‘?ungitoxic substances in-
. B P v .

duced by the avirulent pathogen. .Other phytoalexin-like
as.ubstanf:es have since been characéerized and probably play _;\3
an important role in the reéistgnce of plants»to phyto-' oo
pathogenic fungi (Cruikshani, 196§). However, . there is
. little evidence as yet that such pompounds are involved in

the specificity of plants to rusts and mildews. ) ' ;

"/
In spite of the potential value -of electron microscopy

.to help elucidate the relationship of host and parasite in . N

resistance and in hypersensitive reactions, there have been
>

very few studies on the fine structural changas associated

with these phegomena. Mosf'of what has been done has.been

concerned with rust infections. s ‘ -
Ehrlich and Ehrlich (1962) and.Shaw and Manocha

(lBFSb) were the first to imcorporate resistant varletles

in their stuydies of tHe flne structure of host- para51te

ifteractions. Both are étudieS*of Puccinia graminis in-

LY

fection of wheat. TChrlich.and Ehrlich (1962) observed an *~

encapsulation surrounding the haustérium'of P. graminis f.

» 'lsp. tritici. Tﬁis/encapsulapipn Q&s prggent'on all ;he v;r—
ieties examined whether of~high or low infectionatypéi Inw(
the sﬁ;c;ptible 'Little club':ﬁariety the encapsulation is
rich in particulate material while bn the resistant varie- K
ties 'Tunsteim X' and 'Reliance’ enly a minimum O¥ particu-
late material is érésent. Théy-obsefvgd:deaa haustoria in

e ¢ all the varieties'but most frequently in the semi- : .

-




susceptlble varjety ‘Chlnese . which deve10ped extensive

chlor051s and necr051§ around 1nfectlon 51tes.- They fouﬁd\

that haustoria in the more susceptible varieties tend to

- »

have rumerous mitochondria and rather well developed endo-

- ¥
plasmic reticulum (ER) but that haustoria in the resistant
L4

varieties tend.to have fewer mitochondria and less ER.

Shaw and Manocha ¥(1965b) showed that the hausteria of

4

Puccinia graminis f. sp. tritici are characterized by

numerous mitochoridria, an extensive ER, densely packed

ribosomes and a well defined plasma membrane which is

often invaginated by lomasomes. . Tﬁey could not see any

L

difference in the number of mitochohdriazand the amount of

ER in the susceptible 'Little clpB’ and the resistant
'Khapli'. Many haustoria ofi the resistant variety were
,’ -

necrotic. They also observed a granular enca sulatlon of
the haustorla which separated thg haustoriagfrom the rn—‘
vaginated host protoplast. The encapsulation, they cong -
siderea, was mainly)secreted By the host and developed more
qoickly in the resistant varieties than in the susceptible’.
Presence of haustoria induced in the host the formation of

an extensive:smdoth,ﬁR and contraction and fragmentation of

N » .. i . 14 . .
the vacuole, an’increase in cytoplasmic volume and ultim-

-

ately the degeneration of the host cells. They considered

- that the breakdown of subcellular organe}les-in the wheat

C oy .

cells was similar’to that which had been reported to occur

[}

in detached senescing leaves.

In a comparative fine structural study of Puccinia




k 4 V
. s catharmi infection of seedling-<rust resistant and sus-
y e . ) . e )

ceptible safflower, Zimmer (1970) observed that the fine

e

structure of intercellhlar-hyphae and haustoria of P.

catharmi is similar to that of other Puecinia sgg, but in

contrast to observations on P. graminis the encapsulations

Fl . -

(on.sheath)oof P. catharmi were not of a single amorphic

structurefbci were composed of three discihct regions, - He
found that theeresistance qf safflower (Nebraske 171;5),
resulted from 'cytopyasmic inhospitability of the cells of
ghe per?vascular region', and was maﬁlfested by cytoplasmic
collapse, degradation of the haﬁscorial encapsulation and
the appareﬂ; deprivation of the haustorlum of nuf%lents
essential for glycogen synthesis as glycogen was abundant
- in haustoria in the perivascular‘reglon of the 5gscept1ble
'Nebraska 8' but absent in the 'Nebraska l-%—S' variety. ‘
. ) Crystal-containing mfcropohies were abundest in‘sells

in the region where exclusionary seedling-rust resistance

was operative. These,bodies diseppeared zapidly in rust-

infected cells and Zimmer suggested that they may play a .

C . role in the 1ncompat1b111ty of thlS varlety

' ' Heath ahd Heath (1971) compared the ultrastructure of

2

the susceptible and immune reactions of Vigna sinensis.

leaves- infected with Uromyces phaseoli var vignae. Signs
. . L J

. T of 1ncompat1b111ty were’ detectable in the immune cultivar

dﬂ&lng the early stages of hapstorlal formatlon when a .

dep051t of callose—contalnlngfmaterlal was formed on the

host cei% wall around the point of entry of the haustorium.

v

. -
~ -
@ P ~
. L. .
.
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No such 'reaction occurred oa the susceptible'§ariety.
P ~ S -

J - . . . . .
Haustorial fd'matlon in the immune variety examined re-

- Y

sulted in either the simultaneous necrosis of botl host

cell and haustorium or the enclosure af the living

%

5
haustorium in the callose-containing encapsulation which,

they speculated, may have been derived from the activity

= of dilated rough ER. The first gbserVab}e reaction to

[

<

’occdr, however, was that the host plasma membrane around
the haustorium begame}convolu%ed and deposits of phospho-
‘ lipid-like material .aggregated with the.membrane. -

5 Heath (1972) extended this work to examine more

varieties which exhibited resistance and*inclﬁded the non--

@ -

host Phaseolus vulgaris. The non-host responded to each

.

.infection hypha by the depositiop of the electron-opaque

N

material on and withjn the surrounding host cell walls. N

These ,deposits "prevented haustorial formation in 95% of

/

the infection sites. 1In two jimmune cowpea varieties, how-
ever, there was no indication of resistance detected until
after thé formation of the,?rimary haustorium. °‘One of

these.varief{fies showed a similar resistant response to -

[

that.observed'earlier (Heath and Heath, 19715. In the

Sthér imstune wariety haustorial development was retarded

and all the host cell membranes were dotted withiosmio;' :

- 5t > . [y >
ﬁhilic ‘maj@gial. These initial responses were followed in
) ) 3 ‘ '
both varieties by a simultaneous necresis of host cells and -

" haugtoria. f ‘ - :
] \\‘ B - . " ] .Q L N [ J
f . e . . . . '
*'She also examined the intermediate variety, -which re-
: . “ y - ‘ ) » h- « 4 . -
» 6‘ ( ”
! o . -



>t ) -

:'3' . ! _acted to infection by the production of a small necrotic

' .: . ‘) .
fleck four or five days after inoculation. No signs of
resistance were preseént during the initial stages of pene-

¢

tration or haustesial formation. The eventudl slow dis-

N

organization of invaded cells involved the fragmentation of
.host cytoplasm, followed by a djisintegration of mest of the

host cell membranes. Haustorial disorganization did not

immediately follow that of the host-.cell. ’
Recently Skipp et al. (1975) examined sesistance con-
ferred bw the téﬁperature sensitive Srd gene 1in near-

isogenic lines of wheat. Mesophyll cells of the’resistant

3

¥ ., lipe which had undergone a rapig necrotic res;yhse to -

haustorial invasion were collapsgd and lacked the thin
layer. of‘cytoplasm that bounded the vacucle in the sus-
ceptible linewg Instead, the‘Luﬁen,bfﬁthe cells was filled

-with 4n electron-dense materiallof:mixed cytoplasriic and

. I . . .= . \ o
vacuolar constituents containing organelles inavarious

o

stages of disorganization. The hausioria within such cells

wéfe'necrptic as wefg their mother cells. Infeqtion'hyéhae;,
R — proximal to'thé haustorial moﬁhef cell showed little evi-
~dence of damagg; Cells adjacent to host cells showing

i

: - . e , * B
- . necrosis’were often vesiculated. A deposit of electron-
o B ’ . 2a

."opaque material was observed between the wall ?f:a necrotic

. cell ‘and its plasma membrane and a similar deposit was
. , present close fo the adjoining wall of an adjacent non- )
necrotic cell. y )

An ultrastructural study of,resistance of the Q‘ench

“ -
— -

- , = 2

4
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bean, Phaseolus vurgaris; to anthracnose'ceused by Colleto-

trichum lindemuthianum, revealed -that . the hypersensitive
+ death of cells appeared to be the moSt important cause of

. o

ﬂ»ﬂ’ - - re51stance (Mercer et al. ,¢1974). Walls of killed cells .
1Y oL ° ! - =

A became granufgr but this granularity. did not extend beyond

T ﬂ . the“middle lamellaf Pits'!kﬁween.kllled and edjacen; liv-

IO ing cells becamg occluded. The volume of cypoélasm in

. P o ) . 4 7o . v
Lt o0 ¢ living cells of infected resistant hypocotyls increased j
. . N 19 . - ‘ ‘ , .

about three folgx nuclei were convolufed aﬁd‘chlorophyll

- v N3 .- . P

was not removable by the. usu\} solveﬁts. Hypersen51t1v1ty AN

‘; was observed in allpre51stant comblnataOns examlned and in

~e " .

some susceptlble combLnations. Dense%y stalnlng pdrqlcles

‘were observed along the plasma membrane in otherwise normal ’

cellS'adjacent to cells in which the hypersensmtlve,re—

- sponse was ihcomplete..~éimilar membrane :esponses‘were
o SO : T :
"+ observed by Skipp-et-al. '(1975) and Heat? {1972) as mén- o
\. . ‘ - \ ,‘ ) ‘w

" tidned previously; Me}cer also observéd~reactionaméterial'

“in cells’ adjacent so hypersen51t1ve cells dep051ted between

~

‘a: the plasma membrane ahd the cell walL., Thls mgterlal -was
' . : .
also found in non-hypersansig}ve comh1natlons. ~Th15

o mater1a1 was largely composed of calIbse .and often con- -

oo (l tamned orgayéf/ih and pos31b1y other cyboplasmlc eoméqnents .

= whlcﬁ h85“10&b~th61r 1dent1ty ‘apd became electron-dense. L

i f.;f;Z' e Sﬁaweapﬂ Mahoché (1965b) attnibuted the ultrastrc:tu;al _.”

e hanges that-dO‘eventuallx take place in wheat shscqptlble fA"
to P.. .§;;m1n1s to premature senescence and ShOWed that™ ‘

vrlatural sene.scance m ;he same ‘p].;ﬁt spec:.es is accompanied - '




.-ethylene-induced senescerlice. Ethylene treatmeﬁt of .

healthy leaves did {khuce changes Sim;lir to those seen
is
'fected leaves released greater amounts of -this gas than did

)
4pustule centre and she suggested that\\ost of the increased

. _ senescence. Later. de,I'elopment, howeverqg 1nvolved the: de-" * -~
A . / ©

, |
cles 1n some chloréplasts an& thylak01d breakdown and .

«
N . (S .
g .
- g . .
.

by similar fesponses (Shaw and Manocha, 1965a)t Heath- .

]
11975) noticed -that conspicuous changes in chloroplast*

- s . ®

. ultrastructure in cowpea rust 1nfecti9ns, which‘occur in

susceptible hosts after sporulation, more closely resemble

-

chromoplast de:j%ggment in sz$e ripening fruits. As in—

ﬁection by rus is known to enhance ethylene productioh ,

\

(Daly et al., 1970),and as the ability of ethylene to

L)

accelerate senescence and its role in natural fru;jeszené

ihg is well known (Abeles, 1973), she compared. the anges

in chloroplast ultrastructure, induced by rust infection of

<

cowpea leaves with . those occurriﬁb w1th natuxal and

¥
during the 1ater stagg of pathogenes

nd/aetaohed in- .

-

controls - Chromoplast like. changes were restri&ted to the

gas production was assoc1ated with' this region of high-

fungal concentratron.'~yaturally senescing leaves contained
. N ' . »

only one sixth -of the ethylene bontent'of infécted leaves.

The first chloroplast cha%geS'involved an increase in the

s&}e of‘plastoglobuli 51milar to what occurred 1n natural’

Y °

velophentaof prolamel qr-likelbodiesiahd peribheral vesi—', 0

Carotemna cx‘ystallo:. formation in fﬁhéré, changes which

reseTPLed chromoplast development in certain fruits. This

r . v
’ ‘ ~ 9

* .

. i, 3 ) ' ) . ) \ )

i ) ) * . -
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- ©/
evidence suggests that ‘ethylene may play a role in- the

”chaﬁge of chloroplast ultrastructure that occurs during ~’
“ - v 4
+ - rust infeltion. =
. X ~
Ultrastructural studies on‘resistance of plants to‘

powdery mlldews have been fewer than those of rust infee~
Vo ¢ k .
tions: Generally these powdery mildew studbes have concen- )

{traged on primary infection and resistance expressed at | ) CoL
& X v ) L 4
, this time (Leong, 1971; McKeen -and Bhattacharya, 1969;

Stavely et al., 1969; Stanbridge et al., 1971). I R
McKéen and Bhattacharya (1969) examined very few

<

1nfect10n SLtes in the elec¢ron mlcroscope of E. gramlnls

on Algerlan barley - About - two days after inoculation they.
- observed that the penetratlon of the post cell by the fungus

Was stopped in the papllla and, ‘that the 1nfected epldermal

v - .

4 cell and,the’appreSSorlum'were.necrotlc, Stanbrldge Lt al.

{1971) found no difference during the prlmary penetratlon‘

. process between the susceptlble and resxstant varieties

) examlned - Np re51stant mechanrsms attrlbutable to ;;§c1f1c

3

.genes were exbressed'before haustorial formation. \~E.. ) .

Stavely et al. (1969) examined resistance of clover to

. 2 E. polygoni. Degeneration of’celiular oréanelleS'occurred_
e ‘ : , . ) )
- in the resistant cells soon -after. 1n§ect10n.a'1n infected .

-

o - ’ re51stant cells they observed that not much ‘of the sheath

-

=‘~ membrane was destroyed w1th1n 20 hr after 1noculat10n. L
They thought that destructlon of the host plasma membrane ;

resulted in .the ellmrnatlon of a_membrane barr;er between

tHe host cytoplasm and.sheath matrix and that this re- -

[} ".
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sulted in the death of the host cell anq;the;fhngus. -

Leong (1971) studied the same host-parasite combina;:

tion as did Stavely ‘et al. He, reported that . the penetra-
_tion process was similar ih:both the susceptible %nd‘
'resistant-hosts. The failure of the fungus to estaolish

a compatible relationship with the_resistant host, he

tﬁought, was-mainly due to the lack'of response of the
'-?Eflstant cells and the early degeneratlon of these cells.
" He observed that the collar of the re51stant host was ‘much

shallower than in the susceptlble cell.

-

Althoﬁgh in recent years electron microscope tech-

‘nigques have been available their use in the study of the’
: . . ‘ ~ .
aforementioned problems*has been incomplete. This is

especially sovwith respect to the problems of host—parasite

\\\interaction and disease resistance. In the earlier studies
. . p » .
a developmental approach was lacking, due no doubt in large

part to the technical difficulties associataed with section-

‘ ing through penetration sites, a situation guite ana}ogous
'toisearchi;; for'a‘neeaie ;b a haystack! .
'Bracker (1967) polnted out that most of the studles of
host- parasite 1nte;adt10ns used materlal gne or more’ weeks
old. . It is gratlfylng to notlce\that sxnce then the 31tu-
‘ation has.changed and that the more recent studleSAhave

‘attemptéd to describe ,the ontogenic aspects-of patho-
gene51s. Thls approach was. adopted in the1pre3ent study. ¢
Because of the pauc1ty of fine structural studies on the

effects of res;stant genes.on the host and pathogen, it was
- ¢ . [ ] .,

7 i
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hosts.

A}

.

P

"

.

-

L]

felt that a.useful contribution to our knowledge of

is

.~ important phenomenon could be made by comparing the de-

velopment of powdﬁry mildew on susceptible and resistant

>

-

‘Brysiphe graminis f. sp. hordei was chosen for this
Iy .

-

L}

was chosen because it,is highly resistant and the Kwan

study because,of its economic importance as a parasite of

barley and because of the availability-of.pear-isogenic
susceptible and resistant varieties. The Algerian variety

4 Ty ’

variety was chosen because it demonstrates an intermediate

.

resistant reaction. Moreover an ultrastructural study of
powderyomildeQ on these hosts would coméiement éze physio-
logical studies conducted by researchers eléewhere:emplgy—
ing theée,same vardieties. : .

4 g 7

.
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¢CHAPTER 3~

..  MATERIALS AND METHODS
4' ‘?f-i.«;\ )
3.1. Materials
“ In this‘inne;tigatLon.t fungal

. 4 [ -
Erysiphe graminis DC. f. sp. hordei race CR3.

were varieties of barley,

] below.

Keystone

Algerian x

Manchurian

. |

o

+Kwan X

Manchurian

AN

pathogen was

The hosts '
A ,

: & L]
Hordeum vulgare L. as.listed

A}

" Used for routine maintenanceé of

the fungus

Re51stant Mla/mlk

Susceptlble mla/mlk

Resieﬁant mla/Mlk.

Susceptible:mla/mlk.

*

4

The fungal pathogen, race'CR3 of-E. i}aminis f. épﬁ )

>

- : . .

hordel and the near isogenic llnes of barley were klndly

supplied by Dr.

#

U.S.A.

L]

J. G. Moseman, usba,

3.2. Growth and ma;ntenance.

Beltsv1lle, Maryland,f

.

Barley plants were grown from seeds in the greenhouSe

o

I3
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in three or six inch pots. The: temperature ranged from a
. . -«
minimum of 15 C to a maximum of 24 C durihg the winter

months. During the summer, howeyer, the temperature often
rose to 32 C or more in accordance with the external
temperature. Seedlings were often almost wilting frbm the

effects of high temperature, and grew more qu1ckly[but with

a llmpness and a paler coloratlon than occurred at, lower

s- O

temperatures. Such plants were not used for experimental
.Qggposes‘bgt we?e discarded or used, as were healthy plants
from time to time, as indicators to determine that the mil-
dew had not charged its'virulenceecha%acterisgics on the

varieties of barley employed.

a

Seedlings were grown in s0il consisting of loams;

peat moss;, black muck;gsand in the proportions 6:3:2:2 and

r

Wefe\lightly watered each day. The varlety 'Keystone' was

ueed routlnely for malntenance .0of the mlldew which was kept

in a‘controlled env1ronment room. ThlS room was programmed

i3

for a 15 'hr day an%/a 9 hr nlght.' The day temperatufe was

”malntalned at 20 C, wﬁth 5350 lux illurfination and a rela-

tive humidity of abqut.6§%.

Mildewéd“plants were used to inoculate fresh‘tKey—

~

stone ' seedlings every week or two and discarded when

young colbnies were observed on the fresh plants.' The

-

main parasites of barley in the greenhouse and in the

. \l ﬁ

controlled env1ronment room were white fly. and m1tes, wh1ch
) » -

were controlled when necessifyy by spraylng usually w1th

[ ]
Malathlon anq Lindane. Otcasionally plants grown ia the -

’ ™~
* (IS

/s = o -,
( .-

*
.
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greenhouse would be infected by powdery mildew either from

‘outside or from contamination from the séparate stock cul-

ture. As the origin of the infection of these plants

. - ‘ could not be determined, these plants were discarded to
prevent unknown race$, perhaps witthifferent.reaction from
the CR3 mildew on the resistant varietiés, from contaminat-

A
ing the experimental. race.

¢ ' 3.3: Inoculation of experimental plants

Experimental‘plants were inoculated with -fresh con-
Jddia from the main%aiaed sﬁock culture. 'Fof light
.. microscopy, plants were inoculated simply by shaking pots
oﬁ infected biants over fhe.uhinfeqted plants and allowing
the spores to sett’ onto the leaves of these plants. This
methodiof.inoculatioﬁ was upsatisfgctory/for electron
mibroscopy becausetthe dénsity of spores landing on ;ny
particular leaf area was lo&. Leaves that were intendea
lfor EM’p%eparation wefe marked with Indian ink _delineating
. ’ a éection'bf*the,leaf agout 2 cm long and this marked por-.
tion 6£ tﬁe leaf was inoculated on either the undersidé or
béth sides by means of ' a camel hiir brush or by directly
press?ng a(héaviiy iﬁfected lgaf'agaiﬂst the marked portion

of the leaf. R ' S
. ) ‘ - W

. . . 3.4. Incubatlon of 1nocu1ated plants'

~ - 1]

For best infection and a hlgh«rate of germlnatlon, the

plants were transferred a;ter 1noculat10n to the experlmental




cabinet programmed.to the regimen of l1ight, tempefature -

and relative humidity "shown by Masri and Ellingboe (1966b)

-

te be most effective for synchronous high germination,

appressorial differentiation and-primary infection. The

env1ronmental cycle’ employed was as follows:
1. 18 ¢, darknessgzgﬁ 95% R.H. during the first

. hour after inoctilation. . -

" 2. 22 C starting the second hour after inoculation.

3. .Light (1572 lux) during the 2-6th hour after

-

inoculation. Darkness during the 7/16th hour,-

s light affer the 16th hour.

~— -

+

. 4.\ﬁ65§ R.H. beginning the secpnd'hour after inoculaf'
Qtibn.\\“\\"\ T N 'y

. This cycle was used for all studies on prlmagx infec-
tion. From q}me to time- the.growth cablnet was checked
with a recordlng hygrometer to ensure that 1t was operating _

(_ " in the required manner. ; | - _ : : ;-

3.5. Light microscopy methods

. For:light %icroscope obeervatien% of germination g§'
cogidia on glass slides,_conidia were collected“by directly
shaklng 1eaves over the slides. For the observatlon of the
development of the fungus on thq'host the follow1ng method

. _was employed.” . o ‘ J\ . Al :

, : - . ) A

, _

. 3.5.1.:'Laetcpheﬁolgtrypan blue method ¢ U

. . This method,inuolyeﬁ'the cold clearing of leaf sSegments

A LR
4 1 -




in a mixture of ﬁetﬁangl; chloroform; lactophenol in’equal,
propértidns. Leaf segments wére immersed in this_éolution
-fér‘Z days,’then removed into a dilute lactpphenol tg;pan
blué ;tain (0.005§‘trypan b;ue).thhe'leaf segments were
immersed in the stain for 1-2 days, then mounted in lacéo:
qphenol,trypan blue and examined as Qet mounts under QBver
slips sealed with Glyceel. This method provided excellent
clearing'of the leaf ana normally only fungal material was 4
stained with this concentration of trypan blue. This methéa
wss employed fdf-the experimental studies oﬁ primary infec-

1
*tion of susceptible and resistant hosts.

. “3.6. Electron microscopy methods™> . ) .

Health§ and infected portions of whole léhve? Qeré cut
in 1 mhz ﬁortions, or punched with a hypodermié neegle'with
the tip squared aﬁf tofrgsemb;e a miniature cork‘borér of
about 1 m@ in diaméter;“'For primé;y iﬂfectién sfﬁdies,

heavily inoculated leaf areas marked with Indian ink were

-

phnchéd‘out with the hypodermic needle. Leaf seéments and

%

disks acquired in these ways were placed immediately into

- -

fixative.

— o~

3-8.1. Fixation o . .
a../ Glutaraldehyde with post osmification,
. [ 4 » .

“HPateridl was fixéd in 4% glutaraldehyde in 0.1.M

v

- ,

sodiuﬁ_cacodylate buffer with 1% sucrdsepﬁtlpH 6.3;"" o
Mq}etial was fixed for 30-120 min at 4~C or xroom tempera-

<
-

e

~, 3 4
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ture. It was then washed with three changes. of buffer . -

solution for 3-6 hr or bvernight. Leaf segments were post-

fixed in 1% osmium'tetroxjdé for 30 min then washed with
o distilled water® Material was usually stained at ghis

- time, after'beipg warmed to.ambiené temperaéure, in 5%
-mégnesium uranyl acetate for 20 min.

v
-

>

b. Glutafaldéhyde with simultaneous osmium fixation

Leaf disks ‘were placed in a glutaraldehyde—osﬁium

¢ .

tetrexide mixture which was made by mixing ice cold stocCk:
' . ) -

solutions of glutaraldehyde (4%) and osmium tetzxroxide (2%),

both buffered with-0.1 M sodium cacodylate with 1% sucrose

a{ipH:6.8 and used“immediately (Franke.et al., 19§9).

* Material was fixed for 30 min at 5C before being rinsed in ~

=

cold 0.1 M cacodylate buffer. Material was post-fixed in-
" buffered 2% osmium tetroxide for 5-10 min. ' Then it was
rinsed 1n‘dlsp}{18§Jwater anq warmed to room temperature -

before staining in 5% magnesium uranyl acetate for 20 min.

3.6.2. Dehydration . ﬂ

Cy a -

Material was passed through ethanol solutions of in-

- L

.creasing concentration from 30% through .50%, 70%, . 95% to
'aQéolute alcohol.” Material was left 15 min in each solu-

tion from 30-95% followed by two changes of absolute alcohol -

each for 20 min.

4

-

-




3.6.3. Infiltration

’ - ]

Aftér dehydration, spécimens were cleared with propy-
a . X -

L. ~ . : . ’ s
lene oxide, three changes of-15 min each. %pec1mens were
f 33 L4 -

then placed in a 1:3 epdnJaraldite/pfopylene oxide mixture.

