
ONTOGENY OF MONO. AND D]KARYOTIC

HAUSTORIA OF Puccinia coronata avenae:

ULTRASTRUCTURE, CYTOCMMISTRY AND ELECTRON-PROBE

X-RAY ANAIYSIS

by

James Y.N. Chong

A thesis

submitted in parËial fulfillmenr

of the requirements for the degree

Doctor of Philosophy in the Department of

The University of Manitoba

AugusËr 1981

of

Botany



ONTOGTNY OF MONO- AND DIIGRYOTiC

HAUST0RIA 0F Puccinia coronata avenae:

ULTR.ASTRUCTURT, CYTOCHTMTSTRY AND ELECTRON-PROBE

X-RAY ANALYSiS

BY

JAMES Y.N. CHÛNG

A tllesis submittccl to thc fìlculty ol- Grailtrate StLrclic.s of-

tlte U¡tiversity of Ìvlallitoba in partial firlfillment of the rec¡uirenreuts

of the degree of

DCCTOIì OF PHILOSOPHV

@' l98l

I'crnrission has becn grairteei to the LlBlìÄRy oF T[-rË uNrvË:ll-
Sll-\' OF MANII'OIIA to lcnd or scll co¡rics of'this thesis, to

the NATICNAL LtIIRARY OF CANAD,A to rrricrofilni tiris
thesis uud to lencl or sell co¡:ics of thc. fiinl, ancl UNIVERSITy
MICROFILIvIS to publish an abstraci of this thesis.

The author reservcs other publicatiolt rights, and neitiler the

thesis ¡lor extensive c\tracts from it