»

The époqraraldite yés prepared by mixing'BO ml of DDSA
(dodecenyl 'succinic” ar}hyc.iride) with 10 ml of Araldite 6005
and 12 ml of Epon 81?.' These were thoroughly mixed, 0.4- .
0.8 ml of DMP (diﬁethyl amino methyl)phenoi) accelefator |
wéé added and the plastic was-m%kgd thoroughly again. Ehe

@

plastic was allowed to settle for a while and then added to,
- 0 N

the.maté}ial in propylene oxide in a 1:3_proportion for 1 hr,
then‘with a 2:1 mixture for 1 hr. This was réglaced with

pure plastic'énd left on a roté}y mixer,fof'aé least 24 hr.

o <
" v .

3.6.4. Emﬁedding

Material. was transferreéd to fresh pure plastic for

3

2-6 hr. Material was embedded, in a thin layer‘of plastic °
- « . - : J . . £
on carbon-coated glass sligesvor in flat plastic holders.

v

o

Slides were co§tedcwith carbon in a shadow casting/carbon

‘evaporation unit. The embedaing.glideé were® hardened in a-

[

60 C oven for 24- 48 hr The slides wefe then examined’dith‘
‘the l;ght mlcroscope to select and mafk dlsks ior seétlon-
“ing.' After strlpplng.the plastic from the sllde, sultable'
disks w@re”cut from the piastic with a pair of scissors .and.
' xre*embedded.ln flat plastic holders. 1In thgs way the Cbn-

idia and appressorla could be easzly located and orlentat@ﬂ

' in the des;redeay for sectlgplng. Blocks wd;e rough




inoculation, a“fine peg, Yhioh was exttudeé"from the
appreBéoriel lobe} penetrates through the epidermaf cell
wallcand the papllla beheath the penetratlon 51te. By‘

15 hr a bulbous pear~shaped haustorium is formed w1th1n the

* Jumen of the .cell in about 50% of the attempted 1nfect\ens
o

on the non7re51stant.host, Manchurian. (Fig. 1, 2, 3). After

18 hr the haustoria are elongated and are beginning to’ .
. Fa . . .
change -their orientation from that of being almost vertical

+

to the external cell wall to a position more or less para-
llel to it (Figw 4) After 21 hr, elongatlng secondary

hyphae begin . to form as an extension of the main appres-
& «
sorial body and’ the haustoria are beginning to produce

\iobes et,éachfof their ends (Fig. 5). The secondary hybhae
are elongated after 26 hr to a length &f 25 uin or more and
branch hyphae are formed originating from the’germ tubes °

which produced the appressoria.. The haustoria aée'en-
larged and their lobes well developed (Fig. 6. iagram
3.1-6 illustrates this sequence of'ﬁevelooment .

‘ o =3 .

o P o
»

3

4.1.3. Incompatible interactions

- - X
. .

Two different types of 1ncompat1ble interactions were

" observed durlng ‘the - first 24 hr after 1noculat10n. The

firgt type was Seen on the Manchurian host and on both the
resistant hosts.. The second’type was observed commonly on

the Algerian“host but only rarely on-the Kwan and Man-

o

churian hosts. ’ {
&

B
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o °* A - . .
. Sodlum hydrd%ide pelﬁgts WEre placed at one Slde of the

' 5
‘;>=‘ dlsh to absorb m01sture and carbon ledee from the air

]
X J

- @ ; within the dlsh‘to-mlnlmlse-contamlnatlon due to carbdhate

. - N
Y Ll
e - . .o (4

T : 'preéipitatioh. Each grfd was floated face down -on the - P

e
- " surﬁace of a droﬁ.bf staln and the dish was\then govered

'-',.r‘ ‘a
.‘01' S . Afﬁe; the ‘'desired tlme had eIapsed, the grid was "picked up

‘. k, : w1th the ®ine forceps and washed qulckly w1th lO 15 drops

L \of glass distilled water.~ The grlds were drled and kept

" . . on fllter paper 'in a petri dish’ for examlnatlon in the —v T

.6 ) . p . “':
eIectron m;cros ope. . : .o

3.6.7..-/Electron mlcrosc0py

T . - 4 .

.- _;7-The stalqed sectlons ‘were observed in“a Philips 200 EM

v ) “at 60 or 30 KV. Slngle or double condenser lenses were

Y 2, » .
R used The objectlve aperture wa€y40 um. Photographs were ' e

= . " . . taken elthert\lth 30 B hlgh contrd%é roll f11m or 3¥l/4

S f. 4 lnch sheet f11m at dlﬁferent magg;flcatlons as reqplned.-

z

’//:< Lo e e 1 '-,) - ; . s e T
v Y - e : ' e . Lo
o « . 3. ﬁ 8. Phbtogfaphy agd magnlflcatlon, R gélf

Sy

ExPosed f11m was; déveloped w1th Kodak D19 developer. -

g R 'y !“v’ -

‘ : - ¢

Eactures were printed with D72 developer. D;fferent grades-f. {
A ’ ) .)_

of Kodabromzde szngle wezght pr1ntang paper (B ~Fg5 were

J

uaed gependlng on the}tontrast of the negatzve. Normally e

“.

) F3 and F4 papers were used.» Tﬁeﬁyéiroxlmate magnlfrcation

'-' " B : . , ] .

BV m caicul,ated by usmg ‘the dhlfbratxon of the electron .
/‘J"r ¥ ) ‘

G ﬁiszwswpe
- »m Ry

""""
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%
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OBSERVATIONS -AND RESUDTS R .
= / ° *
f ‘,'\q \ >

-

N v o T e . - -~

4.%1. 'Light misrgscopy

o

' S SN
4.1,1. Intfbduotion
Ldght mlcroscope observatloﬁ% were employed in thlS

study as an adjunct to ‘the ultrastructural 1Xvestlgatlon.
-
*They &ene especially useful in eluc1dat1ng the sequence of

évents occurrlng durlng the prlmary penetratlon process and

the=subsequent 1nteract10ns of the fungus and the Barley
> N

leaf, wthh determlne whether or not a functional para51tic

I3

relationship will .be establlsh,ed -

"

Leaf segments of the barley genotypes were excised at’
, N e [}
1Various 1ntervals of tlme after’ lnoculat1on with conidia’ of

-~ .

the mildew, cleared, stalned -and wet mounts in lactophenol

 were examlned for mlldew development. The most effe&tlve

':clearlnq technlque was the ﬁéthanol chloroform~lactophenol

—_ s

.method For most purposes a dllute solut;on of trypan blue

# ) -
" in lactOphenol ‘was used for stalnlng.; : . s
No attempt was made to estlmate the germlnabll of

f }
the conldla”because 1t was Lm§b551b1e to ascertain w1th
~ .

this method how many ungermxnéted spores were waghed from,

L

"the leaf surface durlng the clearlhg and stalnlng pro- .

" . .,
‘ ' | 47 -
" [
) . LIRS :




v cedures. co 'dia which had prgduced appressoria were in-

-
'frequently di lodaed and so- couﬁts were expressed as per-

9

N ‘ ‘centages of the number of spores whlch had produced

~

appressoria.

s . 4.1,2. Compatible Interactions
Compatible interactions, for the first thréedays

[ . v

after inoculation, were deemed to be those infections in.
which the appressoridm produced an infection peg which had

successfuily penetratéd the epidermal cell of the leaf to.

R -uform & haustorium and continued in its develdpment to form

g A
N .

o~

an elongating secandary hyphéz(Fig; 5’\6).a Such infec-
tlons occur most frequently on the susceptlble genotypes of

obanz?y, almost Qs frequently on the re51stant Kwan: genotype.

> rand’ rarely on the Algerian varlety (Tables 2, 3, 4). )

Conldla.produce usually two- germ tubes; about 7 um

in lengtb .and 2 ym_in diameter. One of the germ tubes

L L _ dif@grentlates to. form an appressorlum Con1d1a produce
.
o ' appressogla on all yar1et1es‘£; 10 hr after 1nocu1at10n.
The appressoria normally grow along and within the epidermal

grooves between adjacent gpidermal cells. The ends of the

.

. 3 ‘o .
- . appressoria are characterized by a short terminal lateral

. . . s, . - e .
4 - ”

arm, 5-8 um in iengtﬁ, which was termed the appressorial

. " . lobe. Penetratibn of the epidermelvcell wA% never observed "

. tp occur except‘from such a structure. « S

L4 .

e The appressorla contaln a single nucleus sltuated just

. behlnd the appressorlal lobe. Between 10 and 15 hr after




inoculation, a“fine peg, whieh was extruded"from the o ;n
‘appreasorlal lobe, penetrates through the epldermal cell
wallcand the papllla beneath the penetratlon 51te. Byl

15 hr a bulbous pearhshaped haustorium is formed W1th1n the
- lumen of the .cell in about 50% of the attempted infeétXens

- : N . oo L

on the non-resistant host, Manchurian:(Fig. 1, 2, 3). After

~

18 hr the haustoria are elongated and are beginning to .
- . - s J ' :
change ‘their orienhtation from that of being almost vertical

to the external cell wall to a position more or less para-
llel to it (Figs 4) After 21 hr, elongatlng secondary

hyphae begin . to form as an extension of the main appres-
¢ «
sorial body and’ the haustoria are beginning to produce

R

\igbes ét.éach'of their ends (Fig. 5). The secondary hybhae
are elongated after 26 hr to a length of 25 uim or more and
branch hyphae are formed originating from the germ tubes °

which produced the appressoria. The haustoria aﬁe'ep—
larged and their lobes welll developed (Fig. 6. iagram
3.1-6 illustrates this sequence of aeveloﬁment .

“ a - » .

& o
»

4.1.3. Incompatible interactionsl_. . s

Two different types of incompatible interactions were

observed durlng ‘the - first 24 hr after 1noculat10n. The

)

firgt type was Seen on the Manchurian host and on both the

resistant hosts.. The second‘type was observed commonly on

»

the Algerian.host but only rarely on-the Kwan and Man-

churian hosts. ’ i
&

- . - 7
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a. Prevention of penetratian

L

The me&chanism’of the«fifst.type involved the preven-

tion of the benetratlon peg’%rom passing through the wall

4

or the st ‘depgosit beneath ‘the penetratlon/51te. Thé \

-

‘de9051t 1s sometime's very large (up to 5 um) but usually
;.appears as a stained swelling beneath the wall about
-2 um thick' Penetratlon is* usually attempted close to a
lateral epldermal wall and thls is frequently stalned |
’ locally to the penetratlon. Haloes around tbe-lnfectlon‘
site’ are sometlmes present (Fig. 1, ,“7,18):
The appressoria-then form a '‘secondary appressorial{
- alobe.obpogﬁte‘to the first obe or at the other end of the
.
appressorlum close to the s;btum with the germ tube, and
attempt 1nfectlon of the adjacent epadermal cell (Dlag.‘
3.7,-3 ‘?i Fig™N\g, 7,.8). If this, too, is unsuccessful
a third appressorial:lobe‘is occasionally formed. Secon~
ldary appressgrlal lobes are .formed about: Zo/br after ‘
1noculat1on and: tertlary lobes about 25 hr after 1nocu1a4

¢
tlon. Thejhost responds in a similar way to secondary

F
and tertlary lobes as it does to prlmary appressorlal

lobes. -

’

4

The 1nc1dence of 1nfectlon from s ondary«and tertiary °

appressod;al lobes~1s usually very low, less than 1% of

-~ the prlmary unsuCcessful pené;katlons; and the development

.

of such colonles is much slower compared w1th the penetra-

14

'tions from prlmary appressorial lobes. By 48 hr they are‘,

only Just beginning to form an elongatlng secondary ﬁyph34




¢ .
It was noticed that cells overlying the leaf vascular

r

tissues were more commonly associated with this type of

unsuccessful penetratlon than the. 1nterve1nal epldermal

- e

cells.’ ThlS was true on all the varieties. Eplﬁermal .

cells.overlying the leaf vascular pundles accoﬁnt for '
about 20% of the leaf sutface area whgreas only about 6%

of the app;essoria‘thet‘formed haustorium and elongating

secondary hypha were observed to be established ‘on these'
: ‘ ' Y

cells (Table '5). o . ' . R

[ . o, +

'~ b. Epidermal cell staining

r

It was observed, mainly on the Algerian hast but in-
frequently on the Kwan host, that some of the epldermal

cells penetrated by an, 1nfectlon peg from a pflm ry
4

.~ appressorial lobe became completely stained’ Wit the

-#trjﬁan_blue dye. The stainiﬁg was most prominent” in the
cell wall (Fig. 11, 12). fThis stainifg reaction was not

observed untii about 2% hr aftern inqpulation. Appressorie

associated with penetrations resulting in the whqle-cell
- o . . .- . T S
staining reacgtion do .not produce secondary or tertiary

-~

51

appresseriel lobes. * At least 25-35% of such attempted, b,

.

snfections result in the formation 'of a visible haustorium -
- \ L Y " .
,within the cell, which i¢ elongated to about the 18 hr

stage of development. Noselongating secondary hyphae are

. formed wa}dh suggest. that the fungus' is rapidly arrestéd in ;

its development (Diag: 4.9) - Whole—cell staining react%ons

are“more'commonly‘associated‘wi;h the interveinal cells of

- . ] L3 f



Ly

-'to be associated with a successful penetration.

?
?
T

thé‘leaf, cells which in a compatible host are more likely

4.1.4. Kinetics of infection

.

. The data of a typicél time .cdurse expeﬁlment on ‘ )

appressorial formation, penetratjon and production of

elongating-secondary hyphae are pre¢sented in Tables 2, 3,

0
L .

. There were w;de varlatlons between experlments 1n the
ratio of successful to unsuccessful 1nfect10ns, and the age

-

of the leaf at %he_time of 1noculatlon was thought to be ’
‘« . -

‘1mportant in .this respect. -Low values for successful pene-

tfations, 30¢% 'on ‘Manchurian, 30% on Kwan and 0.1% on ’

Algerinn were oh}ained on 14 day old leaves. -The higher '

flgures, shown.in"thectables, were‘pbtained on 7 day old

le&sﬁs SR B

There was little dlfference in the’ 1nfect10n rate be-

¢

tween the_ Kwan and Manchurian exfept at 46 hr after inocula-
é 4
tion.” There were virtually no le-cell staining iesisg—ﬁ
. ' . -

ant responses on the Manchurian and only about 4% of the
appressoria on the Kwan incited this response. E
About-45§ of the atpempttd‘infectipns'of both these varie- ¥
ties were unsuccessful; About;SO%,Sf‘the attémpted infec-
tions dn‘the’Algenian ingited.thé who%e cell staini?g’
response.and;the'other 45%:unsuccgssﬁul attempts were of
the préventiqn of penetration~ty§ef ‘Succeséful penetra-
tions on Kw;n and Manchurian aevelopqd similarly and By

~.

48 hr qolony development had occurred and secondary

i
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Diagram 1\\ Pur}ty development of Erysiphe graminis on sus-

. ceptible and resistant barley varieties.

[
-

o

. I N o ’ - !
la, b. Appressorial formation. 10 hr.

2a, b. Formation of penetratidn hypha. 11 hr.

3a, b. Formation of ‘incipient haustorium. 14 hr.

-~

4. " Elongation of ﬂaustdrium. 18 hr. ‘ . - = s

“ 5. Formation of elongeting‘secondary hypha and 7

v ~change‘rn,position of'haustoriué. VZJ hr. ‘ Lo
6. . - Formation of bradch.hypha. 026 hr. o \
7. ; 'Pdpilla-stopped benerration from primary '

'_

appressorlal lobe and formation of a secondary

appressorial lobe. .21° hr. _ °f’ e

S

8. * .  Formation of incibient hastorium from

sécondary appressorial lobe. 26 hr.

9. . HypersenSLtlve‘reactlon of epldermal cells as

observed on the Algerian host 20 hr.

-

Y ) A ‘,’ “ . .

L]

Figuree 1-8 depict staées which occurred frequently}on all

varieties. All figures surface’ VJews looklng ~down on leaf >
epldermls éxcegt lb(;Zb 3b* Wthh are transectlons through . \
the appressgrlal lobe and epldermal cell as séén in sec- o .

tloned material. ’(See text for full explanation and sig-"

v . . ° M

nificance). : » . _ ' '
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Zhaﬁsto}ia were“ﬁeingAformeo‘(Fig.

igfectioné on ﬁhé Algerian host
’ .

- li(mg. 10). ¢

The reeistaoce'bf the Kwan gene was effectiuely ex-

Lg'pressed only after 72 hr after inoculation, when a necrosis

o~y ] -~ . .{‘
. J;.of mesophyll cells started to occur eath the developlng -

/ colony. ThlS necros&s continued thereafter resulﬁﬁng in
iarge necrotic flécys on the leaf, plalnly vislble so the
naked' eye, by 4 days.after.lnoculatlon, whlch esulted in
‘the retardation,ané restriction of further colony develop-

- * 4 ‘ -’- 3 ) - i 5
ment and few conidia were ultimately produced on this host.

9‘ . “ A .- ‘I/~
N 4 - - .
B - . ' . ’ : » .
4.2. Electyron microscopy - Early interactions ’ ) -
. . ) N -
:. . . . > o
4.2.1.. Compatible,interactions - . - L

a. Formftion, %d structure of the appressorium o

.The mature conidiumecontains,much glycogen in rosette
~clusters and it is presumably the ‘metabolism of the glycogen

_ whlch 5upp11es the spore Wlth energy and materlal for de- -
¥

velopment. because the conldlgm, at a later stage, 'is main- g :

ly vacuoiated“and.coﬂtaiﬁs‘littie glydogeﬁ;- Tﬁs*germ tubes

are produced'from the elllptlcal spore on the underside, ie.

'close to the'leaf surface (Fxg.‘13 14). The wall of‘the

-

conldlum is composed of two layers. an outer splny, more -
. _.electron dense layer ‘and an inner layer adjacent to the . & °

4

plaem@ membrane. The Cell wall-of the germ tubes and the

M o - ( /,‘




¥ . B b - ¢ -
~ : s * f‘ N ) v * Ih ) 60 .
' /\ T * s .
' L appfessqr;um is a conbnnu tion of  the inner wall (Plg.ﬁl3,
Tt O 14, 15)y The ‘germ_tubes are“‘a‘n“*extenslon of the conldlum : .
- { .. 1 . : * v
e . and coﬁtain glyCOJ‘P rosettes and vacuoles whic¢h' may be

‘ _ extens:.ons of the large central vacuole of theuconldn.um
oo L (Fig. l3) .," The cyto'plasr; ,ofwthe' spore"and its gern; .tubes*

‘ o | alse contains. mltochondrla and xflbosomes (;‘igt 13, ‘ 15).
L ) . ' The a;pressor::mn)ls' tormed from one of “the germ tubes. . The

fgerm tube swells m’a elongates' the nucleus of the. conlgilum
d:uudes and one oﬁ th$e daughter nuclel moves J.nto the L o

oL apprésso-rlumhwhlch is then separated from the-germ tube by

~ .

T - the formatlon of ‘a septum ) g a

o Co , " ] L L
. . . The appressorlum‘ is . a tubular ceIl ffllled .w1th dense

- N cytopla'sm angd’”aﬁout 75 um' long and s um ln d,lameter - oo

.v

- (Fig. 14) There was no! vacuolatlon or. evidenqe of" the

presence of glycogen dbmng the early s.tages of prlmary

- . N ol -
L - penetratxon. Thea-n’ucléué Ls; sxtuated g_Bb'ut ‘ghé. thlrd of T ;
. - ' 2 - R .
. - the Iength of ‘the appréssorl‘um mck ffom the d;us'tal/ end.., - . ™ :
v._ . '7" ;' l\
T Tbe r;ucleus occup&gs the central part of the cell m cross !
< ., ;’,‘ i P . o
o B '/ 7 sectlon (Erlgr -17), and is. rlnged ‘by numerous small ves}-— 5 .
SR . | - w /:- iy ’

S AR clesc mltochondrla, ER ,atid. rlbosomal partlfcles, 'I{he . .
e : Tt
g ’ . : °nuc1eus is Encl&osed by the nucieat mergl;;:ane, and ihcludes S
,,r/ - T n electron—d’enee nucleolus ‘and a- less dénse g.ranulaxo v
5 i A - ha" ' fo. . W el -
.,' ., -/ matrik in. w}ucﬁ elecfron-,deﬁse c‘hromatmlc regions aré dig~ -
r‘ \/. v perseg.'_._‘.? e 7 et e L Ry .
¥ e, Usua,lly,, thelmaxn *qppressorlt boiy grows wn:iun and s, T
¥, Do ed, Yo - . ‘\ IR .
‘ aiong the grofové forr;\ed b& tlig jungﬁiqn ‘of. tiwo adjacent S
- * A
’ u.é.rmalocelis peneath,,whlch -1/ theyz’ cormnon lateral wall .
LY. M >
. ‘. . . " hd - : - ' ‘ > v- p B 4
'i".'. » . ,’ ",- y ’i'a’." . /m;: ’ ," oo 0"’-
T T G Tt L



: : ; ‘u - ¢ ' i O
(Fig 17, 18),~ The terminal part of tHe appressorium 1is
charaoterlzed by a shbrt limb - or lobthhlch is produced On s

dne s;de, commonly at rlght angles to the main appressorlal

#

body - A §ect10n through_the main body of tire appressorlum,

just” behind the lobe, shows mitochondria, small vesicles
. — \ ‘
'and\lipid bodies enveloping the central portion of the cell

(Ftg. 18). This central»region is noteworthy for the pres~
' oA . x

" ence of dense polyribosomal structures enclosed by dis-

¢

) -

continuous membrahes . This region is proébably importantV
. - . [ ] .
for protein synthesis. - IR R S

1

gy 3
The functlon of the apﬂkesSorlal lobe is’ the penetra— .

!

tion of the host cel% wall (Flg 19, 26, 21 24, etc,) . 4 An

-~ v o

1nfectlon pore (Fig. 19, 20) formb in the central part. of T

-

thls appendage where this is 1n'contact with the leaf sur-
féce.A The formatlon Of‘FhlS pore is the flrst“&ndlcatlon
~that an lnfectlon peg is about to be formed. The infection , -

-nb -

pore’ is surrounded by cytoplasm which cgﬁtﬁhndfribosomes,

M/ ’ - o N R} N
ER and small vesxcles. Mite¢chondria are oresent in the e N
"o :
ap@ressqraal‘lobe but not in the 1mmed1ate 1ocality of the
N v / ‘ b= > ¥
pore and occur ma1nly~1n the reglon which is contlguous’
* \ N . s

Yith the appressorlal body. (Flg 19 21).

The main appressorlal body contalns extensive strands ;
‘?of ER.from the ends o;\whlch smail 9851c1es appear to be
'formed (Fig. 17;’190. Slnoe a conventlonal‘golgr apparatus
;does not occur:ﬁ!Euyslphe gramlnls, nor in many—other

LI

fungl, it 1s lLkeI§ that the ER is respon51ble for the

& v )

.'formatlon of small Ve51cles. o
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° * v

; r*b. Penetration B - :
. o 3 .

¢ -

colony on' the host leaf surface, 1t must- pepetrate
&
through the epldermal ceLl wall and the undiélylng host

materlal. The barriers it must breach consist of firstly,
'y

s ’ - L]
/ the cuticle, the thin external layer of the cell wall, a;H
L . -

. ‘ secondly, the cellulosic fibres of the cell wall. This is’

.achieved by the penetratlon hypha, Wthh is extruded by the
\ o~

fungus through the pore of the appressorlal 1obe. The -

appressorium is apparently firmly attached to the leaf sur-

AN

c @ - face by a mucilaginous secretion of.the fungus. This

material does not appear very prominently in. electron
micrographs bgtﬂcan be seen as 'strand-like material on the
: ' L » .
. outer surface of the appressorium (Fig. 21, 29, 33). In-

frequently, the apprefsorium~is Jgt firmly adhered to the -

leaf surface with\the consequence’that-fungal*cytopiasm

flows out through'the appressoridl ﬁore onto the leaf sur-
face and‘infection~fs abortive. Usually, -however, a peg is

< [qrmed which penetrates through the cWicle and epidermal :
ar - : .
cell wall. Fig. 21, 22, 23, 247 25, .+ 43, 43 illus-

, trate this, where the peg is in or just through the wall.

l

- The fungal plasma membrane at the edge of theabore is not

go close to tﬂe cell wall as  in maet other regions af the
' . Y ' :
appressorium, and, betwee?jthls membrane and the wall, an

L

electron dense materlal is often present\whlch i® con-
fluent with the penetratlon zone (Fig. 20, 27) and electron—

”Niucent bodies are sométimes preeent (Fig. 24),..The peg

- - "

- N "
1] - -
PR 4 r
, . . L} pg
L) . Y
; R B

‘ .




9 *
. N . . N -

- hole shows little distortion and is bounded by an intensely ‘

vall and

elec£;on-densé'zone which is confined fowthe cell ’
doégfzgt afE;Et the cuticle.)'Figures 23 and 4néhow this -
very clearly;‘the cell wall is apparently erodéd ,ay by
the action of the peg bgpeath themcuticle. In s¢me sec-
tions-the fibriilar strucfure of the cell wall ap) ar; to

3 IJ ‘

. be dltered (Fig. 25, 29). The wall is slightly swollen
‘ ¥ i 1

around the peg and the microfibrils of tHe wall are sepa-

ratgd: . , ‘ _ | .
Th¢°différential staining ;eacfion of the wall in, the
}peg region appearstminimal'in’compatible interacgiohs and

to be localized in the region of direct contacgt with thé
-~ B - ’ ¢ Y .
penetration peg. However, in some cases an_alteration in .

- »

the wall staigiﬁg'is presént beyond the immediate zone of

> o4

-

pénetration varyfqg in-.-extent-from 0.3 um to 2.-'um from the

penefration ;ige;(Fig.'Zz, 29?. -, . ] o

. > The epidermal wall is about 0.5 um thick.and the
cuticular layer agout Oraslum_igick.-‘The,ALdmégé? of the .
peg is abodt.p.S;um wherg it ﬁéssés thggﬁgh fheréél} wali.
The peg has a blunt tip and in most sections appears to be -

‘ lackingyéicell wall (Fig.i23, 24{. If a cell wall ié oo
pfeé;ant (pegsA whic;h shave .pas’sed t}irough the wall ai'ld .i:nto

the host déposition do have a thinIWailﬁ, 1t5must be e

- e&qgedfﬁély thinywhén‘it penetrates the host wall. The peg

[ 4 s
) does nbt‘penetrate at right angles to the wall but &t an. i
- angle of incidence of about 30-40 degrges from the vertical.
> axis. s ’ e ’ ‘ v ] .




through the papilla, the deposit of host material beneath

.the peﬂ‘tratlon site. In suosessful penetrations.it is

. the penetratlon peqg, hav1ng passed through ‘the papllla,v

the‘lnCLplent haustorlum (Flg. 30, 31). The cytoplasmic

‘ % the developln:g:haustorlum (Fig. 31, 35). Nuclear
: ~ - : . * -
md¥em

-

,Once the peg is-through the wall it must then pdss
‘ {

- . -

i
—

4
llkely that this dep051t was penetrated vgiy qﬁlckly be-

cause almost all the material sectioned of compatible ’

1(
-

hosts was either of a peg in or just through the wall or |

the penetiration hypha was in the oell lumen and forming a

»

young hau torium ' - , - /w#

The penetratlon hypha whlcﬁ has successfully pene-
~ 2 v
trated through the wall and the papllla 1nvag1nates the

S~

host plaSma memb;ane and the tonoplast and throughout its
' . ' . ' > &
development remains ensheathed by these -membranes and the

host cytoplesm which is situated between them.” The tip of

Te A

S

enlarges to form a bulbous or pear-shaped structure whjch 1s

¢

contents ‘of the penetratlon hyphae are extremely dense and

N b » ‘ .
. thus it is difficult to 1dent1fy the cell organelles and\%> oo

cytoplasmlcqqomponents 1ns;§e the ﬂyphae.' Rlbosomes and

small vesicles are the fi{st cyt0plasmic oonstltuents to

- -

move into the peg and haustorium, followed by mi%ochondria.
L .a*
Thick strands of membranes pass Ehrough the penetratlon reg . .,
s

’

. -

‘ent-through the penetration‘peg was not-observed

~

~ [

though 1t is p6551ble that ¢he electron-dense material ,

attached to the strands of membranes in Flgure 31 is " . .

{ n W

~m;plear materials . . N L,
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A septum is laid down in the neck of the haustof?hn
(#ig. 33), which then grows in sizes forms lobes and con-
tinues to develop for twd or three days before attaining.

its mature size.

c. Host reseonse ' S

. The response of the host to attemated infeétiqn ise
¢ <

already well developed by the tlme the appressorlal lobe
has formed the penetratlon pore. Beneath the cell wall;

u‘derneath the appressqual poge, an amorphous, electron—‘/

.

dense deposit forms between_the plasma membrane and the
. \ ' ’
“‘cell wall. Between the plasma membrane and the“tonoplast,

a gnga&ly increased cqnceritration of host organelles -
ey . ’ X “ ,
accumnlates surrounding the papilla. ' -

The initial papilla material consists of an amorphous
deposit of varied electron-density but, genérally, of

gregtest derfsj directly beneath the p01nt of penetratlon

’
»

and of least den51ty At its perlphery ‘clpse to the plasma .

- membrane. Sometirfes’, it appears- to have a globpse'etruc—
ture (Eigh 25). Ffagment§ of membranes aFeqfrequently dis-
éersed throughout the deposit'(Fig 20, 22, 25, 27, 29).
This suggested th%f the da,051t is probably formed by the

passage of. ve31cles through ‘the plasma membnane (Flé% 29)
<

or\by a pinocytic action of the membrane (Fig. 27) result—
- v ' . ""‘, '
‘ing vesicles moving to the penetration site and aggre-

-

'gating below the wall there. Often a line of membranés
enshéaths ,this region (Fig. 20,}27, 29, 43-46). The amount
»

. N . - -
[ Py T ———
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th€ penetration region. -
- M £

- papilla material is observed'tpe'laYer of cytoplasm, ad-

| 1
. ) .
of cytoplasm around thesinfection site incre?ses during

0 . . .
the cégrse qf penetration but is extremely variable from
J ' . -

ong infection site to another and. does not appea& to be
- - s ,

necessarily correlated with the size of the papiila (ef.

Fig. 21, 29, 42 which are all representative sections:\.

where the peg hds,justlpassed.through the wa;l but the

e »

.amount of papille material and the amount of host cyto-

plasm’present vary considerablyvn
\ -
The’cytoplasm that extends\around thes papilla contains

many mltochondrla, vesxcles of various size and numqsous

golgi bOdleS. With glutaraldehyde fixation it can be $een

/. , . o ‘

that much rough ER 1is associated with. the initial cyto+

' . ! ‘} T, v}“
plasmic response ’Fig. 20, 27). This is not so well-prie-

v

served with Franke'slflxation but* can be obéErVed in sqme

sections (Fig. 29). One or two plastids are usually fiound

" in the cytoplasmic aggregation. They contain a crystalline

N
prolamellar-like body, membranousvstrands and osmiophil“d
: : »
globuli (Fig. 26, 34). Many golgi bodies occur, somg-

tlmes as many as ten in one- sectlon, and are probably

responsible for the production of the numerous yesiciss.in

. 5 . - .o [y
-

'Normal unlnfected epldermal celis contaln llttlé

‘cytoplasm, the tonopiast ly1ng adjaccnt to the ﬁ;asma mem-

brane except where-a mltochondrlon is p;esent (Fig. 3§L41).

L]
- T - - N

Usually the cytoplasm between*these two pembranee3is.about‘}

.

0.05 ym to 0.2 um thick. "By the time the first deposit of
K 2 - N N

. ' l‘ . . .7 “. \

-

e
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jacent to the deposit, has inCreaeed in thickness to 1 .m -

or more and continues to increase during the penetration

)

sProcess up to a thickness of 10 u! The papllla materral

changes also from a homogeneous or globose depofit to a o

Ld

dougle-layered deposit of varying thickness by the time
the infewtion hyphahpenetrates-through it. The layer ad-
j3¢ent to the infection site ugually is more homogeﬁeous

and more electron-dense than the outer deposit. These two
. . e
regions of the papilla are separated in compatible re-
LY ! - ) ;‘ . » PRI
actions 'by an extremely electron—dense channel into which

the pLasma membgane appears to bé 1nfolded (Fig. 30, 32,

- - .
. ' ~ f

33).

d.. Undifferentiated germ tubes . , .

w

u

. v . ) ¥ . ) e
It H3s been statedhthat!only'one of' the germ tubes

produced by the conidium differentiates to form an appres-
C Ty - o o -
’ - sorium. Undifferentiated germ tubes do not- form penetra-
N - . . - . -

tion hyphae and thus rio infections are establrsheé from
. them. -They frequently contain a membranous lamellar body,

g;ycogen, End-vacuoles.‘ The cell wall which'is in coﬁtact

- .

‘ with the epidermal cell wall is often swollen and vesdcula

~

ot

%
r

(Fig. 36). The cell wall beneath tﬁe germ tube tip has an

’,an;reased electronkden51ty,and a granular appear;nce. A
;;//// %?pllla is formed though not to- the saie extent a; beﬁeath
a penetrption site, nor is the host cytoplaem in this.
reg;on gzcreased ,as much as in the‘ueual penetratloebglte

(Fig.'3%,.37, 38). \ . L
.«

’

wh



4.2.2. Incompatible interactions

a. Preamble 3 \

Resistahce and susceptibility of plangg to their patho-
gens are not ahsolute phenomena. As %?s demonstrated in

the light miceroscopy section of the results, inability to
. . } L : ‘ L S
effect penetration and the ‘establishiment of a functional °

.

- N 13 ! ) - . ‘ . * ’ -
haustorlum occur on susceptible and on resistant hosts.- .- -

5

.Thg- Kwan variety (Mlk/mla)_//ﬁpec1ally on leaves older than‘.

- - 4

‘seven days, is llttle[ if at all, more effectlve tH®n the "

susceptible (mlk/mle) in preventing, the fungus,fronbestab—

14€shing a primary iﬁfectiont””Thé Algerian variety (mlk/
P ' . - e

Mla) is effective.' The difficulty in determining”whether

. r' “ PR :
or not a penetratipg peg would.be,preVentederom establish- -

« .‘“ N « oo . N ; ' 4 . v
ing an infection rendered it ‘'necessary to: look at material

generally at later times than with susceptible material.’

Most of the materlal therefore was examlned 15 hr after

inoculation or later, by whlch time a functlonal haustorlum

4 b ]

should have been-well deVeloped if.the fungus was success-

ful in its penetretion attempt; S s e

» ’ -
¢ . -
< Coa .

® i v - v

b. Kwah:iMik/mla) .‘. e . .

- Light mlcfoscope studles showed the frequency of un-

A

successful 1nfeqtlons dur;ng the flrst 24 hr after 1nocula-

tion' to range from 50% to 7&% of the spores whlqh formed

appressorla on the leaf Mater;al was examlned 1n‘the -
electron mlcroscoée in am endeavour to underst;nd the ba51§
for this exclu51on,’ ‘ - ‘?‘ ‘ f .st - o

. - ‘ ’

¥
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Conidia germinated and developed appressorla similarly

‘on both the Kwan end,Algerian hosts as they did on the
Manchdrian host. Figure 42, a longitudinal Eectiondthrough
therappressorial lobe, shows the typigal features as de-

scribed £o¥ aﬁbressor}alfstructures on susceptible barley.

- "

Penetration of the Kwan host cell wall (Figt 43-46) occurs
} -

at'the same hour (eleventh).as on the susceptibLe, These
v . *
- sectlons complemeng'penetratlon studles on the compatible

host Ih "this 1nstance,_1t°appears'that penetratgon of the

cell wall-resulted in a hole in the wall larger than the

P

> width of‘toe\pegﬁ This exce551ve1y‘}arge ‘hole is sealed by

large amounts of{ingal material. Again, an alteratlon of

. the cell waﬁﬁ?beneath (S cutlcle has, occurred, in thlS case

- - v’
n on both’ 51des of the pegq. The papllla is not well developed

dﬁsplte the prasence of much host cytoplasm, 1ncluding the
- - ~

npcleus,)fhd the penetration“peg is qufte close* to the plasma
. -, ST . ,
. membrane of the epidermal cell.

+ The inabilﬁty.of the peg to penetfate thgough the pap-

illa er its prevention from so doing was observed in about

50% of the material examined in the electron microséope.
’ . ! ’ ' / . .‘ A [ - ) '
° . Usually, 'the papt®lla is large aed extends dbout 5 um intd
\\\; o the cell from beneath the penefiation site-(Fig. 47, 52-63,
‘ LS ' ¢ .

-

54-56) but this is not always the case (Fig. 48-51).. The
péb%lla is dpuble-layered as'described in the éoﬁpatible

ed\ee\““eiﬂﬁfffffdons and Ehe-peg‘iS‘usually StOpped inside the

elinner electrbn-denser part of the papllla (Fig. 48 53, .

3

56).. .~ : _ g
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The earliest indication of occlusion of the peg was at
- :
14 hr after inoculation (Fig. 47). In this case the pap-

illa is very large and vacuolated regions occur within the
- ' ; 4

peg. At later stages of occlusion the papilla is surrounded

by a dense compact region of cytoplasm, containing mito-

7

chondria, plastids, golgi bodies, vi7f€1es and ER (Fig. 52-
56) . ' {

Frequently, {intense staining on the host cell wall for

a considerable distance from the penetration site occurs at

‘

later times (Fig. 49, 50, 54). Most of thg material exam-

iped éhowgg'tbat ;he penetration.hypha~penetraﬁes deeply
into the papilla but this i; not al&ays~sd'(Fig. 48).’.No
toxic effects or pathological chgngeé:we;e Qbserveé in'the
funigus because of occlusion, at this time. In all cases

’%he cyt sm of the fungal appressorium‘appgars normal and

no necrotic reactions of the'epidermal‘celi cytoplasm occur. *
/. . - -

s~

-

c. Algerian (mlk/Mla)

. The Algerian gene-for resistance. has been shown to be

effective in preventing E. graminis from establishing a

. , 7 [ R
functional relationship with its host during the early

stages of infection (see light microscopy reselts). be-

velopmentwo;'the fungus on fhis variety is similar to that
» . -

on" the Manchurian and the Kwan hosts during the penetwra-

tion stages .and the formation of a young haustorium

(Fig. 57-61). oo : . \

' . ! 1 .
The appressorta have a similar orientation and .
. ‘,

L4 -
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b )
|

' "\
structural organization of those\Q?fManchuriah and Rwan

hosts, i.e. the peg and pore region are vegicular, contain
many ribogomes and mitochondria are situated si#&larly as

in the other varieties. Alteration‘of the host)cell wall «

,

< (Fig. 59) is comparable to that of the susceptiéle host
(Fig. .21) and the Kwan host -(Fig. 50). It can_be observed

- that the wall below the cuticle (Fig. 59) is eroded and

h'3

" that an extensive alteration of the electron-denéity"of
-the tell wall, a halob type of reaction, is present. The

host response, Both in the deposiﬁﬂ%n'of the double-
- N . \

layered papillq and the conoomitant_aggregation of host
cytoplasm around the papilla is very pronounced (Fig. 57,
58f. This series of sections show alpeg, either blocked b;
the papzlla or in the process of passing through it. - The
extremgly eleétron;dense areas wi£hin the peg adjacent to
the plasma éémbrane_are unusual (Fig[ 59). A similar ‘
gtaining reaction'occur; in the obligue section through the

neck region of the haustorium (Fig. 63).

_ ?éﬁsdwhiéh~have penetrated through thg;host barriers

’ % .
to form a haustorium are also apparently quite'hormal

*

(Fig. 60). The young haustorium, containing numerous

3

small vesicles, mitochondrié\énd polyfibosomesy(Fig. 61)

-

and Sur}ounded by the host plgsma‘membrane and the tono-
plast is comparadble to thaﬁ observed in’ the susceptible

host (Fig. 35). R .

" By 21 hr after inoculation, about the time when the .
whole cell stainjng reaction was first observed .in the,
% a .

r .

-]
—~

[T}
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lighL microscope, mgny necrotic regctions were observed.
Only one series of sections throdbh:a pendtration site ’
showed an established haustorium apd healthy fungal and - °

hogt cytqplasm. Interestingly enough, this penetratioen

-

inyolves a guard ce}{ a type of epidermal cell which is

o1
rarely penetrateé but which appears to be more capable of
’ e
supporting a compatlble wype of 1nfect1.on than’E other types A ¢
of epidermal cells on the Algerian host (see Table 5).

’

Fig. 62 shows a transection through the appressorial body,

.
LI -

similar in many respects to that of Fig. 18 on the Man- . :-

churian host,,with extensive;;centréily located Qemgranes - .
end polyribosemal,clusters. Theicell yéll of the guard

cell is normally much thicker than that of other epiéerﬁai
dells (Fig. 63, ﬁé);‘ The path of the peg through the cell

wall as shown in these sections, was four times as long,es, . T
' o o ] "y . 7
those through epidermal walls of other -cells. Little

'mechanical distortion of the wall haSvoccufred The host

g

papilla agaln con51sts of an electron- dense reglon (Flg 64)

~

close to the cell wall and-surroundlng the peg.  The elec--

tron-lucent part of the papilla is homogeneous. The forma-
. , .

tion of small vesicles by ‘golgi bodies cur’s (Fig 63)-
'y
and mltochondrla are present in the ;nfe tion s;te (Fig. - 6§). e
- [y ~,
An unusual featur!' observed only on' the Algerlanc ‘ .

.
aQ

hodt, and only at later tlmes, i.e. after 15 hs’ is the,

[P

alterat;on oY the cell wall in the peg area (Fig.:63, 64).

This. electron-dense line demarks an .area inside which .the -

-

-appea¥fance of‘!:{qie cell wa}ﬂ: i‘s ‘stinctly, changed. The f v

4 .
P - . a
. - - .
o . v, ‘ '
. - .




ﬂlam}nar'and str}ated‘struo;:i.iof t ell.wall is dot ’ .

* /

i ~ wvisible in this regioen.. In)some cases (F1
s -—\ R N ‘ 3 ﬂ :i ) -
. " ‘continuous with the electron—dense papilla region "and

o

., extends a consxdvble dlstance awa«airom the penetrat_lon
51te’ but in others (F;g. 67, 69, 70) 1s restrlzted to the

cell wall.close to the penetra%%on sxte.J-Sometéges it ig
. . . " . s < ~ - -
only present on one side of‘therpeg {Fig. 67 70).

The necrosis, or hypersensyt1Ve response, of the

epidermal cell and the necrosis of ﬁﬁe fungal cytoplasm

. ' were observed at 21 hr. Thls is manlfested by a dis-
ot, organlzatlon oT ‘the. epldermal cell cytoplasm (Fig. 67,169;3‘

- -

70, 71' 72, 73,,74, 75).° The plasma membrane and the tono- -

plast are onken and the membranes appear thick an re .

[

*very electron dense (Fig. 67, 12) and later are ¢ letelyn ,
— N A
destroyed %Flg 69 73 -75) - Slmalar changes dccur to -

-~

mltochondrla and'%fher cell organelles. In some g@ases, the .
. v t M \\
agggegatlon and necgaslsuof the cell contents is so 1ntense

r

o K

" as to render the recognitlon of cell organelles .and constlt- j.//
uents almost 1mposslble.(F1g. 67, 15) . Erquent;y the

epidermal cell is. collapSed '(E‘ig’. 67, 71, 73): . | .

- " [

J
., ‘ \~

~the epldegmal»cell br does 1t,appear that the for

)

where the peg éeems to be stoPped in the papilla regloﬁ' 1
. ‘ N

-y (Fig. 69, 70). The st;uctuce of the haustorlum andvltevp'ﬂ BRI
' size (Fig 72) suggest that the necrotig neactioﬁsvarrest n

' the debelopment of é%e fungus at about fg§'18 hr tage qﬁﬁr 1 .

. .

‘ -
’ . ‘-2 LN . . .t
. I . .

- - *y s . » .
b ta T - ~
: a2 o T . ’ PR .~', N
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elles.

“or completély breakK down wifh'disintegration of thé chloro-

(Fig. 84, 89,

-, . ‘- ‘
4 - 8 - )
- i - . ’ N v. . ) . ! 4 . Co
Various types of -disorganization of .chloroplasts
oecyr. Sométimes spaces are'formed close to the grana‘as

-.86, 88, <’}7)

In other cases there 1s distortion and coalescence’bf the

if the lamellae are’r spreading apart ‘(Fig.. 84

granal membranes (Fig. 88, 92). Sometlmes the. 1amellae

become vesiculated and - -filled with matrix material'(Fig.‘Qg)
" A R

a

plast membrane and loss of the matrlx to leave only the

lamellar membranes and plastoglobull (Flg 86) .

The chloroplast membranes are frequently abnormal

4

92), either* thickened or distorted, and some-

times are broken (Fig. '86, 88, 89y. A significant swel-

llng in the Slzedbf plastOglobull occurs in HR cells com- .

[ LY

pared to chloroplasts in the susceptlble host (Flg 84, 88,

»
o~

89, 92, 95).

*

>3

Mitochondria appear to be less -affected by the HR than

do chloroplasts. Only when the HR is pronoﬁnced poes a los’s

of matrix and an abnormal appearance of the cristae and the

-

enveloping double unit membrane develop (Fig. 92, ‘95, -97).

At later stages in the HR the cytoplasm is highly o 1

vesiculated (Fig. 89, 91, 92) and eventually the cells

-»

collapse (Fig. 87, 91, 93, 98). The cell contents become

hoﬁogeneous and elecgfon—dense (Fig. 87, 985.

Fig., 93™through 96 show necroﬁﬁc cells from_an early
HR when only two or three ce}ls beneath'the aevelopfng

mildew colony had necrosed. These cells are sho&n in
93.

-

Fig. Electron-dénse material is present adjacent to:
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S "~ devefopment. - # " S -

. ) o o

. . - *
-~ . : /iTﬁe necrosis is usually confined to sthe pedetr;Eed\

cell ‘but some adjoining cells show pathologicar‘changes.

1§ . These involve tﬁe‘depdsitioh of material between the plasma
T ‘ - - ) - . -

. 0T ) 'mémbrangfand the ‘cell %Fil EFié. 67, 74y. ,?hese wall de-
' posits consist of a materjal similar to that'o{‘ig;/pap-
ill}LGd,similar to that observed ih the wallgdéﬁosits of -
- the hypersensit;vemmesophyll réSponses in the Kwan host .
; : ; referred‘ro‘later. o S s

° -

- /_Hi{romic reactions of the host 'are associated with
- 4’ ° ‘\ .
similar\ necrosis of the fungus. These reactions involve

- . ]
the shr;Pkage ofy the cytoplasmic contents of the appres-

<

sorium away from the cell wall, the appearance of electron—

dense amorphous bodies in places wheie this shrinkage
< ‘r\

occurs, loss of cytoplasmlc detail and’ the breakdown of
~ -~ -

organelles (Fig. 68, 69, 70, 71, 73~75). Changes in the

-
.- o~ . . /

appearance of ghe fungal cell wall occur and collapse of

- R . . -,

' ) . ) . T .
. , the main appressorial body is sometimes obgerved (Fig. 69, .

71, 73). The plasma membrane and the cell wall region of

5

* the peg a@pear in some cases tQ show an électron—dense

) reglon 51m11an to that descrlbed earller tcf. Flg. ~70,. 71

.. 3 » !
with 59, 63), The pore reglon is frequently, extremely

electron dense (Flg 69y 71) v~ The neck reglon of the ~
< . A,

haustorlum appears partlcularly susceptrble to the necrotlc

. events taklng place. The membrénesaf this reeion are broken

down  (Fdg. 71) whereas in the main haustorial body (Fig. 72) 7

they are still intact though much thickened.
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~ w+ ., Not all The interactions that prewent infection on .the
* Algerian hbét-involVe necrosis. Some enetrations appear : \

to be'stopped by the papilla as described in the previous

« d " .. : ~ .
section anad‘the host cytoplasm and.that of the fungus is

healthy: . In the Algérién hoét} however, a densely stained
i ) T

regidh‘is\present'in the host cell wall. The papilla is
dodble—layergd though the seconda;yldeposi;’is not so well
developed as ‘was commonly seen on thHe Kwan host and the peg

is stopped in the primary deposit (Fig. 76, 77), o
S - ; . h i ’

\ - w

: * !

4.3. Electron microscopy - Later interactions

@

2
}» . PE

\\J4.3gl; Introduction

g

On the Manchurian and Kwan hosts, the subsequent de--

.velopment of successful
; >SS

P

‘had produced % elongating ‘'secondary hypha) was similar until
R A Y : u

¢

early interactiong (i.e. those which L

[3 -

3 to £ days after inoomlation. On the Algeri%n host the .few

ESH infections that did gccur were severely retardéd in de-

I

velopment (cf. Fig. 9 and 10).

A delayed hypersensitive response (BHR) is ifhitiated in-

"

the Kwan host and can first be observed 72-96 hr- after in-
oculagioh. ThiS'ﬁR is at firiffﬁpaiihed to Yhe igaf
mesophyll cells beneath the developing fungal‘cdlonyﬁ
These cells béecome browg 1? éo;Pur'and collapse in.necrotic
clumps. v . ’ .o ' ”Q I
There is;no regularity ih the position of cells that
. . )

first become necrotic. Somét;mes,they are underneath the

® 14
/ .




-

e - ‘ -
centre. of the developing cplony- and, in other instances,

{ ] . , !
they are\at th? gylnges of it; and CE%lg\fdjacent to the

~— 7 .

penetrated iéidermal cells afe‘often_épparenEiY\healthy

whereas mgsophyli cells, adjaéent,to theluninfected epi-
. a._- N - . -
dermis on the other ‘side of the, K leaf, are necrotic. s

Aﬁffirst; there is considerablé variatiog in the time

N o«
of onset of HR~from_on¢ infection to another, and in ghe

‘number of cells that are necrotic at any given timei By
- B h 9

the seventh and eighth days almost .all the cells beneath a

tolony are necrotic,Afofming a large bryown fleck about .

-

2-3 mm in diameter. Sporulation of the fungus, which is

considerable at these times on the susceptible host, also

-

occurs on the Kwan host but is significantly reduced and

-

only a few conidiophores develop.
A comparison of the ultraétructura} morphology of
epidermal and mesophyll cells of the Manchurian and the

Kwan hosts ‘and the associated mildew parasite was made.
’ s y

kY

4.3.2. Mesophyll cells

a. Manchurian -~ -

The mesophyll of the Manchurian barley leaf‘consisfs

of .more. or less spherical cells of uniform size. The

[]

,diameteJ/of these cells is 20-30 um. There is ﬁo palis-

ade layer in barley leaves and thus the mesophyll tissue
extends from th%'uppe¢ to lower epidermis. Fig. 78 is a

s« low maﬂfification eléctron micrograph-.and shows the general

features-of a mesophyll cell.




’.

. .. -
" bpdies and vesicles (Fig. 80, 8. Also enclosed within

‘chlofbplasfé} micrébodies,‘mitochondria and the cell nucle- -.

ous lamellae, stacked frequeptlj@into granal layers, osmio-

=-»
&

qr\".' D o . B 77

The resophyll cells are interconnected by common cdell-

walls, whiph contain middle léﬁellae‘pgrforated by plasmé-

. 3 : 3 .
desmata (Fig. 79, 80). Many intercellular spaces occur

between cellsf A plasma membranre is s‘tuétqd close to the

wall .and is at;ached to the membrane wﬁich»pasées.through

-~ hd —~

the plasmodesmata (Fig. 80).
v , [ ] .
The cells are lined by a thin layer of cytoplasm sand-

wiched between the plasma membrane and the;tonpplast. Thé

cytoplasm contains ribosomes, long strands of ER; golgi
the cell membrane§ q:é the cytoplasmic organelles including

us. The central part of the cell is occupied’ by the cell

vacuple (Fig. 78), whlch is lar?@ and sometimes contalns a
’ >

large 6{1 droplfgt. % S . T

The chloroplasts of mesophyll cells from idfected

leaves are characteristically  -lens-shaped, 3-4 um in length

%
and 2-3 um in width (Fig. 78, 81, 82). They ¢ontain™ numer— "

philic globuli (plasfdgldbuli) d a matrix .or stroma; all

enclosed within a double unit membrane. Occasionally,

-
invaginations of the inner unit membrane occur and small

2 -

vesicles origitnating from these invaginations are present

in the stroma (Fig. 82)1 Large starch granules are normal-

ly scattered within spaces .between lamelfae (Fig. 81, 82).

Microbodies are frequently associated with the chloro-

plasts (Fig. 82). They are enclosad by a single unit mem-
|

- . -
.
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braneyand are about 1 um in diameter. Mitochondria are
- . > ' & ° i
R . :

about 0.5 um in width and of a variable'léngth (up to

1.0' m). . » ~ : - ~
) 3 - L) : * ) -
< SERE ; e
_ 4 o ve
b. Kwan-hypersensitive response -

W}thin the period of 3 to S'daySAafter_inoculation

4

mesopﬁylr cells of the Kwan host show varied degrees of

‘ disd}ganization. -It appears that the first pathological.
. ‘ . N

changes to take place in the hypersensitiveﬁreacting,cells
. L]

are depositions of osmiophilic matérial on, or associated
v »”

L)

o

" with, the plasma membrane and the ‘tonoplast. Fidure 83

h

shows an otherwise normal mesophyll cell which has obvious

deposits on the tonoplast and some close to the plasma

“membrane. These dep051ttpns are partlcularly promlnent in

J

material flxéd by Franke s method (Flg 84, 85) where the

‘o deposition is .on the plasma membrane, but are also present
. " 2 . .

. > ~ ] , e
in material fixed with glutaraldehyde followed’fy osmidm.

With the latter flxatlon, the dep051tlons are uSually : '

- . s;tuated between the plasma membrane and the cell wall

(Fig. 83, 87). Large deposits are pxeseht in more dls‘

o
’ 4

organized cells.’ They are situated between the-plasma

membrane and the cell wall ‘and often have an appearance .
T ‘ ’ ) L - A} - ‘ L
.- - . » :
.~ similar to that of the-secondary deposit of the papilla ‘
pad bt h
observed in the initial penetfatlon studies .(cf. Fig. 32

LY

. and 85, also Fig. 87,90, 95). Sometlmes the deposits are

o

electron—dense and globular in appearance (Fig. 86, 96L.

Chloroplasts'~are the most affected of the cell organ--
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. . L .
Various types of disorganization of.chloroplasts

. -

elles.

oecyr. Sométimes spaces are'formed close to the. grana‘as

-.86, 88, (%7)

In other cases there lS distortion and coalescence'bf the

if the lamellae are' spreading apart‘(Flge

g:anal membranes.(Flg. 88, 92). Sometlmes the, 1amellae

become vesiculated.and-ﬁilled with ™ matrix material'(Fig.'93)

» L

‘or completély break down wifh disintegration of thé chloro-

plgst membrane an& loss of the matrix to leave only the

lamellar membranes and plastoglobuli (Fig. 86).

The chloroplast membranesarefrequently abnormal

-
-

(Fig. 54,'89, 92), either* thickened or distorted, and some-

times are broken (Fig. '86, 88, 89)¥. A significant swel-

llng in the 51ze¢of plastoglobu11 occurs in HR cells com-
.’ LY

pared to chloroplasts in the susceptlble host (Flg

-

84, 88,

»
o~

89,- 92, 95).

2 ‘ )
Mitochondria appear to be less -affected by the HR than

do chloroplasts. Only when thé HR is pronoﬁnced ﬁoes a loss

of matrix and an abnormal appearance of the cristae and the

-

enveloping double unit membrane develop (Fig. 92, '95,-97).

At later stages in the HR the cytoplasm is highly - -

vesiculated (Fig. 89, 91, 92) and eventually the cells

»

collapse (Fig. 87, 91, 93, 98). The cell contents become

homogeneous and elec%gon-dense (Fig. 87, 983.

Fig., 93™through 96 show necrofic cells from an early -

HR when only two or three cells bermeath the developing
mildew colony had necrosed. These cells are shown in

Fig. 93

.

Electron-dénse material is present adjacent to:




.

0

the cell wall within it and scettered throughout the

~
~

a necrotlc cytoplasm (Flg"94). Aajécent cells form a wall '

!

L

) ve51cular and contalns strands of ER (Fig. 95, 9
\ = . . < . ) Y. ~

N

. /
dep051tlon next to the necrotlc cells énd the ci;}olasm is Y
9 )l .

.

1 : ' : .
'4.3.3. Epidermal cells, haustoria and hyphae -
. N

4

A. Manchurian

o ‘ a.. Infected epldermal cell

. * The host cytoplasm of infected epidermal cells is re-

duced ‘from the early f:tpnse concentration observed dpring
- L]

'’ the initial penetratidn stages.~ The collar surrounding the

7. . \ o .-
s haustorial neck is more homogeneous than at earlier times

and elegtron-lucent (Fig. 99, 103), but the double-layered
) ) . strugture of the gepllla is malntalned (Fig~. 185 103).

‘o

The amount of cytoplasm present in the 1nfected,cell varies

.- LY

’(' ) ' ’ .
, »from cell to cell but the usual cytoplasm{c components are

present (cf. ‘Fig. 100™103).

- . . 1

b. Haustoria -
- : .- _ A e
.Fungal haustoria are well developed after 4.days and

are, extensively lobed. . They are surrounded by a sheath

v

éﬁclosed'witbin an electron-dense extra-haustorial membrane
(Fig. 99, 100, 101,-102, 103). Veslclesjare pregent in the
. sheath matrix.(Figﬁ~101, 102, 103) and intaginatiohs of the
extra;Qaustcrial qembrane occur indicating that these vesi-
cles arevformed from thme membrane (Flg. lpl)u' Th%(sheath is

§ometimes'only a thin bapd of material and the extra-

’
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. ¢

haustorial membrane closely follows the contours of the

haustorium (Fig. 99, 4102). 1In other instances it is ex-
. & . ’

_panded (Fig. 100, 101). . The haustoria and lobes contain
long m'toChondria, many small vesitles (sometimes arranged
in a retidular network as in Fig. 102), 1afge lipid-like .

bodies and ER (Fig. 99, 100, 101, 102).. Vaktuolar struc- -

. " Ry
tures of various sizes containing heterogeneous matérial
‘ g .
are present (Fig. 102, 103). These structures are similar:

to lysosomes,‘but morphological criteria are not sufficient

" to permit 1dent1flcat10n of them as such. The haustorial _. -

+

»
neck normally contalns dense cytoplasm (Fig. 103) but fre-

~quently the appressorlum broke away durlng the fixation andJ

L

embeddlng procedures permitting escape of cytoplasm from

the neck (Fig. 99,7 100).

b} N o " ]

s

c. Hzghae ‘ P
’ &
Four days after inoculation the ‘external hyphae of the

mildew on susceptlble barley leaves are filled with cyto—

plaem containi “.-vacucles and lipid bodies. Many lysosome-*

like structuresf sxmllar to those in the haustorla, are

v

present contalnlng various 1nclu51ons (Flg. 104). Strands

*

of ER and numerous mitochondria are situated at the peri-
- - v
phery of the cell and ribosomes are scattered throughout the

&

,sytqpiasm (Fig. 104, -105).

\\ . ’ . ‘ - I
- a .
- . . a

-
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of the cell (Fig. 107, 108).

-, :B. . Kwan C ' . «
. |

a. Epidérmag cell and haustoria
.Epidermal cells are affected by the HR at a later
time (i.e. 5 days.after inoculatioﬁ) than are mesophyll
cells. As in the mesophyll cell, the first indication o
epidermal cell necrosis is the dépositien of osmiophilic
deposits on the plasma‘membra adjacent to the inner wa
the deposits become more pronounced. Sometimes these de

posits are electron-IUfent (Fig. 109) and in other cases

large globose electronjdense,deposfts are formed (Fig. 1

The HR-causes the cell t6 collagse '(Fig. 111, 112),

i

4
bl

11

en the HR is more advanced,

17).

the destruction of the cell membranes and the aggregation

and disintegratﬂbn Qf the cytoplasm and cell oréanelles
(Fig. 109, ill 114) ' The oell'walis contain electron-
dense reglons whlch are spherular and sometimes annular
shape (Flgi‘llz, 113, l¥4): Frequently present in the

cells are structures comprised-of convoluted whorls of

‘membranes (Fiq.‘llS, 116).

e

. - r'] -
At the time the fifst wall depositions are formed,

haustoria are still healthy’ Howe&er, unlike haustoria

the Manchurian host, glycogen deposits are present close

the haustorial plasma membraneJ(Fig. 107, 108). No infte
.y °

medlate stages of necrosas were observed Eithervthe

4

, haustoria appear healthy and the cytoplasm ;ﬁ well pre~-

J;}served (Flg. 106, 107, 108, 110) or ti® haustoria have

collapsed and the cell organlzatlon is destreved (Fig. 1
' ' 7/

‘\.

-

r

in .,

the

on

-

to

r—
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lll( 112, 114, llf). \Usually the .extrahaustorial meﬁbrane
is broken and the sheath matrix is more elegtron—densé and
granular (Fig. 114,'117). Sometiﬁgs,.it appears vésiculdr
(Fig. 109). Frequently'eIectron—dense material is présent
in the haustoria (Fig. 109, i11,A1147. Ev%ntuigly, the

. . *> . . ’ .
. haustoria arg shrunken, granular and no organization of ’
- ndip

cell structure remains (Fig. 117). ) ‘ Q;\\;

.
-

b.> Hthae

External hyphae of the mildew on the Kwan host were

.

more frequently dislodged %rom the leaf’ surface during
fixation and embedding, especially after epidermal cells
hqd beco§e necrotic, than }h9§e on th Manchurian st.
Hyphae are shrunken and'tAe cytoplag:pzis granular and con-
N ta?ns no ER, or recognizébi;\;ibogzmes. Lgége“vacuoles

without a éurrounding membrane are formed (Fig. 118) and
these vacﬁoles appear to’ be broducts atttolysing cell com-
1Qonents (Fig. 120). wMitochondria appear swollen and con-
ﬂtain abn&rmal crigtae (Fig. 118). Electron-dense mate;ial
(Fig. 119, 121) is present in°hyphae, sometimes ‘aggregated
around membrane bound structures (Fig. 121) which may be:

necrotic mitochondria. Vesiculation clpse taq the plasma

membrane is sometimes evident (Fid. 121).



CHAPTER 5.

DISCUSSIONS

A

The purpose of.this study was to elucidate and clarify

-

- R
some of the morphological changes which take place during

»
e

the parasitism of harley by Erysiphe graminis. Particular

emphasis was laid on the early interactiogg between host

and parasite and on later interactions which were considered,

relevant in ‘determining resistance of the host to the para-

»

site.

L

The discussion will generally follow the sequence of

the results obtained by electron microscopy, complemented

'

where necessary, with evidence obtained by/light microscopy.

’

‘At the onset perhaps it should be pointed out that some
. oL .
parts of the dischssion may consider®in detail aspects

*

which have alrxeady been briefly touched upon. The neces-

sity for this lies in the fact that some structures ob-

served at one stage 1n devélement of the host-parasite
interaction may be'analogbus, if not homologouq,,to,strﬁc-
tures observed at a later time. An example is the forma-
tion.of the papilla during the prima;x‘penetration process ‘ 'S
and the formation of wall deposits in mesophyl; and epi-

dermal cells during the hype;sensitive response of the Kwan

variety four and five days later. ’




e
\\ Light microscope studies, pérticularly df the early

~developmént Qf the mildew on the resistant and susceptible .

barley, were an invaluable complement to electron micro- -

. W x . . .
scope studies. Because only a minute ‘amount of material
- . ’
L L :
can be studied in the electron mic¢roscope, incorrect and

misleading interpretgtions may easily be mgde unless these

obsérvations can be related to the broader observations

» B

using the light microscope. A crucialapart of this work

< * * I

{
was the development of a téchnique whereby primary p€netra-

tion sites could be readily located and sectioned=for

s

electr®n microscopy. Stévelx and Hansdn (1966) published a

method employipggthe use of a con&éntioq@lcmicrotome. This

involved the cutting-af thick séctions of plasfic-;mbedded

leaf fﬁssues, select;;g the séétionsiwhich contained the

peg region and then re:embedding for thin secﬁipni;qf a

llaborio%s‘prpcedure at‘pest. The £;cﬁniqu5‘deve1;ped by m

(McKeen .and Rimmer, 1973) was found to be relatively’qﬁkck“
P .

and simple and to be effective in locating infection sites

of even smaller spbres than those of E. graminis, eg.

Botrytis cinerea (McKeen, 1974).
- ‘

This study is the first to examine serial sections of

early stages of primary infection of E. graminis oh natural-

ly growing sdsceptible and resistant Barley leaves although
Edwards and Allen published a paper on the pfimary infec- 3

tion of barléy by ‘E. graminidg in 1970. However they ex-

amined material 48-72 hr'after, inoculation whereas, as 4

many studies have shown, primary infection occurs 10-20 hr




. F - a ‘o
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. N after inoculation, It seems likely that they were observ—'
v o ing'materiel containing wellrestablished haustoria, pene-
' ; . - tratiens associated with secondary haustorial formation, .
° Fel N - .
- Zzﬁp possibly, p%pille-biécked-penetration hyphae. Ghis is -
v pparted by. the fact that their electron micrographs

o

ﬂshowed appressorial lébes.which were vacﬁolated'and con-
talned glycogen ~-1like particles nelther of. which were Qp-

. served 4n appressorial lobes durlng cell.wall penetratlon

4]

in the” present study. I bbserved that material contalnlng

°

haustorla, if ‘sectioned obllquely, Qften resulted in sec—
'o

tgiﬁgloé lnfectlon hyphae (haustorlal necks) whlch gave the

earance o&f belng only part<way through the wall (Flg 27,
.
28). This emphasizes the’ 1mportance of u51ngwser1al sec-

. tions' in this type"o%astudy'so that the limits of the pro-
,gress of sucg struétﬁrek qanvbe;determined.

'+ Stanbridge et al. (19511 studied eFrly stages of in-,
fection” of détaeted léaees wh{eh had been’ inoculated after
'beingtplaeed on water‘sger containing 260'ppm,(ug/ﬁi) of

o - " benziéidazole. In. some prelimin;ry ekperiments 1 observed
that leaves floating dh water ceﬁtain}ng 100 ppm and 200
ppm benzimidarele ,were much more resistant than&}ntatg'

leaves. ' Dekkér *(1963) and €ale and Fernandes (1970) ob-

served é/;llar effects w1bh klnetln on powdery mildew -

1nfectlons Some of . the, reSults presented in this das—
1Y 7 f”,

e ‘sertatlon, on prlmgry 1nfectlon of susceptible barley byC

E. gramlnls, wexe’ publlshe&'earller (McKeen and Rimmer, - .
N e
s (Y I973). S S v

¢

rs

L

a
L}




The ability of pathogenic fungi to invadé their hosts

-

is often degendent on the formatlon of appressorla which .

are speC1allzed organs dlfferentlated from the germ,tube of

hyphae. E. g;amlnls forms é‘Jong, undlfferentlated germ

tube when dbnldla‘pre germlnated on glass slldes but when.

<« ©

they are 1ncubated-on the host leaf surface, however, one

of the short oerm tubes differentiates to“form an appres-

o I

sorium 6-8 hr‘after\inoculetion,- THis indicates that  the

conidium and germ tube }espond=to external stimulation at
, ' -

v
] <
.

‘an early ssage and that the host surface. is influential in

e

tire differentiation of the appressorium. Prior to penetra<-’
tion the abp;eseorium forms *a lobe, usual}y distally at

right angles'to the main axis, and it is fr \such‘a struc—
ture oﬁix thdtjpenetrationtie attempted. . (
The epéressorium always has ; prominent fiucleus and i's
'separated from-the gerﬁ'tube by a septum of the<ascooycet—1"
ous t?pe. The dense ;§t9piasmio structure of the appres;

w

sorium is in contrast to the sparse.cytoprasmic contents

»

. t .
and the vacuolation of the germ tube and conidium. This is

.
-

'ﬁot unexpected it is reasenable to consider that the

S

appressorium would need to be in a more active metaboli¢, -
. - A o

’

-state during theginfectioﬁ proceé% than the germ tube.

. Glycogen granules, which have been shown to'befabund—

- £

ant in dormant conldla (Leong, 1971) are sparsely" present
~
in-the germlnated conldla and germ tubes buf are never
. obseryed in. appreqsorla at the tfme of lnfectlon. It 1sg

‘lilkeLy that durlng the early sta s of germination they
- . ‘ . -

.




L .
are utilized or converted inte 91mg%e sugars which are

translocated to the appressorium. Aka1 and Ishida (1967)

a - 2

reported  that glycogen-like particles in the conidia of

'Colletotrichum‘lagenariﬁm seem to flow into, the germ tubes

and they thought, consequéntly; that these particles.are

utilized during germination for cell wall synthesis. It is

considered that active fungal tell wall synthesis and the

secretion of materials including material for adhesion and

~enzymes for cell wall‘degradation occur in the appressorium

wheré it is in. centact with the host cell wall at the

(IR

" infection site. Before peQet;atioﬁ this redion of the

‘appressorium always contains numerous-vesicles and an

>”~

abundance of ribosomes. A close contact’ between appres-
. S ;
sorium and epidermal cell is always observed in material
which has not been dislodged during the embeddiﬁg”proced—
. ;

ures.
& 3 . - R . .
In transmission electron micrographs the cuticular
o B
layer appeans ag’'a thin smooth layer on the outer surface

v,

'of the epldermal Cell wall and is about one "tenth thé. thlck—

& 2

"'ness of’ the cell wall. Before penetration 1t is intacts and
sometimes slightly indented where it is in cogtact with the,

pore of the appressorlal lobe. Dﬁring pe%etratiom”sohe

o

ergsion of the cut1cuLar lazgr is occas;onally obserye&

ometlmes 1t appears frégme ted, but‘no ‘change occurs in’

its electron density. Howe%er 091gn1fldant alteratlon i

¢

the,electron'densiﬂy of the celluldse layer of the cell |

&

' 2 o 4 , . R . . .
wall is observed around’ the pemetration .site. This increase

a2




’T. o ‘ W i
in electron déhsityti%;most pronounced at the edges of ‘the
. . § ) ' - & ) - =z .
holexproduced by the infection peg and :is localized to the
. . o o . - . Y . o
wall around the peg more at the time of penetration (1ll-

N t - . s - . ¢ X '
12 hr) than at later~times.. Separatign and swelling of the

flbrlllar structure of the cell wall 1"\Qat ‘unusual. The

peg is blunt and appears to have no cell’ wa11 or else it

rs exceedingly thln while 1t,patses”}hrough the wall:

Theee ooservatioﬂg suggéstzthat the penetration of'the wall

involve chemicai”alteration"f the wall, but whether the,:
g .

cutlcular laver. 1s degraded enzymatlcally 1s uncertaln.

[l

In addition, larger holes are occa51onally ﬁprmed in the
: | 4
walls and apparently plugged by fungal materlal Penetra—

- W o
o N

tion of guardrcell walls als0cocgurs. These _are much

: ‘ : . . ..
, thicker than other goidefmalscell walls but still do nét
- v ' . ‘ ) o

Qreventnpenetration from qccurring. ) o .
5 -~ (SRS o, " 3 .
- Most 1nvestlgators of" prlmary penetratlon fBracker

~
W [e]

and L}ttlefleld 1974 Corner, 1935- Leong,l97l°98tanbr1dge

sy
Ay

et al., 1971) have con51dered cutlcular Denetratlon to be

- -

the result of”mechanlcal éressure exerted by the benetra—“"

w
Q

7 .

tlon peg. Roberts et al 41960) showed that rése® ieaves'

&
T 9
- )

;nfectéd w1th §Ehaqrotheca pahnosa nave Only a quarter of

% i o r’a

. the cutln characterlst;cs of heélthy leawes and Llnskens

n o,

andgﬂaage 61963) demonstxated Qutlnase actlvrty by I tgztls
c1nerea, Rhlzoctonla solani and other plaht pathogen1C°'

2, < [ a g c

fungl. Recently th den Ende and LlnskenszJL974) have re-

0

v1éwe¢~the evldencé«for plant gathogénlc degradataon of -

o 3 (’ Yo ae

cutln. Scannlng electrdn mlcroscope examlnatlon of ¢

L
-] - - - o
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extensive‘degradation of this layer occurs beneath the

a ° o - . -
Jove these waxy protuberances. of the outer eprdermis.

[N

“micrographs-and are presumably'removed by solvents during,

,cell wall are the results of the degradatlon<of the'cell

'wali constituentq

E. graminis;on barley has shown the outer epidermi& of the

»

leaf to consist of a layer of waxy protuberances and that

appressorlum and germ tube ( chw inn and Dahmen, 1973).

b

In order to achieve close contact with the cell wali it

-

seems likely that it is necessary for the fungus to re-

o

1

o

These structures are not observed in‘transmission electroh
. h :

preparation.

o

If these waxy iayers are degraded by the
¢ - - v ’
fungus there is little reason to suppose that the funggs

would be 1ncapable of degradatlon oj the cutln layer
o - . ® .

The alteratlon of the cell wall around the zone of

8]

'

™

penetratlon observed in eléctron mlcrographs has been

< @

s

assoc1ated‘w1th the ﬁalo that appgars round penetratxon

Bl

.~
o

51fes ime stained light mlcroscope preparatlone Akal et al

o W

(196?) réported that the haloes observed on- the epldernal
[

McKeen and Bﬁattacharya,(1969) studled

I “

hlstochemlcally the halo around the 1nfect1qp 51te.
Ny ki
showed that cellulose 1s Lacklng in the halo and that after

d1fferent1&l extracxlon of po%ysaccharldés the Pertodic

‘They

&

«aC1d Schlff(PAS)—negatlve halo was always sUrrounded by a

-

PAS p051t1ve %and even after pectin, hemlceliuloge and
‘

other non oellu1051c polysaccharlﬁes have been removed.

o =]
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LSl

<7

9

.Xunoh (1972) found that the halo does not stain with

v
\ -

Sudan ITI 1nd1cat1ng,an alteration in the'cutlcular 1ayer .

>

of the cell wall " He conflrmedimcKeen and Bhattacharya s
.findings that the halo is PAS-negative and also that pectin

C _ - ' e ’
and cellulose reactions (Ruth%nlum red, Iron Teaction and

L .
N

Zinc—chlor—iodide teSts) are'negative Howevér he did
show that reduced comgounds and aldehyde groups are pres-—

ent and that pentose and urenic ac1ds are present, results

*

that would be expected-ifccell wall degradation'has*taken

plaze. There is some difficulty, however, ..in iqterpreting

o © < T v e o o

tﬁése\éata\with respect to pene€tration. I'observed haloes

not only surrounding the actual penetratlon 51te beneath

a

the appressorial lobe but also, %nd often even more intense-

o !

vly stalned beneath the undlfferentlated.germ tubes. In

this study a penetratlon of the. cell wall from an undlffer—
Kl . 0"' . o
entlated germ tube was' never observed 'to occqr.

'§tanbridge et al- (197L) also reported that they never E

observed penetratlon from undlfferentlated germ tubes. P

<

‘Théy suggested that the fact that*the apgressorlpm contains

4 nucleus may be afd fmportant factor in ‘thris regard.
o 0 / Tl'
p It has been mentloned that cell wall alteratlon is

° © v

locallzed to the cel; wall adjacent ﬁo the p%g. Only after -.
the peg bas penetrated thr@ugh the- cell walL is, the altera-

tlon of the wall extended beyond this* reglon, up to 2 um
» N ‘e e

'radlus from* the*penetratlon hyghaer_ Assumlng that cell

waLi degradlng enzymes are produced this could 1nd1cate
L . [+ .

that dlffu51on of gnzymes 1nto the cell wall from the

e O' - v
-
I -
Q
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penetration hypha, results in continued 'alteration of the
wall after penetration has occyfred,” Altération of thé

»

cell wall and the formation of papiklae axe observed bé{;
‘ .

" neath undifferentiated gefm tubes. These;gre more exten-

_sive and electron-dense than around—penetration sites. If

. haloes do indicate enzymatic,élterétion of the cel} wall
: ‘ and the evidence suggests this tp be the .case, then thre
. ‘ — ‘ i

o guestion ariées as to why the fungﬁs'shoula\séérete en-

zymes in places where, no pene%réfioh éttempt,wi;l follow.
:This would seem to be wasteful of the<eqe;gy rqug;ces of
the Fungus wﬁich one would logicaliy~§énside€;éh§uld be
| qpnserved for gagéd penetration, and haus£6;iai‘fdrmation;'
. T

Before addressing this problem furtheryit is important

,to'discuss the host responée to infection,beéause iE is no§'

o !

3 to-be expected that the one will not affeéct the other.

Evidence has been presented that stimulation of the host

~ogcurs before the appfessoriﬁm Begins to penetrate -the host

& e

IR

.cell wall. This stimulation results in an aggregation of

hos€ cytopiasm_beneatﬁzthe infection site and undifferenti-

ated germ tubes. This host aggregate regponds to- the

o

threatened infection 'attempt at both these locations by
, _forming a papilla. ‘ .-

[

The A&ggregation of hos} cytoplasm consists of rbuéhf'
ﬁR, miéochondria,mgolgi bodies,‘; . numergQus spall‘vésicles
o ° - ‘ . : , ‘
and plastids. The pfaétids are similar to etioplasts
o - (Gunning, 1965a, l§65b) and conSist‘of & pfolamellar‘strﬁc-

ture and lipid globules. The papilla itself is at first a -




e . . small protuberance of the cell wall of ele¢tron-deﬁ%ev"';i‘

*

ST material beneath the appressorial lobe and germ tubes. It

v -~ A

. is deposited outside the hééi cell. plasma memPrane. - The

r
papilla is an‘aﬁdrphous Strafture and has been shown to
contaiA polysaccharides but no‘bellulose q? lignin (Kunoh,
1972).‘ Callose hds been reported to be present in the
papilla (Edyards,and Allen, 1970).

Th; presehce of ngmerbus golgi'bodies and small vesi-
cles*iﬁ the(host aggregéte suggests that they aré probébly
responsible for the formation of the paéflla.‘ Evidence that
sMall -vesicles are incorpgéated into the papilla haé been
presented. The éapilla contains ﬁembranes interspersed’
among§t thewamorphous‘materigyz Similag obser§ations were
presented by Griffith (1971) for lignituber formation in

{
. . Verticillium-infected roots of tomato and pea seedlings.- N

He suggested that the deposition of material on to the
penetrated cell wall results from metabolic acﬁivity within
the living protoplast qnd is accompanied by yeéiculéf
seeretidn through the host plasma membrane. Chéu (1970)

also considered the sheath formation surrounding the hypha

of Peronospora parasitica results from a process of fusion

¢ and incorporation of vesicles derived from the host proto-~
& .

-

o " plast.

The involvement of vesidlgﬁ in the prdces§ of papilia

formatipn is consistent with the well documented evidence

for the .passage and imcorporation of cytoplasmic materials
-~ h ' ’

acrdss the plasma membrane into the developing cell wall




L e

o - (Cronshaw, 1965, 1967~‘g}cket% Heaps and Northcote, 1966) ¢

’ Nbrthcote and PlckettaHeapéﬂ(lQGG) prOV1ded evidence that
the golgl apparatus 1ga§mpqrtant in the secretlon of poly-
. -~ £y & B . * " .

e L

,LfadCharidesiin plant, cdils.

Successful pehetration’ of the papilla occurs quite

. Y . . . '
rapidly compared to the penetration of the cell wall, be-

‘ N )
cause the peg is frequently found within or just through
Y : . ot ‘ .
. -the cell wall but ’ly .infrequently observed within- the

< »

papilla. Only at later times, when infection siteé}{}th~
out haustoria present were selected, are pegs frequently
observed to be stopped within the papilla. Papillae in

‘

these instances are usually lafée and.have A secondary or

tertiary deposit edrroﬁndihg the primary papilia.‘ These

secondary deposite are usual;y legs electron-?ense and

oféen stellgte‘in'appeafance. The rapidip¥~and extent of

papilla fofmétioﬁ‘seems to be imporéapt in the preVeptioﬁ

of infection'of the host. 'Light microecope ddta sﬁowed

that preventgpn of 1nfectlon by the papilla is non- spec1flc,

i.e. it occurs w1th about the same frequency on the.sus-

ceptlble and re51staetnvarlet1es. o ' ) | g
When it successfully blocks penetratlon, the papllla

does not brlng about immediate death of thé fungus. - This .

is shown" by the fact that appressoria whlch have their

ini;iel peqetpagion attempt .blocked by the papilla éorm a ; .

secondary appressorial lobe and reattempt infection from

this structure.’ The frequency of infections, however, from

"

these secondary attempts is usually low. Probably this is

< [}
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B . ‘ 'because the fungus has less 1noculum potentlal (sensu - - -

,;iﬁ,‘h s ,‘,;.'"Gaxrett, 1956) afterblts flrst unsucbessful attempt, and/
.. N : \; “ . '

St or that the host has moblllzed sufflclent reserves to con-

L ¢ i :

I ] . A 3

. e ‘ taln qulckly thls penetratrbn attempt. L

e -
' Lind and”Edwards (1974) found that the age-of the leaf

is” a factor in nﬁh spéc1f1c re51stance due tp’'the prevent-

ibn of haustorlai formation., ﬁ%e type of epioermal cell is

- -4
‘r ~ r
’ LI

also 1mportant in-this reqerd‘ 'leata (1967) showed that

- - * . N PR

;) sub51dlary cells of stomata are more suscept;ble than other
S 12

epldermal cells : In thlS study, 1t was observed that the

long cells” overlylng the leaf vascular tlssues aré the most

N » -

' . resistant cells. o S

L] ~
£

The functlon of the papllla in powdery”mlldew infec-~

tion of barley is thought to be a host defense mechanlsm

e
~

for blocking penetratlon and haustorlal formatlon. Similar
host dep051ts have been obServed in a varlety Qf Elant dis-

eases, and have sometlmes been referred to as call

‘ ) o2

51t1es
4 .

(Young, 1926). Fellows (1928r described them as they occur

>

in wheat plants 1nfected by Gaumannomyces gramlnls as*
& a

llgnltubers because they contain lignin but po callose. “

Because deposits simildr to these forqed in response to
i . - N M ' .
o 0 N . ’ : ’ ’ ’ ’ . ’
4 ‘\‘ - .infection can be produced by penetrating cells mechanically

‘with fine needles, Wood (1967) suggested thatsthey are a
. [N . ,
generalized wound response. However the fabt‘thatwpapilla
, R L .
formation in barley is initiated before fungal penetration

‘of the cell wall has commenced suggests that  they may be

chemically stimulated and tﬁatnthey rgsult’ frém cytoolasmic
. . ] . . - - . -

< . 3
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activity.ikM%ieayer, because they have been observed to

M A ’

contain successfﬁlly the 1nvad1ng fungus in up to 50% af"
penetratlon attempts;’;t is concluded that they play an

important role in,oétlplar resistance 'of barley- to T

‘- . v .

E. graminis.
‘£ . * \\\
In ‘support of thlS, Bushnell and Bergqulst (1975)
. >
' observed the development of the papllla and concluded £hat )f,

L8
most of ltsﬁgrowth occurs‘w1th1n 15-20 min and,that, in’

coleoptiles, it‘develops Concurrently with the haustorium.

On leaves, however, the papillé response seemé‘to_be under

-

a more 6eoisive on-off control as papillae are-seen only
. - £

when haustoria do not form, and papilla depoeition'is not

seen aroﬁnd necks aﬁfer haustoriaJare proﬁuced - Tt 1s R

difficult to relate these: observations £0: tbe edeence of "
«

electron micrographs .of penetratlons where paplllae are

obv1ous£> present when the- haustorla have been formed They .
concluded that the papilla is apparently anzlmportent'qpme
ponent of generalized hostﬁresistance to powdery mifdexf‘
Mdre work’on the formetiob’of the papilla and its role in
the‘establishment of bost parasite relations seems to be

deslrable to clarlfy these contradlctlons. e ;, ¢
‘ If papillae are an 1mportant defense mechanlsm of xhe .

) [3

host egaiﬁst i%vasion then it. is possible to spec@late that‘ .

the. fungal-induced cell wall dlterations beneath tﬁe germ .
. P LI '
tubes, which was mentioned“earlier, may aid the-penétration"
b
of the epidermis by the 1nfectron peg by dividing® the host

cell s capabllltles of reSponse between various locatlons.

- -




v

¥

o

9%

If the host response is concentrated solely on the appﬁss-
sorial 1nfect10n site the papilla may be formed too qulckly
for successful'penetration‘to occur frequently. 'It should
be possible to test this Hypothesis experimentally and
further work\oomparrng the histochemistry of’helqes beneath
germ tubes ano:%he appressoria‘would be wvaluable.

When the tlp of the peg 1s 3-5 um beyond the papllla,
within the lumen of the epldermal cell' it enlarges to form
an incipient haustorium. . The haustorium at this time con-
tains thick strands of membranes, many small.resicles and

ER. “McKeen (1972);suggested that similar strands withi‘.’

the hyphae and conidiophores are responsible for nuclear®

5

]
movement in E. graminis. Their .conspicuous presence in h

~

young hadﬁtorla at about the time -that nuclear movement.l
from the appressorlum to the haustorlum takes place suggests

-

]
that they may well play a 51m11ar role at this stage of de—

7

velopment.
The development of the mildew on susceptible and re-
sistant varieties of-barlé§ up to the formation of a young
haustorium was srmilar on all variet}es studied. The
Manchurian and Kwan hosts show a similar development up to.
70 hr after 1noculatlon and no evidence was:. obtalned of any
expression of resistant mechanisms before this trme due to

the presence of the Kwarr gene. The Algerian verlety, how-

ever, was observed to prevent further development of the

fungus in both light’and electrof? microscopy st'udies by a. .

[}

13 “ - ’ -- - ; ,
hypersensitive response occurring about 20 hr after inocula-
v

4 : ¢
.. »

L]



tion. . L &
. In the light microscope studies, it was observed that

some of the cells which had been penetrated become perme;

ableé to stain in“contrast to uninfected cells. When

-

. 4
haustoria can be geen in tpese cells they have developed to

about the 18 hr stage, i.e. they,are elongated but have ndt
' formed lobes. Usually 40-50% of‘rhe appressoria‘forﬁed.are
associatedAwith these stained epidermal cellsz No .second-
ary appressorial lobes occur on’appresseria associated with
these cells. Less-than 5% 6f‘appressqria continue in gheir
development to form an elgngating secdndary hypha. Several
—other workers observed 1eaé than 5% successful primary
infections on bﬁe A gerlan variety (Ellingboe, 1972; Masriv
and Ellingboe, 1966, McKeen and Bbattabharya, 1969; J
Stanbridge it al. 1971). Odly Kunoh (1972) and Stanbridge
et al.)(197l) suggested that two distinct résistant mechan-
isms are in oevratlon, blockage by the papilla, and hyper-

+ ’

sensitivity. . i
. .

Electron mrcrq;copy revealed that most of the materlal
at 20-21 hr after 1noculat10n is necrot}cg ThlS hyper-
sensitive type 9f responee lnvolves the gimultaneous
néerosis‘of both host gell and the fungus. .

Electron mlcrographs ;f the - appressorla show them to
be collapsed Qlth the plasma membrane destxdyed or broken,
: cytOplasm is often shrunken and electronrdense materlal 1s
situated bBetween the shrunken cytoplaém énd the fungal cell

wall Similar destructive changes. occur in the epidermal

[

y




& ’ ’ A \ v ~
’ ‘ cell - ‘broken ‘membranes, coagulated cytoplasm and collapse
of the cell. The altered permeablllty of these cells to

steins is probably due to the fact that membranes have lost

Lt their 1ntegr1ty Frequentlyr cells adjacent to the necrotic

}, . epldermal cell form wall dep051ts similar to those which
. ", occurred in hypersensitiye cells on the Kwan host. hese
will be fully discussef 'later. /

v . N
Ellingboe and his coworkers (Ellingboeyx 1972; Masri
~ - ) ' ’ ..
and Ellingboe, 1966; McCoy and Ellingboe, 1966) exhaustive- '
ly studied the development of appressoria and hyphae but

2

.

they did not report observ1ng papillae, haustoria or cyto-
" o U
. plasm 1n51de§ep5dermal cells and therefore did not relate

incompatibilit§\to hypersensitivity or other events.

i

ﬂé?vood adf)Elllngboe (1974) reported observ1ng a < .

- srngér stara*ﬁg response of the epidermal cell to 1nfec-
. ¢

L e

. tion of wheat by E. graminis but, again, did not relate v -

5

this to hypersensitiv&ty. Bushnell and Bergguist (1975)

”~ o

reported that a hypersensitive response of coleoptile

2 v
epidermal cells of the Algerian host occurred only aft!!_

e

haustorial formation. ‘ 4 v . : e LY
The light microsoope data 4or infection of theé

Algerian host is anomalous. About 60% of attempted infec-

'tioﬁs kave only formed appressoria at 20 hr (40% ﬁave

’ \‘. successfully formed a haustorium). . Only a few percent of

appressoria are associated with staiped epidermal cells.. .

At 26 hr, however; 80% of the attempted infections are . -

A 'appressoria only' (Table 4). 10% have appressoria and

4




a

haustorla and 10% have progressed to form a hyphe.as well. -

Apparently 20% of the populatlon have’ regressed The og}y

logical way thlS can b‘/explalned ls‘that those haustoria
, .
have dlslntegrated: This is precisely the percentage in-

Crease in appressoria gssociated with.stained cells.
Electron micrographs show ﬂ!%erial»which does not coentain -

e

,haustoria but the celliﬂar disorganizatioﬁ is so great .
@thatdlt‘is‘impossible Fo tell Qﬁether or not a haustorium
'has ever been present . Coﬁsequntly, it is considered

that hypersenSltlve responses only oaﬂﬁ:1n.epldermal cells
' whlch have been penetrated by the fungus 1nfect10n hyphae

to form hawstoria. ) BN : .

Another conspigcuous differepee petWeen the Algeriap,

and the other variet!Ls is the formation of electrqn—dense

lines in, the cell:walls closerto tﬁe penetration peg.

These ‘lines are not formed duringathe.actual peﬁetratiOn of

¢

the wall but- become- apparent about 20 hr after inoculation.

} 3 , -
. ° ’ - : w
They are not confined, to necrotic cells but also océur in
cells containing haustoria and in papilla—blocked infec—

tion sites. Within the cell wall region demarked by thlS

’ - .

2lectron-dense llne, definite alteration of the cell wall
fibrillar structure is apparent which may indicate the

limits of the influenc® of the peg oﬂ’the cell wall. That
this cell wall staining énly occurs in the”Algerian variety

'1ndlcates that the cell wall may be dlfferent in some way

c
.

from that of other varieties. It ma? be related to the
e
resistant gene, or, at least to some closély 1inked gene,

-

’

9




‘trated epldermal cells become necrctlc.

7’membrane and the todoplést,{pnd the fdrmatkpn of small , | , »

electron-dense 1nclusrons between tbe plasma membrane and

- are. thought to conslst ,of iipoldal material* but 1ittle is ,.iF-Jj

o

e ' : '

l:'
Mére work is neces-— .

v

as these varieties are near—isogeaip.

sary, to investigate this poéssibility. . ’
L %

. Resistaﬂcé to powdéhy mildéw by the: barley .variety . .

O

_eontaining the: Kwan gene is sxpressed about 3 days after .

inoculation.. This also involves a hypersen51t1ve collapse
] ':. - -0
and necrosis but is initiated W1th1n the mesophyll tlssue DU

underlying'anninfection site. ThlS@ﬂS an unusual occur1 B .

rence“becaﬁse, unlike necrotie reacdtions which have been S

- s

studled 1n other host paras1te comblnatlons ‘%he*mespphyll
cells are not penetrated by the fangus, But are the flrst e JL ’

cells to collapse and~only after thls-response do the pene—

)

Wh;te and Baker

- v

I .
(1954) and leata 61967) observed %hat delayed hypersenSL— .

t1v1ty 1nvolved the collapse of mesophyll ceils. Th1§ : N

study con/;rms’these observatlons in the llg“

microscope

___and extends them to show the flne~structﬂraldc ges which

are assdclatéd witﬁlthis resgonse. ) Lt A ;' - S
L oy P ’ e P . - . C ’ t . \;’-
; \f( he flrsz//;drcatlons qﬁ re51st§nce ;‘\the Kwah host T

‘o -

_-are the'brown&ng and necr051s pf two or three mesophyll ' —A-* :

.

. c~ 1&

cells béneath a developing-colony - The flrSt changes 1n

-cellgstructure whlch'are obserged in electrqn mlcrographs
o 4 ° o T
are the. de9051tlo§ of bsmlophlllc materlaL.on the plasma oY

‘”1 S
) c o "q 9_: o
Osmggphxllc deposits on the cell membranes R

' <u e
have. been shohn xo occur naturally 1n -some plant cells and o

the cell wall

b
e . -~ . o~

A , ‘&. . - "
‘ ! . 3 ' . . . .
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° a“' ‘ knowp of their functlon (Ledbexter‘and>Porter, 1970) In f;j I
- : . 5_‘:’ ‘ th;s:study they occur only in cells LOf " Kwan host -"~-‘ :;f .
\ A.\assocxated w1th hypersenSLtlve Collapse. Coﬁparéble mem- QN"Q: 2
.o K3 ‘.;;aﬁe deposzts have onlY been reported to ocgur 1; hyper—- T L

~ Q f .

-sensitive cells,of one other host*para51te com 1nat10n .

u“: r 2

- - .o (Heath, 19?2). It is of 1nterest that Héath only observed

D . o - .
$' S } these droplets tos occur on cekl membranes* f the inter= - -7

. mediate'resistant'COWpeashost‘IPurple Hull inkeye) and not
5 " \ - ° o 3 -

- T onilmﬁhne Jarieties. The Kwan host is 51m11a

¥ - . \ .
. —host 1n that it, too, shows an 1ntermed1ate tyoe of resist- o

a — ©

ant response. v oo : R 5

e ‘ ) The lnclusions between the plasma membrane and th

> . 3 c
"

cell wall are greatly enlarged in cells whlch are more R —

[ o ® e

. =>L dlsorganlzedl4 In some cells they are cqmposed of an .vs'_ S
‘. “,":' . eleétrepelscént(%aterlalg sxmllar to tha; ofﬂthe papllla, ,‘? ‘
: :/7) and 1n others con51st of an électron-dehse, ngbose matrlx.“ey H
: :;pﬁ ) These dep051t10ns are’ mest frequently present on” cell walls

RS Co. adjdcent to neérot1c Cells but are als# often preseﬁt in

¢ . Q‘ z i : - . R . ) 'h, . - "o
- . the. necrotlc cells. : .ﬂ;vi g , P «%N

o . 3 - . - .

‘~Slm11ar dep051£suof amo:phous materlal on the w%lls(cf -2

T ) : un;nf cted cells wheve they are 1n contact with necrotlc
- ° . - )
ce '_‘;‘ dells have peenrreported in plAnts showing a hypersensmtlve

g < o

reactloﬁ te fungal 1nfect10n (Heath and Heath 1971 Heath,

- .

. ~

’ 1972,.Mercer et al., '1974; Sklpp et al., 1974) and 1nr° L -

’ : -

v1rus~1nﬁected plant Cells (Hlnukl and Tu, 1972' Ross and b

e e “Israelo ﬂ970. Spencer aﬁd Klmmlns. l971) These dep051ts

) . u o

o o . usually contaln membranes and are electron-lucent {Heath



s
o
o
°
o
o
,
>
c

o ;i;”g and Heath‘ﬁi97l-~Heath‘ 19?2, leukl and Tu, 1972 Mercer et

o " . t. b ¢ -

o al., 19?4 Ross anﬁ‘Israer,ol9707" C@llose has been detec- o

“ ot ot O‘@LL&§° ted Ln materlal cf thls appear&nCa (Heathﬁ 1971 HeatB and

. . .
i ,v Y N : ’- e a

¢ o Heath 2971; leﬁkx énd Tu, &972} tranular, ‘electron-"

P ~ - -
L 9 ] . <

.0 ﬂénse materlal qf unknown com9051tion has been reperted 1n o

"D

n N T .

A assoclatlon Wlthislectron*lncemt materlal iHeath,91972, ,
.= *
oo : N £ o o

Wercerﬂet als, 197 Sklpp et al., 1234) ‘or by ;pbelf' E

Q<
l 9

[

= o c w o

o , o (Heath, 1972“ Hltukl‘and Tu“,ﬂ§72) ‘WaJl dep051ts ‘haue Rl
e icj: » been @bserved in céreals-ln ﬁ&ne sﬁructural studles (i11, -
- ) e e o ) . oJ‘ o ¢ Sz 5? ‘ _., o . )
Coo o L *197¢ Sklpg et al., 1974) and also by Jight mlcroscopy L

. .
. o . . : o

<

-ty (ALlen’,°°1923, Le“ath andfwtovgell 1,-959) . Mercer, e:t apl.~ e s

- R a:,

c 2 .
< R

’ i;) L :?f (1974)‘con51deredc¢he3e depos1ts, whlgh they called reJ .

g acbzon mateflakk tq be” largelyacomposed ef céllosé at e

. N e ‘o - Uwﬁ“aav" «

SN @ flfst, whlch Ehen pxqbably became lmpregnated w1th electron-
farty ~ o cv\" . e G T
;1R TS e dense materlai ‘uThe electron-dense mateﬁiaiv they thought, of

- L ,,g 9
a r

L

[

Q' - ' most°probably cbn51§ted of OX1dxzed ?biypﬁeﬂDlSw. Heslop—

L ‘\5' ‘, Harrlsqn (1966) hps showm £hat thé temodramy c&ilose é£ y

e ;-3 walls 1n pclkennqramnsAof Lzlllhm Sp. 1s much less perme-' L,

e 7. able to éertalmxcempeunds than 1s@cer;ulqses Merce; sug-

s v A3
- ©

j‘%' A - geéted that the prodpctlon of these wail deposit§ may be e .

' - ° i 4

el 3‘“'"3 ’ an Lttempt tq.pi‘eyem: the pass‘ge of potentlally toxlpa LT . v
. B . c - :"": “

o

substances frdm‘adjacent ne&rotlc cells.l Tu aﬂd leuklj
0. _',r“) ) i e", .o .‘ﬂ' . o .

A 11971) cqnsadere&,that'dep051tron of materlal bn the cell "

e “f walljllf formed qpl&kly enbugh couid pe effectlve Jﬂ prer‘

L . j ventlng the pagsage of v1ru§ frdm oneacelL to another

ot

. through plasmédeSMQta. ‘TIn, support bf_ﬁhis hypotheSLeathey

- ~ o °

© obserggd that walL—thackene@ cells f1h§ed necrotlc celis° "o
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B

e to hoth the tefm;noloqy of wall Ehxckenlngs and.thelr‘

o«

e -

Some conquleﬂ*exxsts qn the llteﬁaiuxe w1th réspect

:(

v
c ———— 2
v

' relatronshlp to:thertructures kﬁown as lomasoﬁes. '

3 K ¢

Marchqpt and- Robards (19680 have br;efly rev1ewed the .

i
~

ﬁunctiOn and fate=of lomasomes or paramural

© ﬁ .

formatlon;
e J
Abodies. Lomasome llke ve51cukateobodres occa51onally

& °

979 but*wall dep051ts are'

. -
> ‘occur in reactlng cells (Flg.

2

: e
T are the paplllae formed‘beneatﬁ appressorla.

o z\

almost always assoc1qted w1th ER: and*small be51cles, as -

¢ &

©

rHowever,

D o

ROSS and Israel (1970) frequently observed ve51culate,

Ay 3 Q e

membranous bod1es‘appressed tQ eé!l wallsgwhlch closely

v

resembled plasmalémmasomes det another term whlch has

C.

~

-

S been used fdr tﬁese*!%ructufes) :They cénsrdered that,

tHese strugtures may rgfléct theomovement of the structur-

. -
al wall snaterials concomatanx to, heat or - v1rus 1nduced

& ¢ ) 2 o

collapserf ‘the cells.? Comparable‘structures to those
3
observed by Ross and Israel ére found 1n oat: roots treated

5 . “

.with v1ctorih°(Hanchey et al., l9€ﬁ) They termed these.

. 22

J

Lst}uctures°%lomasome-like:wall lesions! and thought of

2

'thelr presegcezas a manlfestatldn of cell wall deg ation

o

(196B) con-

o brought on by the pathotox1n. Erhlich et al.

2 2

. srdered lomasome ‘1ike’ strudtures more llkely to be fg

-

d

4

ag a host’ response rather than a de%eneratlve effect 6f-
o

Ross and lsreel supported this contention'

s e o . % o

- o

the pathogen.

2

e,

o ot

.

o B w
s K] "

B .
I3} , . . N N - .

" and believed the presence of wall°lesions te be a transi-




Q -

L)

©

) of*@ranal lamellae incorporating matrix maﬁerlal,

;

,formation of wall deposits maﬁ be an attemptnto prevent -
- [y 3 . . . °

further passace of this agentuor toxic substaﬁces formed in

tory effect that . preceded actualccell collapse.

1nterpretatlon 1s most lﬁkely the case in the hypersen51—

'This

o

tlve resoOnse of the Kwan host. The ‘fact that mesophyll

o L

celLs are not 1n contact w1th the pathogen suggests that

some.diffusible agent incites this cellular response.

« - 0 o .

The

oy

>

cells already responding to such an iInfluence. -It is .

pfbbableathat callose is ﬁrésent“in these wall‘deposits

%

partlcurarly those whié¢h ‘have an electron lucent matrix.

7

©

PO

Because thesﬁbwall depp51ts seem to be a general pheﬂomenon T

‘s PO

of pathologlcal tlssues,

°

it seems clear that more work is

-]

requ1red tQ enable us to ﬁnderstand ‘the role and comp051t-*"

1on of these structures and the cellular events related’ to -

their formatlon and’ functdon.

. ‘Chloroplasts are the cellular organelles most qulckly ,

o 3

B oo ¢

3

£y

4

and varlably affected by the hypersen51t1ve responSe. Four-

types of chloroplast dlsorganlzatlon were observed.’ These

1nvolved the spreading or separab/on of granal layers, drs-

4

tortlon,and coalescence of granal layers, the vesxculatzon
and the ‘.

dislntegration of the chloropdast membrane and loss of the
/ -

2
matrlx to leave only a‘skeletal Lamellar structure and

o

plastoglobull. ' B \ ' | o

!

Plastoglobull 1ncrease in size in chloroplasts of

- °

hypersen51t1ye cells.fro"a mean dlamgter of 0.15 um to

greater than 0.25 um. SimAlar swelling of ‘the plasto-~ .
, i . . LT

. o
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globuli was. observed by Heath (1974) during infection of

cowpéa leaves by‘Uromyceé'Qhaseoli. Plastoqlobuli did not

appear to be more numerowus in hypersen51t1ve cellq o » >

o

Llchtenthaler (1966) reported that plastoaglobuli may" elther

enlarge or increase in numbers during the ageing of chloro-

‘plasts. S : - h

’ - 1 These observations are similar to those of Goodman
and Plurad (1071) on chloroolasts in hvpersen51t1ve cells
;esppndiog:to oacterlal infiltration.- Heath (1974) studied ?
the.ultrastrdctural pﬁan?es of ohioroplaéts occurring in :
}us§4iqfected)and in ethylene-treated'cowpea leaves!
VsqecobserVed what appeared to be prolamellar struoiures .
" within chloroplaéts of both infected and ethylene- '

treated tissues and considered that‘infected tissues

. . < : . 4 .
\ may »roduce ethylene in vivo resulting in the observed

cRanges. . Prolamellar hodies were not observed in chloro-

. plasts of hypersensitive ‘reacting tissues in this studvy and,

as Hislop andoétghmann (1971) have shown ethylene levels'to

be geduced in the Kwan hosﬁ at this time coﬁnared to the

Manchurian, it seems-unllkely that ethylene is 1mportant in

.

the ®ecrosis of those cells, However, Camp ‘and Whlttlngham‘

(1975) 1n a study comparing chloroplast ultrastructure in

&

mesophyll cells of susceptlbhe barley with unlnfected tissue

o o

observed lamellar degeneration in chlorqtlc tissues. that . -

.2 »

¢ bften resembled aberrant'prolamellar bodies. Chloroplasts

in- the qreen islands surrounding the chlorotic areas were
i

o
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persistent though fewer in nuhber than in the coﬁtrols.

e Chlorosis of tissue on susceptlble barley does not occur‘

v ‘ until about the time of sporqlatlon, after the stages of

infection examined in this study. These cﬁanges may more
: (=]

* closely resemble those of natural senescence than does the
hypersensitiye reaction. Similar to the findings of this

study was® the general observation that the most dgastic<

alterations in organelle fine structuré occurred in chloro-

plasts whereas other organqlles‘were virtually unaffected.

o

. Other cell@lar'organelles_such as the nucieus, mito-
. 3 > @

e ~ chondria and microbodies”gre eventually disintégrated but.
only‘when'cellular disofganizatioh has progressed beybnd
the formation of wall deposits gnd’membrane breakage_has‘

occurred. The cellular membraneé are broken at about the

o' - o

same time that chlo;oplaét changes are observed. Cells.
. ' then collapse probab}§'dﬁé to "loss of osmotic turgor of the

cells when membranes lose their integrity.  This is not an

o

unexpected observation as one of the well known physioL'
-logical éffects of hypersensitivity;is electrolyfic leakage

4 ) from affected cells»(Goodman, 1968; Wheeler and ﬁahchey, .
1968). Whether this 1eékégé commences. before membranes are

-

broken is difficult to detect. It may be that membranes

are significant components of the.cellular response and the

- ) o’
fact that these membranes are the flrst to contact any toxlc
e

substances diffusing from adjacent cells or from the fungus-

a

may explain why the~f;rst indications of hypersensitivity

were osmiophilic depositions on membranés. ~
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The final stéges of necrosis‘are‘characterized by the
[ ] - .

- . complete éollapsé of the cell sandwiching an electron-dense
o maks of unrecognizable cell cénten;s between the cell
walls. ‘Darkly staining inclusions in the cell wall occur,
"sdmeFimes ring—éhapéd.““Thése are espeéiallyﬁpromfneht in

Iy '

. - the interconnecting walls of epidefmal and mesophyll cells,
2 \ ’
These are usual}y associated with the middle lamella of the
cell 'wall- and occur most frequently in this poftion of the

{ cell wall where the cell wails separate.- - ' ' <f/\~

.~ Epidermal cells, jncfﬁding cells containing haustoria,

.gfe affected one or ‘two days later than the underlying
mesophyll cells. They collapse-rapidly, because inter-

: . 4
medidte -stages in necrosis, which are obsgrved frequently in

L

mesobhyll tissue, are raredy.pbserved. he initial re-.
sponses‘are‘ggain osmiopﬁilic\depositions on the plasma
membrane and the:formatidn of wall deéosits. ?ﬁis is
followed by collapse ahd aggregqﬁion of cytoplasm into
electron-densé ma es; Frequently,'meﬁbranggs-whorls
occur within theése cells possibly dqe to the coiling of

» broken sheets of membranes. Skippmef al. (1974) observed

-~
!

.similar membranous whorls in cells ‘adjacent to necrotic

cellg. Fowke -and Setterfield -(1969) have suggested that

these may be~ﬁixation/&rtefacts but.their absence in'non-
‘;ecrotic tissues makes it more likely that their formation
’u ., \ . '1

-is an effect of cell necrosis. Thesg are not observed in

. 'i mesophyll cells and this may be due to the much greater

amount of ¢cytoplasm in these cells which qonld prevent

.




- , e 109

this coiling. . .

The necrosis of the epidermal cells whichi.pnteiﬁ

haustoria result. in the necrosis of the, fungus. Electron-

- dense regions occur -in these haustoria, less- pronounced but

»

nonetheless similar to those observed in appressoria on the
- 1 .
Algerian host. Fregquently the exté%nal hypha of the fungdus

' was’ dlslodged during the embeddlng procedures after epl-

be .

dermal cell collapse had occurred "This made it dlfflcultf

. to determine the effect of haustorgal necrosis in the
external‘hyphae but those which;aré?Thtact'ére necrotic
alsé This is in contrast to the- 51tUat10n whlch has been

found in rust 1nfect10ns -where onﬂ; the haustbrlum mother

& ’

cell is affected by hypersensitive'collapse of mesophyll
cellsicontaining haustoria (Allen, “1923; Heath, 1972;
Skipp and Sembérski,'1974;‘skipp ¢t al., 1974). It appears -

‘that in rust—-infections the presence of an intervening .

&

- septum prevents.the spread of fungel necrosis from a dead

*

. hausterium mother cell to the fest of the infection hypha.

-

Why the septum in the haustorlal neck of E. gramlnls

should not 51m11arly prevent necr051s spreading 1nto the

hypha 1is obscure. The necrosis of fungal hyphae 1nvolves

, the dissolution of membranes and the occurrence of electron-

~ ©

dense dep031ts where membranes had been. Cytoplasmlc detail
t
is lost and sometlmes vacuoles’ are\formed which. appear to

.autpolyse cellular compcnents such as mitoehondria. -

- 1 )

The hypersensitive response of plant cells to invasion
: [

- . . TRA Y '
‘ by plant pathogefns is theé single mowt important ‘deferse

A -

.
- . -
.
. Ve

¢
’ ' . L]
» | s . R




"cause of haustorial death is unknown, as Sﬁ&pp et al. (1974)

B . . .
would meet very unfavourable cohditions after the death of

‘when they become necrotic (Mace,‘1973 Pitt and.Coombe¥,

‘ plants, e11c1t hlgher levels of hydroxyphaseollln in the

R

mechanism of plants. In the'dase of powdery mildew inféc-

tion of barleylitvresuits in haustorial death in assodiation
S

with epidermal cell necrosis. -- This is the case’boéﬁ on the: -

Algerian host within the first;24 hr after inocdlat}oniandq -

on the Kwan host 5 days after inoculation. Though the

hayé pointed out it is to be(expected that the hausqogium‘

L ‘

the host cell. The breakdown of cellular structures in- Ei'
evitably leads~ to decompartmentallzatlon of enzymes and

many of the changes Mch occur in

[ 2

suggestive of the actlon of hydrolytic:enzymes,' It\ has

been reported that ac1d phosphatase, ribonuclease, éfter-

asé, .protease and B—glucosldaSe dlspersejblthln plan cells -

.

<

1968, 1969). SucH enzymes may darecti?”éffect the fun us

and Kumar, 1972): ‘Thg nature qf the trlggerlng mec niém:'

B

1nvolves genetlc control and the, exchange of info: matlon.

Recently Keen (1975) isolated a spec1f1c e11c1§o of the

s

anti fuhgal phytoalex1n hyggoxyphaseollln, Whl appears tpo

be -the basis for re51staﬁcé/of gertaan soyb
incompatible races of thtogbthofa'mega

He found that race 1 and race Z’jfﬁ;aies of the fungus pror-

n cultivars to

erma var. sojae.

duced metabol;tes Wthh Ain cell-free bioa;sayé on soybean

.’ ‘ . L)
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e

monogenic disease-resistant cultivar Hardsoy é3 than in the
near-isogenic susceptible cultivar Harosoy.” A gimilar kind
of elicitdtion of hyperseqsitive necrosis may be involwed ing
the specificity of obligate biotropbs th;ugh as yet no evi-
dence in support~of this hygothesis,haé béén obtained.

Phytoalexins themselves may be involved in the specificity

of hosts to obligate biotrophs and some evidence for this

has heen obtained for the barley-powdery mildew system

(Oku et al., 1973).. The challenge for the future in &his
. I -

field lies in the resolution of these problems.

-t
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Manchurian.

Figure 1.

Figure 2.

"Figure 3.

o

Figure 4.

LIGHT MICROGRAPHS ‘ g

PLATE 1

x . ¢
Successive stages of infection and haustorial,

Wevelopment in. susceptible barley.

0

Cordidium, germ tube and appressofium.” Penetra-
tion of the host cell.has not been effegted,
ybtg the formation of tﬁe papilla (arrow) be-
neath the appressorial lobe. 11 ‘hr. Trypan

™~

biue x1900. A

Similar to Fig. 1 but a peg has been formed from
the appressorial lobe. There is no papilla ‘
formed' but an extensive host reaction (HR) is

present around the penetration site. 11 h«.

~ -

A .

T;ypan blue x10090.
y

Alyoun§ Haustorium. Note the. expanded sheath .

ground the haustorium. . 15 hr. Trypan blue x1275.

A later stage.(iB hr) in the development of a

compatible interaction. The haustorium #s

" elongated and parallel to the leaf surface.

18 hr. *Trypan-bape x1000.

.

The haustorium is lobate and an glongating secon-
dary hfpha{ﬁas been formed. The uppern spore made
an unsuccessful ‘penetration attempt with its

primary appféssorial lobe but penetrated success-
fully al its sec&nd attempth(SAL).' 25 hr.

~ Trypan blue x600. " ) .

A branch hypha has been formed at the germ tube
Fas : X
and appressorial septum. The ESH has continued

to elongate. 30 hr.  Trypan,blue x600.

4 L4







.’ Kwan and Algerian.3 Development of the fungus

Figure 7.

Figure 8.

SR

- .. v

Fiqure 9.

-Figure 11.

Figure '12.

e " PLATE “2. oo : e e

- o’. . .
%n the re- , .

sistgnt hosts.

Papllla stopped 1nfectlon atte@pts on the Kwan
variety. The. appressorlum has attempted in-
fegtlon from two. appressorlal lobes. Note the 5
unhealthy appearance of the appresso£1um ’/\‘
'Kwan 25 hr. » T:ypan blue x1700

Papllla~stopped infection attempts on the

. /-'-
Algerlan variety. Unsuccessful. pen@tratlons .
 from primary and sepondary appressorlal lobes.
- Algerian 25 _hr. Trypan blue x700 .'“—“,uwlnﬂ¥w”
\Normal deveiopment of a dblqny-on~tﬁe Kwan - "

N blue x880°

Resistént reaction of the Algerian gene. This
spore has produced a well lobed’ haustorlum but
no colony devedopment has occurred Compare
with Fig. 9. Both are secondary appressor1a1
lobe infections. Algerlan 42 hr. Trypan blue

x880. . - St :

An unsucpessful inf&ctlon ih the }esistant.
Algerian h&st.. 8Bserve thée haustorium at the
‘upéer left cd}ner'of the cell. Rote- the whole
cell has ‘taken up the Erypan blue stain, Walls
espepxally are stalned (arrow) Al%erian 26 .hr.

Trypan blue x350. . S ‘
- . - . fg‘./ ) . . - -
Similar to Fig. 1ll1.-- A-haustorium has been

A‘formed but ‘the. development has stopped at abeut
the 18 hr stage- (Fig.: 4). “The whole epidermal
cell ;srstalned Algerlan 26 hr. Trypan blue

x400. .. - S

variety. Note the long lobes-of the haustorlum .
3 ~\d\§ood hyphal development. KWan 43 hr. ‘
- Tryp :







. ELECTRON MICROGRAPHS,
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“ -~ _ . % PLATE .3-

4 Q
v

Conidiudl, Germ: tubes and Appressorlum,

-

¢ Qo

7 F)

L “_ 3,. IR

Manchurian 11, hr. Gluytaraldehyde ‘ followed by
- osmium. ~;ranium'and lead.stained. S

13: ’Lonéitudipal~sectiod through a conidium’ ()

. >
" - Pl . .

‘whi'ch has germiﬂated to form, two .germ tubes’

{Gt). The germ tdbe on‘the rdght has forméd an

o 7) .
appreséor;um.» Observe £he double layeredk

o

' splny wafi of the conidlum, 1ts large: vacuole

and the numercous glycqgen partlcles scattered
’ 1“ - " - i ’ ) i : ) '.'
among the c¢ytoplasm and in the vacuole. °*
"x5,500,° /. |
&

- . »
o - ‘ - oL

Flgure 14. A serigl. sectlon of t e-same spore as in

+ ° N

Flg: 13 ‘-ThLSgshows th%‘gerq tube (Gtd. and .

apgreséérl;qf(A[: ﬁoteithe?dffféfgnce between '
N the«germﬁt?gédcytopia%m,°wh{?h is §iﬁply\a -
_continuatf&n bf'the égofé,'and that'bf\éhe
ﬁapﬁressorlum. Tﬁé appréssoriumfﬁaé né'vacuble,

A Al

nor glycogen but contalhs many mltochondrla and

L

T‘dense cygoplasm.~ ﬁJ,OOO. o

-

-







B PLATE 4, '

..-Enlarged views of parts of theg cdﬁidip@,-

"

.

germ tube and appfessorium

i
; ..
.

A )

Manchurian 11 hr. ‘Glutaraldehyde followed by

- osmium. Uranium and lead staineds

El

3

" 'Figure ‘15.,  High-magnification of part of %ig. 13, shawing

< thé region where the germ tube-:joins the con-
,. » - ' “ N ‘- r
’ “ijifml Note the wall of the germ tube is a
. ‘\ . "

" e ntlnuation of the inner layer qf the -double-
layéred wall (SW) of the Qonia}um. Note ,also
the rosettes of.electronédenée glycogen parti—‘.
‘cles (Gy). “x37,875.
| SRR ot

4

A3

. ‘ S > )(L. w ; - ' H\ -
Figure I§.v High magnification'of part of Fig. 14, showing
~ the tip of the appressorium. Observe the small

e r

mitochondria (M) often lying elose to theiplasma

membrane. Note the large numbets pf ribosomes

(R) -and ER. .. x27,500.

4







PLATE 5 q
Appressorium ot
» 9 N .
- . \

e

Manchurian 14 hr. leutaréldehyde/osmium

followed by osmium. Uraﬁiuﬁvaﬁd lead stained.

7

a < - °

A transection of.the appressdrium through the

nuclear region,  about one third back from the

tip. Thé”abpressonium is lying in the groove

betweeri adjacent epidermél cells. Again

£
.

observe the mitochomdria close to the plasia

-~ 3

membr&ne, the extensive strands of ER and the

flumerous small vesicles (SV).: Observe that

. small vesicles appear to be formed from the

" ER by pinching off from the ends of such .

strands (érrow).’ Note the nucleus\(n) sur- -

rounded by thepguclear membrane and contain- - ¢

‘

ing a darkly staining nucleolus (Nu).-

x30,800.

-







a

+ - Figure 18.

‘polyribosomes (PR) but no mitochondria or

r R
PLATE /6 ‘

Appressorium

Manchurian 14 hr.® Glutaraldehyde/osmium

&

followed by osmium. Uranium and lead: stained.

Py

S

-

A transection through the same appressorium as

» ¢

in Fig. 17, closer to the tip of the appres-

sorium. . Observe the central part of the cell

3

(unlabelléd arrows) which contains-groups- of
small vésicles. This fe§ion is ringed by

strands of ER. Note strands of mucilaginous

I3

‘material (Fam) between the appréssorium and the

epidermal cells x29,300.- .
. n .

K1







ngure 19.

. Figure 20.

> x22,900. Glutara;dehyde/osm;um,followed by
osmium. Uranium and lead stained:

PLATE 7,

2
e,

Thé appressorial lobe (prepenetration)
v “ ’

1

- ———
'A transection through an appressorium (A) where-

the appressorlal lobe (AL) is formed. Note
again the numerous strands of ﬁﬁ in the appres-
sdrium and the .small ve51c}es formed from them.
Note the bréékdowa of the wall in the appres-
sorial.lobe, the pore (Po), through which the
penetratidh hypha develops. Note the numerous
small ve51c1es ana rlbosomes in this reglon and-
the absence of mltochondrla which are. malnly
present in.the main body of the appressorlum. .
Notice that even before penetration has begun a
papilla has alrxeady been formed (D1)* in the.
epidermal cell beneath the boré. Keystone 14 hr.

-
)
o

<

A&transectlon of the appressorial lobe thfough

the pore. ~Note electron -dense regions befween

the plasma membrane and the (fungal cell 7all in
TThe cuticle (Cu)
which can be seen as a thiﬁ layer on the sur-

the vicfnity of the pore.

face of the epidermal cell wall, is not visible
beneath the pore and the ceell wall (EW) is,

sllghtly indented. Note the well developed

papllla and the rough ER (RER) close to the

: plasma membrane: surroundlng the papllla._
Manchurian 11 hr. x39,000. Glutaraldehyde

followed by'osmium. Uranium and lead stained.

L)
w

-~

A
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% PLATE 8

Appressorial lobe, pehetraﬁion peg. and papilla.
¢ - . !
' Keystone 14 hr. Glutaraldehyde/osmium folld%ed

by osmium. Uranium and leadvstafhedi

’

Figuré 21. ‘A.transection of an appressorium through the

-

appressorial- lobe- (AL) . Note thé éeg in the
epidermal cell wall (EW), the,well-férmed
‘papilla (D1) and’ the small amount of host cyto-
plasm surroﬁnding it. Observe that the mito-

chondria are aggregafed in the main body of -the

. apéressorium. x18,000. .

Figure 22. Higher magnification of the peg region of

-

Fig. 21. Note. the alteration in the staining

of the epidermal cell wall (EW) around the peg

Gy

(arrowsf.. Méﬁbranes are present in the papilla.

Note the numerous-small vesiéles (sv) and ribo- .
“ - R

somgs;QR) in the appressorial lobe .close to the

A ~ »

peg. x39,000.

o

°

Figure 23. High magnification of the peg (P). Obéerve ﬁhe

]

3

extremely electron-dense staining (F"the wall
in eontact with the peg (arrows). The tip of
the p#wwis hard to definevbecauée of the

oblique sectioning of théAplasmé membrane in

-~

this region. x101,500.

-
- * .
L 4 - @

v e
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T T PLATE 9

Penetratlon pegs, paplilae and organelles

‘ e . of host Cytopla&\\\' AN ‘ .

\-

. Keystone 14 hr. Gldtaraldehyde/osmiuﬁ followed

- by osmlum. Uranlum and lead stained.

Id

_’”'ixﬁF}gp;e,24:’ High magnrfxcatlon of a peg in the epldermal-

R ' cell wall. Dbsérve the lntense electron-
S ?".~"“’. déﬁsity;?f the. epldermal wall (EW) ‘around the

o I 'peg (P) (arrow) The wall beneath the. cuticle 5

' \~(Cu) 1s eroded on the‘ieft\51de of the peg. . ,
- . *+ _  The fuhgalmflasma,membrane of the pey§ expands

1
[

-/ v . just- beyond the guticle to lie almost adjacent

' to the limits of .the hole in the wall. Note .
the electroﬁ‘lucent bodles between the plasma
Sl T ‘ ‘-' : membrane and the cefl wall of the fungus on the
’ ;eft of the ‘peg and the_electron—dense material
‘on the other side of the peg. ,x83,250.

. » - ' . . “« ‘. - ) M ‘/ e > » (
‘ - h }’t‘ - - -‘ :
Figure 25. Slmllar stage of Denetratlon as.Fig, 24. Note

‘1 again the expans;ogiln wrﬁth of the peg (P) be-.

.,"

_neath the cuticle, the- ‘angle of penetratlon ‘and
the globose structure of the papllla (Bl)
%42, soo K K

U

'Fi&ﬁre 26. " Hiqh‘ﬁaQnﬂfication of'orgahélles in the host

'-.U ot

A , cytopla§Q around "thé papilla.. Included are "a
I B . plastid (Pd), lipid kody - (L) and mnﬁo@hondrla R _
. - , (M) Note the rough-ER cloSe to the lipld x’ .

. w : 'body. x54, ooo’l -,
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o . PLATE 10 L .
’ Pl v o . . “ - " -
_. Appréssorial lobe, penetration peyg and papilla

-

k] . 7

”

j . /
‘Manchurian 17 hr. Glutaraldehyde followed by -

A -

,osmium. Uranium and ad stained. -

te . '.

Figure 27. A transection, through an appressorial lobe of a

- successful penetration with a Haustorium formed

i ‘ -
(not shown) . Notige that,mitochondriaigno are

o

- Jnowmin the porekregion."observe that the papilla“
' keontains many membranes and ‘vesicles (V) which
. . -

‘may be pinched off by %inoeytqsis from the

4 : plasma membrane (arrow). -The.papiile is sur-
: lrou&éed by long strands of rough ER and mito-" ,
. o o -, y
. - chondria. x38,400. )
. P _ P s . : ,

-

- S
- L]

neck of the haustorlum (P) as it passes through

- L] -~

the wall andcpapllla. Note “that by sectlonlng

v ’ from th;s angle, i.e. lbngltudlnal to the appres-

i ' l - N . © .

5. ;orlum.nlt 1s not p0551b1e to get a cqpt;nuous o

\ .
’ p;cture of. the ‘Penetration hypha (P) and the e .

.

. appressorlal lobe (AL) because of the - angle of-

L

penetrat;op.of the\fungus tprdug@-thé ep;@ermal‘

wall. x23,400, ¥~
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PLATE 11

‘' Penetration site

. i ' :
Manchurian 14 hr. Glutareldehyde/osmium fol- )

lowed by osmium. Uranium and lead srained.

o

%igure %9. An oblique section througﬁ tHe penetration re-

. gion and the papilla. Note the halo (Ha)

around the pég in- the epidermai cell wall. The-
microfibrils of thg wall are slightly separated
and éhe wall arcund the peo is swollen. The
cuticle—(Cu) is unaffecﬁed; The'peg itself

does not appear healthy (cf. Flg 47) . Observe'
‘the double- layered papllla composed of an ‘
elegtron densezreglon ng) close to the wall

- and the penetratlgn‘peg\and rhe heterogeneous
outer layer .(D2). Notice that maﬁy membranes
are interspersed in the ﬁé;iix of the papilla
(white arrows) ‘and thenveeicle which &ppears to
be in the process of pa551ng through or fusing
;1th the plasma membrane (h}ack trlangle) Note
.the phln's;rand of fpnga& adheszve materlal:(Fam) ’

. close ‘to the cuticle and attached to-the‘appres;'

o

sorial lobe. x%46,500.
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PLATE 12 , .
An incipient haustorium.

= \

- : -
Keystone 14 'hr. Glutaraldehyde/osmiuh followed

* [
by osmium. Uranium and ‘lead stained.

®

%

Figﬁre 30. A section through an incipient haustorium, pene—’V

tration hypha and appressorium. Note the ex- j

tensive, vesicular cytoplasm surrounding the

haustorium. The funéal cytoplasm is extremely
dense withi'!n the haustorium (H)Y and the identi-
fication of the organellgs within it is diffi-

CUIt. _-»XZO'OOO.' - Io

‘

Figure 31. Serial section of the haustorium shown in

Fig. 30. .The haustorium contains thick, strand-
“gike cbﬁpoqenfs. ‘Notice the convoluted form of .
the ext;ahaustofial'membrane (Ehm) (the in-.

vaginated host plasma membrane) and-the thin
sheath (Sm) which surrounds the haustorium.
S o

-

_ - x31,000..

.







PLATE 13

Young haustoria

-

Figure 32. .A section through a’hausfqriﬁﬁ) haustorial neck

:

and appreéSorihm. The haustorium (H) is:filled - -

&

with-dense groundplasm, vesicles and ER. Mito-

. chondria are preserit in the neck (Hn). A

double—layefej/yépilla is prominent (Dl, Dz)
Y

and the host toplasm surrounding the penetra-

L}

" tion area contains golgi apparatus; mito-

L4

\a' chondria and vesicles. Keystone 15 hr. x21:900.
Glutaraldehyde/osmium followed by osmium.

’ .
Uranim and lead stained. . ,

]

&
}

N [ Y

Figure 33. A section through a haustorium, haustorial neck ,

and appressporium. THé haustorium (H) has’béen"
‘separéted from the appréssorium (AL) by a septum-
(se). rNotiee the deep ihvaginaéion'of the'-
papilla (D) alongside the neck of the haustoriuﬁ
(Hn) . Manchutian’lé hr. -x18,300. Giutéral@é—

hyde/osmium followed by osmiumfi Uranium and

lead stained.
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: ] , YA PLATE 14
. ' Haustorial .neck and a haustorium -
. ‘ . ’ ’

v

" Figure 34. A section through the ‘ﬁeck of a hdustorium, sur-

. , Aroﬁnded by*ﬁlpapilla and host ;ytoplasm. Notidfe
. the sepﬁrétion of the neck of éhe hausté?ium (Hm)
jfrgm the éapilla (D) by an ele?tfgn-dense,zoneq
,s}milar to the eléctrén-deﬁse invagination as
N ‘seen in Fié, 33 Note the vesicles in tﬁé\pap_
illa and thévpresque of golgi apparatué (Go),l
. . " ‘a-plastid (pd) and mitochondrion (M) in the
| .host .cytoplasm. ﬂanchurian‘24 hr. x48,300:

Glutaraidehydgyfollowed by osmium. Uranium and -

L
3

\ tead stained.

‘Figure 35. A section through a young haustorium, showing

‘ the surrounding extrahaustorial membrane (Ehm)

. o and tohoplast (T). Notice that the sheath, the’

f - 4“,4 S
region between the haustorial plasma membrane

(Hpm) and the extrahaustorial membrane-is very

A -~
o 3 4

.. thin. The haustorium is filled with dense - o ot

.

cytoplasm,Aconéisting of:ribosomes,,ER and
'_vesicles, and mitpchondria.‘ Note thé thick
+ strands pf‘membranes (white ar;ow).in the cen-
. tral region of the haustorium. Keyétone 15 hr.

) x32,800. Glutaraldehyde/osmium followed by -

-

~

. osmium. Uramium and lead stained.
S N

’







o , . e~ PLATE 15 ' -

n:\; v
‘ f’ Undifferentiated germ tubes "

s ‘ * ! .
K ¢ ’ .&‘
. N - .

> ~-Figure 36. Section through an undifferesftiated germ tube.

The epidermal cell wall beneath the germ tybe . -

shows an ‘alteration in electron density (Ha)," .

and a small phmpjilla is present. Notice the:
e

vesicular body {(vb) in the cell wall of the

, fungus. These structures are commonly seen . e
(quite close to the tip) on the underside.of ° ’
germ tubes. Manchurian ll hr. x24,856. . ~— .

Glutaraldehyde followed by osmlum Uraniuf

@

'and lead stalned.
) M N . < h
Figure® 37.} Sectiop/through an undiffereq%iate@’germ°tube. 4
| Noto the'large'vacuole (V)_in the_germjtuée
and thé.preseﬁoe of glyCogen. .Againv Y haio

in “the epldermal cell wall and‘a small papilla -
are present Manchurlan l4~hr. x20, 150 i

Glutaraldehyd& followed by osmlum Uranium .

- o L

and’ lead stalned -

‘Ssectior through an- undlfferentlated germ tubé e

. ‘e , - Note the glycogen (Gy7 present in the germ tube.
- - ) ] Fal
. " A halo and papllla are present. Notlce the -

~ o ' rough ER berfeath the papllla. Kwan i4 hr. "ﬁ‘ -

. x56 *800. Glutaraldehyde followed.by osmlum.
' o -
’Uranlum and lead stalned. Lo . ’ .

o -\
. ., s







e "+ PLATE 16

*Normal uninfecked epidermal cells’
- . ¢ T o e
- ) ’ ’ ;' .

- #

- [ ] N !

gwar? 7 day plant hE Glutaraldehyd@ followed by

r

Cosmium. yranlum and lead stainhed.

- . -

EEY

L] K e B Py ¢
.Figu're 39. Normal ep1dermal cell from um.nfected barley.
" a Notlce f.ffe exceedlngly thin layer of cytoplasm,
- > N ' 2
exceply where the nucleus (N) is s ituated. Most\

of’the °cel% is vacuolar v). xl 875. .

s infected" leyf. Note the darker stalnlng mlddle

"

’,

lamella refion (ml) which. exténds beneath the

¢ . c‘utic].e' t;c«u)’ The. plasma membrane’ (Pm) and .’

. the torxo‘plast are -radjacent except for reglons

where cytoplasmlp organelies such as mlto-

.chondrla present. x29 900( . .
1\ p e/, 2

- s . . ) —— ,az‘ P . ° e
_/.,» CP U o S . _
Figure 41. Porfiorrtpf 'heai‘thy ep'idermal cell. Nzate the,

& L

e

ST ‘layes® ofncytoplasm rarel,y" exceeds 0.5 um in
L e - . .
.« thxclsnes excegt where the nucleus (N,) is

31tuated x7 7%: .,'. a » T ,~ 1 >.

~ o







PLATE 17

Kwan. Appréssofial lobe"and.pénétration»peg
< * . \ ’ : v . i K
~ ~, ) o, .
- Kwan 11 hr. Glutaraldehyde/osmium followed by
: . ; -

- osmium. Uranium and lead stained.

o
.

+Figure 42." A sécﬁion through an appressorial lobe, pene- : .
v ' - \ - , .
- tration peg on the resistant host, Kwan.. Note

.

that penétration was effected with only little

1)
structuré-is similars to that on susceptible

.papilla‘ formation (D The appressorial -

varieties (cf. Fié, 19, 21). _The presenée of

theé host nucleus in ‘the area of penetration is

fortuitous. Note ‘golgi apparatus (Go), vesi-

.0 .c{es ‘and rough, ER in the cytoplasm aré’undc the

.

: " papilla. 23,300, - S o

Ya

- a
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-~
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3 A
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, PLATE 18

. & -

Serial secting.through a penetration ‘'site
L 3

Kwan 11 hr. Glutaraidehyde/qsmium followed by

LN , j » .
osmium, Uranium and lead stained.
. . L

0

=~ . Ve T
. S ) -

.: . .

Figures. 43, 44, 45, 46. N

A ¢
Serial sections through the same peg as shown
. .
in Fig. 42. Note that the hole formgd is much- .
. wider than"is usual and. that large.amdunts of

: . B - L s
fungal material have been secreted into the

» -

. " . hole (Fig. 43, 44). This material has ‘similat .
. densityeto the fuﬁgal.cell wall.. Fragments of‘ .
\ \ . K

the cuticle (large arrows) dre present in this

+

- material. ‘Vesicles and membrihqs (small arrows) S
are g}gsen; ) the papilla. x45,250. .
- « - . //7
©o ! ' -
- N » -~ . -

a







s

.

Figure 47.

osmium. Uranium and lead stained. °

PLATE 19 -
Papilla-stopped penetration: peg

¥

Kwan 14 hr. Glutaraldehyde/osmium followed by

-

»
u

Section through an appressorium,'peé and .

¢ ]

- papilla. The peg is Eppa:ently blocked in the

large papilla.le; D;). Note the electron-

lucent areas (arrow) where\the-cytoplasm is

r ’

shrunken away, from the tip of the peg. . The

c&toplasm_in the appressorium is normai.’
-

x21,200. . o

»
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PLATE 20 . ’ <

. . Serial sections of a papilla-stopped penetration H

A . . . . .
: .

-y

Kwan 20 hr. G;utaraldehydé/osmium followed by

p . . osmium. Uranium and lead stained.
_— ) ) {
(\ *

L]

Pigufe 48. ' A section through the peg and papilla at a.

» ! » .

: later .time, 20 hr, after inoculation. This -

<

figure shows the peg as far iﬂto the pagilla:
T e . (D) as it pqgetréted."Note the double-. .
layered bapilla ana the léése aggregatioh‘of

cytoplasm in the infected.area. x19,800.

» o ~
. d

Figﬁre 49, Serial section of the same infection site shown

3

.in Fig. 48. Fungal‘ toplasm in the appres; -

% .sorium is healthy. ote the intense halo re-
- a a @ . . - / ] . ) Pl
" action (Ha) of the/epidermal cell wall. , .
- x19,800. ' .
¥ PN )
’ ."’; ' hd - ,;3 ) .
’(d ' 2
v . -
- - ; ~ ‘
” . ~ y ) } ~ B r’
\ \.l . ] ) :::
‘ 4 - [ '
' | ~ he R - ‘ .
r o v ‘ } - T
’ , ) .
’ »







TN : PLATE 21

Same series as Plate 20 (conf'd.)

-

.- + 3
_ Kwah'20 hr.

2 Glutaraldehyde/osmium followed by
&, A

“osmium. Uranium ank lead stained.

v e,
Figure 50. High magnification of Fig. 49. The.peg is in
. . A ’
the-wall. Observe that the wall is split and
Jthifﬁjcfof}brils §eparatedﬁs A spur of cell
wa material (large arrow) has apparently been ) \’
. ‘

pushed in and turned up. -® line of membranes

(small arrows) can be seen in the primary de-

posig of the Papilla. Such lifes of membranes

are ceommonly present in the papilla. x38,300.

e
-

- ”

Figure 51. Serial section of the séme infection.site shown.
in Fig. 48, 4é just to one side of the peg.
‘Observe the dar;,sééihed material between the
fungal plasma membféhehand thé cell wgll pass;pg

into the peg hole (cf. Fig. 24). x19,800.







PLATE 22

-

Papilla-stopped penetration®

" . .

Kwan 20 hr. Glutaf&ldehyde/osmium followed by

3

osmium. Uranium and lead stained.
[ - .
) -
Figure 52. An appressorium, peg and papilla. Observe the
P large stellate papilla (Dy, D) and vesicular
cytoplasm of the host. The fungal cytoplasm
. appears normal. x19,800. : s
- . [
) .
~

ngure 53. Serial section of the same infection site shown
in Fig. 52 showing the limit of éeg gro&th (ﬁ)
in tﬁe\pépiila.' The papillafhaé prevented

B ) i » ,
further growth but the fungal cytoplasm appears

normal. x29,000. : : -
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A

-

. Figure 54.

.

» PLATEZl.Zi _ 8

Papilla-stopped pénetration

- ' a

o - . ¢ ‘ o

Kwan 20 “hr. Glutaraldehyde/osmlum followed by -

it

:
Qsmium. Uranlum and lead stalned
- . - * -

, | T T r'y

"y . | 'l‘ g N
The flrst of a serles show1ng a peg blecked in "~
the papllla This sbows the healthy appres—
sor!al lobe and thec peq w1th1n the wall Note
the 1ntense Ealo reaqtlen of the wall ﬁhd the
rmembrane layers in the pap;lla‘ng) , The host
cytoplasm is densely aggregated aroUnd the o

paplﬁla and ;ncludes a prastld (Pd)., mito- .

chondria, 90191 boéZes, ve51cles anﬂ rlbosomes.
: " )

f -

x27,500, 0 - .

£ . 2t
(93

.Serlal sectlon<e§~the ﬁenetratlon shown In
- . —— '

‘~Fag.“54. Npte the peg, surrbunged‘py electron-

dense materlal 1Q~the D1 part of the papilla.

Notlce that the reglon betweeﬁ the stellate Dz
S

papllla apd the.plasmaAmembrape‘pontalns osmio-

_philic amotphous materials: x19,800., R

‘1‘

)
-+
-

dr

51
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Figure 56.

-

»

PLATE 24

Same series as Plate 23 (cont'd.)

.

Kwarr 20 hr. 'Glutaraldehyde/osmium followed by

osmium. Uranium and lead stained.

A serial seetion of the penetratidn shown 1in

Fig. 54, 55 showing the tip of the peg (P)

‘Stoppqd in the papilla. The obligue section

through the pap&lla shpws ,1t to be surrounded

AN

by host cytoplasm. The peg would be about

5 .m in length to extend this far into the

papilla. Note the presence of a second

L4

plastid (Pd) afid the golgi apparatus (Go). »

x24,200. . ¥
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PLATE 25 . T

ot Algerian - Appressorial lobe and penetration peg

~
s

,Algerian 15 hr. ‘Qlutaraldehyde/csmlum fol- '
lowed by osmium. Uranium and lead stained.
.Q\ - " 4
Figure 57.4 An appressorium, penetration peg in the

$ ' Algerian host. 'Noté‘rhe similarlty to figures
‘'of the infection process in the susceptible
hosts and the Kwan host.' The éppressoria{
structure is comparable to that of 'the sus-
céptible (Fig. 21) and the- Kwan (F;g: 42)

varieties. Note the presence of a halo re-

actipd (Ha) in the cell wall. r20,900. - &
Figure 58, Serial section of the penetrarion site shown
“in Fig. 57. Notevthé large cytOplasmdc‘aggre—
. ' garLon'around rhe penetration site, reaching to ‘o
thg\}oWer wali of the epidermal cell. Many
golgitbodies {é;)} vesicles (Ve), mitochondria ‘ N
- R , ) ) \
and ER are presengin'the loose cytoplasm sup- %)

> . rounding the double layered ‘papilla. x13,000.

F;gdre 59. ,Hiéher magnification of~£he'pegur§gion of
. ' g .
&:A N Fig. 58. Notice the unusual electron-densé. ‘
— N \* ,
areas of,the plasma membrane in the peg (arrows).

«The fungal cytoplasm in the, peg is granular and

devoid af organelles. x39,400.
(; ) - > L] i »







Pigure 60.

PLATE 26 ‘ -

9 'Appressorlum and haustorium

s

- : ,
Algerian 15 hr. Glutaraldehyde/osmium followed
[ A
e B _
?? osmium. Uranium and lead starned. -
‘- L]
v ®

An apparently Healthy appressorium, and

haustorium on the ‘Algerian host, 15 hr after

!

32 and 33. Not€ the

.Cf. Fig.

inoculation.

double-layered papilla (D;, D;) and the -

in{énéely electronrdense region between the |

G

haustorial neck (Hn) and the papilla. The

]
cytoplasm is ves!cular (ve) and” contains goﬂgl

apparatus (Go), mitochondria (M) and a plastld

{Pd) x14,000







-

Figure 61.

PLATE 27 .

Haustorium

\
Algerian 15 hr. Glutaraldehyde/osmium followed

by osmium. Uranium and lead stained.

- Y

. .
. \\ T L.
- * : .
Haustorium from serial :sec_:tion of the ﬂhaustor'ium‘d» . ) .
shown iq Fig. 60. Compare with Fig. 35. koté |
the numerous small,vesicles (SV) and ribosgkés
“(R) of the young haustorium (). Typical-of

haustoria at this' stage is _the closeness of the
) . :
extrahaustorial membrane (Ehm) to the body pf

the haustorium. x31,800. \: . .

1
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Figure 62.

Figure 63.

*

’

PLATE 28 )
) :

Serial sections of guard cell infection

~
[

Algerian 21 hr. Glutaraldehyde/osmium followed
by osmium. Uranium and lead stained.
. e
‘Transection of an appressorium in-qég/epidermal
groove between)aQ\iifdermal cell-and a sub-
sidiary gquard cell.™ The appressorium is com-

%

pressed but otherwise similar to that in

Fig. '18. #MRote the central region of the cell

¥

*

containin§ strands of ER and groups:of pply«

ribosomes. xlB,%OO. ] v

Sel}aixsgg)ien of the appressorium shown in

a

D . ' * BRI < 3 .=

Fig. 62, :showing the appressorial lobe over the

7

' subsidiary gell.ahd‘the penetration peg in the

r%lons of the Algerlan host 1s the frequent appear—

i . . , ~ ' -
wall of the guard cell of the stomate. Guard.

-

cells are rarely infected by E. graminis. Note

the thickened .guard cell wall (GCW) and the

papllla (D)..ffhe unusual feature of penetra:-é

ance of an electron~dense“§bne of demark‘tloé\ln

the wali (unlabelled arrqw). X22f0Q9.

. .
‘% . . -

-
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. , PLATE 29

N - Same as Plate 28 (conttd.) -

Algerian 21 hr. Glutaraldehyde/osmium followed

by osmium. Uranium and lead stained.
' N

—~
"
s
<

)

. \
Figure 64. High magnification of ghe peg shown in Fig. 63.

~ The peg is almost through the cell wall here.

4

Alteration of the wall witbin the'elecﬁfgn-

dense zone (arfow) can be seén, especially the,

s

loss of thé electron-dense layer of the wall

directly beneath the cuticle. Fig. 63 also

. shows this well., x48,900.

- -

o ~ . - -

Figuré 65. Serial section beyond the wall alteration
apparent in Fig. .64. Note the electron-dense

region syrrounding the neck of the haustorium

o
(Hn) . -x16,400. . e -
L
v . ¥ 4
4 -~
v \ \‘ -~
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N PLATE 30
Y ' L »

Normal uniﬁfected gugfa cells

a
L]

»
ar 5 . -

Algerian 7 day plant. Glutaraldehyde/osmium -
c / ] ™
fgIIOWed byy osmium. Uranium and lead stained.

’

-

66, Healthy, uninfected guard cells from un-, .

ipécuiéféd leaf. Note the presence. of plas-

a. . tids* (Pd) with grana épd the otherwisqlthin
) layer of cytoplasm and the large vacuole (V)i
L} .

[

X17,700.
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< PLATE 31
. ' “ ’ .
Hypersensitive response to infection T -
» i ) o <

Algerian 21 hr.. Glutaﬁaldehyde/oémium followed

by osmium, Uraniunfand lead stained. v

<. . - . d N - ‘ .
> -0 : ‘ < . )

. - ‘ . ,i‘

- Figure 67. Section of.aihypersensitive epidermal cell in .
. : * the Algerian host. Notice the epiderm&l cell
5 ~ has collapsed and the cytoplasm is necrotic. ° o
Membrggés are thick and coarse. The appres-
sorium has pulled aQay from the leaf dﬁring
“the EM preparation and pulled‘witp it the peg
> and-the necrotic‘hausforium ar cytoplésm. The-
penelrated‘part of the wall:shows &héndarkly
staining zone (arrow) which was only observed
- in the Algerian host. Observe thé wall de-
g posits (WL) }ofmeé in the adj;céht epidermal
cell. x22,700. R '
AN IS v

[ 4
% B

Figure 68. Transection 'of the same appressorium as in
Fig.. 67. - Note the breakdéwn of the fungal
plasma membrane'and disintegration of cyto~

v

plasmic organelles, and tHe abnormal nficleus ~

P

(N)s <16,600.







RS . PLATE 32°%

S ’ 4
‘- ' - Hypersensitive response §howing electron- '
. : ) - R . .
. ) ’ dense. d¢p ts in the appressorium . v
24
. 3 ’ .

B . = 4 -
Algerian 21 hr. Glutaraldehyde/osmium .followed

‘ ~ ./ . ‘ .
\ by osmium. Uranium ahd lead stained.

]
-

. . . i 1 ] . .

Figures 69, 70. Serial sections 6f an epidermal cell show-

PR -~ k]

ing a hypersensitive rééponge to infection in -

“ i"'_" C thevAlderian variety. Note the electron-dense .
~..- ~ material (Edm) in the séace where the necrotic
fungal cytoplasm has shrunk away from the cell

. wall. The appressdrium has collapsed [Af.» The
ﬁost cytoplasm is alsp necrbtiq aﬁd pulled away

[fromnthe papilla. The host plasma membrane and

-

* tonoplast are absent (unlabelled a{row Fig? 70) .

X f

[N
Note that the peg appears stopped in the pap-
illa. Fig. 70 shows ithe furthest that the /l
fungus was observed to penetrate into the host.

-

¥ wall.

-

:: - dense line-in the ce

- . Pig. 69 x22,100.

. Fig. 70 x43,300.7 . L

Note, again, the intinse halo and the electron-

I’







N\, . ¥ .7 piaTE 33 " L

¢ .Necrotic appressoria, haustoria and epidermal cell e

-~ o ] . £

M i : . N A R
. /‘\" L N L N .
. ) " -
. . - -
N
«

Algeri%q 21 hr. glutara%dghydé?bsmigy)fol— '

" lowed by o¥mium. - Uranium and lead stainéd.

)

- N -

’ ' ] : )
A : ’ ..

[4

-

-
1
. <

Fiéyres Zl;-72. Appréssorium, haustorium neck (F;g. 51) .
2 ' ‘ ¢ and héustoffﬁm (Fig. 72). thiée, again, the
" ~eféétron~dhﬂs?~ﬁaté££ai (Edm) in’ the appregv~
'~soria1'lobé'and the.collaﬁsed adppresspriums
The cyFoplasm is qggregated qdd shfﬁ§ken %rom
e the cell walls. ,The‘epidgimal cell has™
. collap %dland'éhe ;ytopiasﬁ ig;néczﬂlic.‘ .o
L : Ngt{ce the thick electgon—denée éppeaégnce og
£ .. s . the plasma'membradé tprm) compéred;to'that of' *
e : tﬁg gdjacén;,ﬁeal#gy epidermal celL‘(EC)fw The
) haustorfai‘cytoplﬂsm is;completely necrotic apd §
- ~ the extrahau&&prial membrahe is Qroken.'
. Fig. 71 18,700
Fig. 32 x25,700 © _

t - . @
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Figure 73.

- Figure. 74.

.'vﬂi: Figure 75.;

PLATE 34 . . & .

L4

Serial ﬁsqﬁions through a hyperfensitive

. K2R .
‘epidermal -cell, showing the appressorium,

pene®ration hypha and’haustoridﬁ e )
Algerian 21 hr. Glutaraldeﬁyde/osjfzg.followed
by osmium.. Uranium and lead stained.

Note the appressorium (A) is collapsed (arrow)

~

and its c%féplasm coalesced. - x18,600. ,
- ) ‘ ‘
S S ‘ .
. The epiderﬁél cell is collapsed, the penetra-~,

tion peg (P) broken and the papilla dispersed.

. - - . ' -
Notep the absence of the plasma membrane and the ~
’tonoplést (arrow). -‘Note the formation of wall

B ‘ ’ .
‘deposits® (WL) in the adjacent cell. «x22,000. -- :

- ~

- )
-

,Parf of the disorganised haustorium with mem-
branous whorlé (cf. Fig. 113), and surrounded
N R 5 .

by necrotic cytoplasm. x32,600. ’ f

S

+







Figure 76,

Figure 77.
- RS

.
“
- [
' ‘
-~
3

_cell wall rather than intc “the papllla. This

~

- @ - - Y

PLATE 35° - ™ T

. Papilla-stopped penetration L.

- v

lAlgerian 21 hr. Glutaraldehyde/osmium followed
4

‘'by osmium.. Uranium and lead stained.

- a

- . 'R

Sectlon of apprea;érlal lobe and papllla Note -

N

the healthy hpst cytoplasm and fungal appres-

sorium. The zone of demarkatién continuocus

with the papilla is present in the epidermal
cell wall (arrows). Apart from this cell wall

staining, this figure is Similar to those shown®

of infections-on the Kwan host (Fig. 47-56).

x22,500. . : ‘

)

~

- } L - R
Same infection site as sHMown in Fig. 76. * Bhis

. . S h
shpows the peg stopped by the papilla. Note the”
s

peg (P) has grown along and w1th1n the epldermal

Y

section shqwea the limit of'fuﬁgﬁs development.

L]

x68,400.

N~

-

.
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PLATE 36 . L - .
L"P

o

Mesophyll cell from infe&téd,Manchurian.leaf‘: N

9
: S %
5 ‘
> .

.
. ¥ Q =° w

"< Manchuriah 95 hr. Glutaraldehyde/osﬁium

[ZI

e ) ‘ .o
followed by osmium. Uranium and lead stained. .

- - I .
. eret T . . . » .

-

Figure 78. Section of a mesqQphyll cell from an infected

Maqghurfén leaf. NQFe the c%lqroﬁiasts (C),

¥ miéocﬁ?ndria 7M7,uﬁ;crobodies (mb), and the
‘muclgus (N)'ére1siQuat;d close to the cell

- " wall, enclosed within the tgﬁoplas?’and‘plasma,

~ e ¢ °

. membrane.: The;e‘is~é large a PntzOf inter~

o ~

cellularwspécg (Ics) dntersbersed-between the

mesophyll cells. . Thetcytoplash\frequently
“ . . ) ) .
appears to be 1loosely aggregated when fixed

-
e

by Franke's method.. x6,650.- . -
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Mesophyll ceélls from infected Manchurian leaf

‘Figure 79.

o

' size and distriblition and are not espegcially . S

- o .
M PLATE Tj.

- ' . - Y
. . . . .
’
a - &
- = A

Manchurian 95 hrj Glutaraldebyde/osmigA' o

R

fOllowed,%y‘Osmium- Uranium and lead sfained._ S

-
)

Section of part of a qesophfll cell from an in-

¢ ~

fected Manchurian leaf, again showing diffuse
cytoplasm. Note thebplasmodesmaté (pa) in the
ceil‘walii‘ Compare Fig. 79 and 80 with 81 and
82 and néte the more diffuse apﬁearancé of the
cfﬁ’élgsm-with this fixation: x12{750.

ozl . <5
. -
L L. ’ ) I .
* . .
\.\\/ .
: .

Section of p&rt of two mesophyll cells from in=

fected Manchurian leaf. Note the mesophyll
A :

.

céll.WalI with a well defined m%ﬁdle lamella e

o}

*(ml) ahd,p}asque§mata- The cytoplasm contains
ER, golgi bod}eé (Go), microbddies, Titochondria

and chloroplasts. Note the starch grains and
spaces ayround staréh/grains in the cﬁlproplasts. < .

. ' ' 6 . .
Many plastoglobuli are present, of variable- v .

-

. : [
electron-dense. The chloroplast grana are

5]

generally closely Stacked. %15,400.

Bq
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vt PLATE 38 0 -
’ - - ’ >,
Chloroplasts of-mesophyll cells i the Manchurian host .
14 . - .
Manchurian. Glutaraldehyde followed by
o ’ . " osmium. ‘Uranium and lead stdTned. - - «
° A
Ty . "
3 . > ) D
: Figure 8l. Sec¢tion of part of a mesophyll cell from an .
NoE infected Manchutian leaf. Glutaraldehyde ,
f - . fixed. Note the compact cytéplasm around the - -
. >°\ periphery of the cell. 'Chlorgplastsuagain '
o et ‘1 contain starch grains (sqg) and‘ﬁhe grana (gr) ) ,
‘ i B ) . T e by s o
~ : are closely stacked apd electron-dense. Noté o . “IJ
’ the small plastogldbull (pg) present  in the C e v
. v S - . . - I} ' !
- T chLor?plasts; l44 hr. x18,700. o o v
& v - - N coe ‘ < - o " =
- 4 - ‘ ’ ‘ ' , A~ e
<l . (‘Q‘ , c ’ o (:l. . ~" c i ) ,.. _:). ] o 3
% Flbure 82 °Pa$t’0f a mesophyll cefl from iﬁfebted(ﬂan%hufiaﬁ{o
¢ leafr Two chJOYOplasts sandW1chrng a. mlcrobody
. . o o
.. . The grana are qlbsely stacked and the pIasto—
5 < (:_j N " ‘ }g o ot d " ‘:9
s o globull are small (O l 0 2 ggﬂ.f The: host - /

o

cytoplasm is pagked ciose to the plasma membrane.

. Noteotbq small v351€le5“plnched,off frOm‘the> g

: . g . 5
A Lo . S : v . “ 3

L - chloroplast membrane. 120 hr. %19,808. . e

s
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Figure 83.

*

©  PLATE- 39
" Kwan - Mesophyll cell
LT ' s

a

" Kwan 115 hr. Glutaraldehyde followed by

: . . v .
osmium. Uranium and lead stained.

* L ~ I’
Section of a mesophyll cell.of the Kwan host
. .. S - -~

,close‘to an infected epiderﬁalacéil. Gluta-

raldehyde fixed. Similar -to Manchuyrian variety

»
°

exéebt'for the deposits on the tonopflast mem-
. . .y o) o 2 ] \/_)'_
brane (unlabelled arrows). The plastoglobuli
] i "'\(‘
are intensely osmiophilic and thé grana are
, . e -
closely stacked. No starch grains-are'presént.

C&toplasm surrounds’ the chloroplasté and is

close to® the pbasm;\Mmerane. It includes many

hd

mitochondria and strands of ER. "%20,500.

oo
o ~
L4
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Figure 84.

‘Figure 85.

. .,
A, -
4 AR

Y. osmiuM) Uranium and lead stained.

_ “¥pparatus. Note the dark staining deposits on

Lo o e N b
r‘_‘_ (';, - J-.Jr by ; R
LN .
L. AT '3\ N e L “L" 5
- - B * s o 3
- i
* e - < » -4
- PR -~ Ky § - - > ° t
- » SN
- . N L] | !\ T
. - % %
W ) #‘\('1 . - Mk
<
) : 1 5!;,1
,}" ‘ ‘
<. . .o ' . .
mw‘;PLATE 40 ’ T -
3 - vt Re N s - . v

Effects of HR onwmesoaﬁyll celb§ Inltlal e fects.

el 1 -

S 4 "\_, .

L4

‘Kwéﬂ 95 hrf: diutaiéldehyde/osmium followed by

y o > . X
’ f NN i '

A

.

. . ) .
Obliqd'lsection through tﬁé\mesophyll wall and | -

-,

part of two mesophyllicells of infectea §wan

leaves. . Iﬁitial‘changes of hypetsensiti&g

mesophyll ?ec;os}s. the (black arrows) the | )
electron;densg deéoéition,qn thé mesophyll
‘piasmélmeﬁbrané; This is thé firs£ observed _ -
-Symptom o% cell pecrégis. Also_s?me dis-

%ﬁganizétion of éhlb%oplasts has begun. This

ﬁdtéally involves a swelling or increase in

4 / .
'size of plastoglobuli (white arrow). x20,350. -

i : ) ' \

»

.* Sectidn of part of mesophyll cells of infected

Kwan leaves. Note the prominent deposition

<~

* {WL) next to'the wall, similar to papilla'

e

material and the proximity of ER and golgi’
the plasma membrane of adjacent cell (large’

arrow) . ng,ioo.
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Figure 86,

Figure B8Y.

PLATE 41

‘Effeéts of HR on mesophyll cells , Chloroplasts

and wgﬁi deposits

5,
t o e

Kwan. G¥utaraldehyde/osmium followed by .
? 4 o . . -

osmium. Uranium and lead stained.” = _ *
s f-, - -7 s . e . -

Section'throughlthe adjoining ‘cell wall of two
mesophyll cells of an infected Kwarft' leaf. Note
K°S o - .

the globose'electron—dense wall lesions (WL)

and alteration -in staining of the wall (arrcw)

-
’

cf. Fig. ll3.”;The”chloroplasts in "tha upper . . ,
. . ‘, . A ‘ * ] . ‘ . + . B Vot
cell are broken down leéaving membranous frag-. .

PR
T

ments apd enlarged plastoglobuli (pg). 95fhn.

x13,000 = . - e el g
Section through three adjoining mesophyll cells . f(

of infected Kwan’ leaf. The cellaon the left 1s
completely necrotic (NMC). The adjacent cell -
has. wall deposiﬁsr(WL) around the whole of the

)

Ce!l and 1is collapsed (atrows). The cell ‘on the

- right has wall dep051ts adjacent to the mlddle' ]
LI I\
cell but not edsewhere. 120 hr. x13,3QO oot !
A - _\
» ¢ -
M v B » . »







|

~

Figure 88§.

Figure B89.

L

PLATE 42 -
* . . <

. B{fects of HR on mesophyll cells. . Chloroplasts.

Kwahu-‘Gldtafal@ehyae/osmium followed by
- - : .

“

osmium. Uranium and %ead stained.

4 §

1 L4

Section of disorgapizéd chloroplasts in mesophyll

cells of an infected Kwan leaf. Note the dis-

organized chloroplasts with/separation of.grana

-
L

and large électron-luceﬁt‘spaces present and”

- that plastoglobuli (pg)” are enlarged {(up to .
.'\ -
025 - 0.3 .m). Note the ‘mesophyll plasma
S o f
membrane\is «intact but chloroplast membranes

i
"are broken. Some grana (gr) -have coalesced®and
shave lost_all vestige of membrane structure.’

95 hr.. x28,000
)
o 4 o
Section thrpugh a meéopﬁyll cell elose to a
" 4] o * . "
necrotﬂg haustorium-containing epidermal cell

of an infected Kwan leaf. Note that the plasma
- N 2

gem?rane (pm) in this cell i§ broken and t;e
mémbrane of o;e:chlofOplast is completely dig;
integrated and{éhat éf another "(Cm) is almost
so. Note the s;elling of the plastoglobuli;

especially pronouncéd inathe°ch}proplést whose

]

-

<

plasma membrane is disintegrated. Grana have

o

also coalesced here. 120 hr.- x26,400 «

[
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. PLATE 43
Effects o HR 6p-me50phyll cells. Ci}lular
collapse, wall depdsits and chloreplasts:
o : j//ﬂ“ ' . L. -
Kwan 144 hr. Glutaraldehyde followed by
osmium. - Uranium and iead stained.
¢ . . \ - ,.' i
' - ~ A ) . "
Figurg 90. Section of % necrotic mesophyll cell of an(ém—
: ) ‘ . . -
‘ - fected Kwap leaf. The blasma membrahe-izjsepa—s

f\ T rated from the walljby'depgsited material " (WL).

‘ . . ~e-
; The cytoplasm next to the’g:;osited material
. ‘ (ld@er dell) containswesicles, and-strandé of
. . * Er. Sx18,900. ’,/(;JV T\ . =~

Figure 91: Section through a coil@gsing mesophyll cell.

o < ‘
TRe cell is very disorganized. Deposition be-

tween the plasma membrahe‘and the ;éll,wall has

occurred and the chlorgplasts are disqnganiied.v’
. 5 .ot MY
o , . ° ‘ Y

x8,900.

3
- 4

Figure 92. High magnification of chloroplasts shown in
" Pig. 91. Observe the/ithloroplast ground plasm
\ 0
1s vesicular (arrows) in appearance and that

o some of the plastoglob&ii (ﬁg), which are much
le

"enlarged, have a double ‘membrane around them.

- ' Grénal_structure hascbeen'destroyed.' Note the
mitochondrion (M) appea;s abnormal. x31,300.
. [}

c e u
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9 ¢ ‘ » PLATE ~44 . %
¥ a, » { & '
. e . Effects of necrotic mesophyl on adjacent Cells

. e o .
, co ¢ < ‘ P M

‘Fig. 93-96 from.an infectioh site with only

f51

four or five necrotic‘ceilsn KQan.ﬁO)hr. s
Glutaraldehyde followed by psmium. Uranium

o

o : and léad stained. ‘ ¢ . S

o - . . =

.) -~ - Figurée" 93, _Two;dead mesophyll ce€lls of .an in}ectederan

Yo s . leaf. Fote that the, cells)are combletely col-
- e '>lapsed in places (arfsd) The cytoplasm is

' \ ‘J destroyed and unrecognizable except for . rem*‘
nants of chlorool%st ‘starch granules. This iw
RN | .a section from a QOChr 1nfected leaf and thesey‘

‘6 i . cells wexe among -the f;rst “four or five cells-
. * to become necrotlc ~ih thls.lnfectlon coutt. ’
3 R - - o
o ¥ k6, ooo .o C
¢ o ’ ., ° . ! o Y - 3 7 n\\

Too
' 3 K o

. Figure 94. ngh magnlf;cataon of part of Flg 93 Note the’

Q

s i alteratlon of cell wall stalnlng,c electron=- dense

N staining of the plasma membrane region- and total
””3 « e dlSlntegratlon of ‘thie organe;les. x38 000 - e

Dn ¢ I
o 4 -

. %lgure 95 ’Efﬁect of necrotlc meSOphyPl on adjacent meso—
“‘°' . -~ %phyll cellsm Depos;tlon of materlal on thex

-

common céll wall has occurred but other garts of

o the cell not adgacent to the gecrotac cell

- o appeared healthy Note that Ve51cles and ER E
occur in 'the cell cytOplasm and the healthyc "N

e - chloroplast Note the large 51ze of the plasto--

[

s globuli.. x22, 700 R s o

& - t

6' - ¢ . . E . . . . N ) v ¢ . o | ‘ -
.Figuré~96, .Similar to Fig‘-9S'but the‘ depogit is more ' ’
) ) electron- dense and globose, Note ER and vesi-'

“cles. | x18,800 oo R ‘ e

VoY
N
»
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o coL LT o PLATE 45° ‘ -
- B R . . - Y
= ‘ , R ‘ K <
’ . : Final stages.of necrosis ot
.u —— . S - ' .- o ) i b A C N ] ‘ C'-(
RN i . . < . ) . . ? . ° :‘ N
.. N Kwan 95. hr,, Glutaraldehyde/osrium followegd by
. - : ) Q = ! - =)
. - ,
D G ? N . . K 3 .
.o * osmium. . Uranium and 4dead sstained.-
° - ) ) - S e ; ° : . v ) <
- ¢ c - v o i .
[ / o S5 kb
: = :3 : ? ® e
‘e D ¢ <

~

Figure 87, cSect“fibn of a mééophyll cell adjacent to'a col-

- J . “;rlépsgq ﬁesophyll‘cell; LIgEec%ed°KWapyleafi T
- :i‘ No;egihe @lasmoaéanﬁé“be£;e¢n ghé Agcrotlc .
. L:éeil ;nd;ihe'%dlgcengac;llap;ihg mesophyllt
. ) C'cell and Fhé memb;gﬁdgﬁ agarggatioﬁ by:the-wallj
e 19,800 '« .. s,
° ' S RN S :° B .

B . -
- ©
I3 <

u’:E‘igt,nsgev‘.)&,. T%tallx 6oll%péed and ﬁeero;ic hesophyli cell.

o

Co 'f> ‘Observe: that gﬁeocéli°hasccoliapséd toﬁléss';
than' 1 .m across andicytdﬁlasmic cOntents are
o " i ' - B - ) R ° b 4

éléqtron-dense and unidentifiable. ‘224?200:

> oG
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Fighge .99.

£l

3

Manchurian. Hatstorium and epidermal cell

~
@
“
[]

Manchurian 95 hr. GIutaraldehyde/osmium

o

féllowed by osmium. Uranium and lead stained-.

~

Segtion through a h;ﬁstori ﬁ‘geus;orial lobes

r B . ) ‘\ N B
(H1) and the pegetration site.t This~ figure .
shows the typical'featufésfof an established

ha&sto;ium: Note that the sheath' is gcontracted

close to the haustorium. Note the lack of host

P

“cytoplasm. The cytoplasm of the haustorium

contains many small vesicles and mitochondria.

%x20,000 o : 4

3
©

... Section through a similar aged haustorium as

Fig. 99. Observe the double layered papilla
. . ‘ '
and associated host cytoplasm. The sheath of

the haustorium is expanded and the shsgth 2

2 r
matrix (Sm) is less electron-dense than in

v

Fig. 99. x25,700
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Figure 101.

Figure 102.

- PLATE 47

Haustorium and epidermal cell ‘ .

Manchurian. Glutaraldehyde/osmium

by osmium. .Uranium and lead staine

i
‘

\ L]
t . .

Transection-through the méin,body of a haustor-

lum. Ag;}n the sheath is.expanded.i Note t?%rx\

invaginations of the extrahaustorial membrane

.
. (arrow) and the darker,staining of the sheath

matrix close to regioﬁs of dense host cytoplasm.
4

95 hr. * x20,900

Longitudinél section through the main body of

an older. haustorium. Note that vacuolar re- -

.giond (V) are formed. These contain electron-

déns_ amorphous material. " Again note the

.
¥

vesicles and the invagitfation of the extra-
haustorial membrane in the sheath matrix

(arrow). 115 hr. x20,500

< 2>
i
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_PLATE 48 . = I
Appressorium, haustorium and‘%;:;ermal célii-

.
<

>

e Manchurian 115 hr. Glutaraldehyde followed by

osmium. Uranium and lead stalned

v I‘p - ,.
i Figure 103. Transectlon through an appressorlum, hypha,

_ . pedétration.hypha and haustoridm.J ﬁote_again
‘ ¢h§‘vaduola;,con§en€§ of the gaustorium, and
the presence of lipidilike bodies (L). ‘Note
th® dense, healthy"cftoplasm of the a;pres—'

. sorium and the adjacent fungal hypha (Hyf

.
A ’
- o i . — '
x12 750 . - 2
‘ C e
PR .
o * \ -~
s N - . {
- A o - s A
> -
. . - . I
B 3 R Sl
. v »
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PLATE' 49
Fungal hypha ’ ‘ -
o . | '
. Manchurian 120 hr. Glutaraidehyde fbilowed

by osmium., Uramium and lead stained,

\ 3 < !

.

i§§::c104% Transection Qf a healthy fungél hypha. 'Note

‘5 . the formation of electron-dense bodies in ‘the

’ y 2

vacuoles"(arn9ws) and the dense cytoplasm,

] N . 3
.

"+ ° ., filled with strands of ER and ribosomes. Note
the small mitochondria (M) ringed close to the
funga¥iplasma membrane. x25,300
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FiqurehiOS. TranSection of a healthy hypha: It is similar

o . [

Manchurian 120 -hr. Glutaraldehyde followed

PLATE 50 o

.

Fungal hyphé

- -

-

v
rd

by osmium. +» Urapium and lead stained.

.«

T

“5 .

H

[N

to Fig. 104 but passes through the nuclear

.

region. Nete the enlarged vacuole (V) contain-
- \ .

ing electron~-dense material jL) and the dense

ribosome—filled‘qytoplasm. x25, 300
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PLATE.Sl’

Kwan - Haustorlum and epidermal cell cr

- e e - PN .
_. . a o . IS

JiJKwaﬁv95kh;. Glutaraldehyde/osmlum followed

. by osmium. - Uranlum and lead stalned

“ Figure 106. Sectdon through a penetration site on the -

o B o -

<)

. o resistantinaﬁ host. The haustoriuﬁ at -this

? time appears quite. healthy and similar to !°

) . -

. Lo those on the Mapchurlan host at thlS ‘time, f

’ : ‘cf. Flg.«&005 10;. ~Note the expanded sheath'

~ v

. o (Sm) surroundlng the haustorlum and the small

° »

e T vesicles (SV) and llpld bodies. (L) w1th1ﬂ the‘F

> -~ L)

abaustorlum.‘ thtle host cytoplasm 1supresent/

I3

/o ° ' .
x16,200 : T







- ' PLATE 52

v ¢ : ~
\ . ° o

Inltlal effects of HR on haustorLa and epldermal cells : -

a . ¢ - = °
. N o . B
_.) - .0 T .
3

Kwan ‘115 hr. ,Glutaraldehyde followed by

c osmium. Uranium and lead stained. .

oo ' T 2 o o . N - - o~
K . o
.. ‘
. 5

Dl

< » - g
. N ™ 3

~ngure 107. Section thrdugh‘a haustorium at é later stage.

‘ ®  Note the indjcations on the cell wall (arrows).

of a»hyperseﬁsitive reaction.. The"hadétdriﬁm
. R 3 ! . .
o CL contains vabuoles (V)'similar.to.those of
3 <
R 51m11ar aged haustoria on’ the susceptlbké,host

P

(Flg 102g~403) The da;§‘£%§19ns close to

w: “the plasma membrandﬁére ﬁ%obably reé&ons Qf

.

glycogen formation (Gy), Noté Fhe invagina-
y b tions Jf the extrahaustorial membfahe: XEhm?Xt

similar- to those. in héustprié in the Manchurign
host (Fig:.101, 102). . xt5,400 .’

A N “
* . ® ? S l A -
- ©

-, o’ - ’ - A ¢ )

~

=]
L ]

. : , ' .. :
. Figure lQ%. Section through, a haustorium. Note the net-
R - . \ . + - .

*- . - work Qf small® vesicles (5V), théjlqné mito-

»
hd e ) . . ’

B chbhdfia, glycoge ‘rosettes (Gy)}’and'lipi@
. bodieé {L) in then:;hst;riﬁm " Both the -

o. hauystoria in Fyg. 107 and 108 have. formed

. o sheaths Q}tq.a.éénse matrig. The - cell wall
héré;too hashthe beéinnings of electron-dense

I <

"deppositions (arrow). x15,400 -+ . . .
(<4 s ‘ -
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S PLATE 53 . ',
Effects of HR oé haustoria -and epidermal cells. //JIZQRJ
» Kwan 120 hr. Glutaraldehyde followed by -
, .- a R
. osmium.. Uranium .and lead stained.

/ . . ; ;
Figure 109. Section of a collapsed haustorium in an epi-

dermal cell. Note the wall deposits (WL) on
the inner wall of the epidermal cell and the
o \ -

& clumped cytoplasm (NC).' The plasma membrane

and the tonoplast are broken. 'The haustorium
i§ collépsed and electron-dense régfbns occur

close to'the'wall. Note. that ‘the sheath (Sm)

- -

o &

around the hauqtorium is dense and the'membraﬁes

have formed unusual strucéuresf"x21;200

Figure 110. Section of a healthy young haustorium in the

adjacent cell to that shown in fig. 109. x9,@00u

-
v

Figure 111. Section of a necrotic haustorium in a collapsed
. - . =7 .

epidermal cell. Noteyfhat the epiderm517cell is
; / completely coilapsed and- contours the necrotiﬁ
haustorium (H). [The cytoplasmic contents of the
haustorium and thenepidermal'cell are almostzgn—

recognisable. Note the+wall lesions on the

_lower epidermal cell wall (arrow). x32,800

-






) ° - PLATE 54

Effects of HR on haustoria and epidermal cells

‘Kwan 120 hr. Glutéréldehyd? followed by

osmium. Uranium and lead stained. '

- B . . > -
’ - » B

Figuré\112.> Section of a cpllaésgd epidermal cell and ‘a

, ‘ )
haustorium, cf%se to .the penetration site.

- Note the halo 'in the wall above- the haustorial

neck, the meck (Hn) and)the haustorial lobes

(Hl)..'TAe adjacent meéophyil cells are ccl—

o ¢ } lapsing. x9,200
, . //. '

Figure 113. Section of part of a cell wall between an

¢

epidermal and mesophyll cell. Note that dark

‘'rings occur in the cell wall during the hyper-

sensitive ‘reaction. x52,200 , ’ 3)

Figure 114. An enlargement of the section adjacent to that i o
shown in Fig. 112. ©Note that the sheath (Sm) .
around the ‘haustorium and the lobes is still

> present. Intense electron-dense regions (Edm)

. - .
. ' G

" occur in the haustorial plasma membrane region.’

The host cytoplasm is disintegrated. x25,000 - }

- ‘

[ i .
s - , ' ' -
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.- PLATE 55

Effects of HR on haustoria and epidermal‘cells

- . P
- “

) -
! ‘v
‘ Kwan 144 hr. Glutaraldehyde followed by .
. R [
’ ’ osmium. Uranium and lead stained.
C— . >

Figure 115. Section through ah epidermal cell and penetra-
g . -
. » - .
tion peg. Note the large electron-dense papilla
. . 1
(D) and the aggregatiofls of hest or fungal cyto-

plasm forming coﬂvolutgdfmembranou5xstructures.

£

%x18,500

Figure 116. 'Seqpion of necrotic cytoplasm in a .collapsed,
necrotic epidermal cell. Note the large mem-

brénous,structure and the presence of other

: ¢
membranes. It -is uncleatr whether these struc-
[ o .-
N tures, products of necrosis, are of host or
i S ] _
fungal origin. x26,500
s \ :
‘ : t ) ~

Figure 117. Section of a haustorium in a collapsed epi-
' ‘ . .

- -

dermal celd. The lobes of the haustorium (NH):
. . arevextremely shrunken and no recognizable ’
cytoplasm is presept. Nété‘the extensive wall
,depogité (WL)_on tﬂé_epidermal cell wall.

'x49, 000
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PLATE 56 Y ¢
Py : )
. Effects of HR on hyphae . .
AN . 5]
Kwan 120 hx. Glutaraldéhyde followed by
! " osmium. Uranium and lead stained.

- /‘1 : . . ° o

- -
v

, ‘ ‘ ‘ Sy
‘ Figureall8, Transection of a dollapsing fungal hypha. - Note

v ' theg, coarse, gran lar‘cytOplasm{ the membrane-
: ’ o > free vacEple (V)| (arrow) and enlarged mito-

. chondria, some yith membranous whérls. Note

/ff“ that the hypha fis about half the diameter, of

those in Figqg. 04, 105. x42:,600

<
# T \
-

Figure 119. Oblidue sectidén close to the eell wall of a
R = /

necrotic hyph . Note :the electron-dense
- - -

regions closd to the fungal plasma membréget

¢ ©

%25, 800

L]

. Figure 120. . Part of a transection of a collapsing hybha.

This figur

ing mitochondrion, associated with the vacuole

t

w {arrow). [x56,100 S o y

¢







PLATE 57 0. .
- Effects of HR on hyphae ' i ‘
‘l
Kwan 120 hr. Glutaraldehyde followed by -~ -

" osmium. Uranium and lead stained. . '

Figure 121.

ol

T aa.

~
\
[ .
©

.
-

Section of a collapsed, necrotic fungai hyphae.

A | .
Note the infolding of- the wall close to the
. ) . .

‘'septum (Se) and the electron-dense deposits. on
: -G 5 i

'membrane§:\ The-adjisfnt cell has collapsed as

e - .
has the hypha\on the %Fft. x65,200
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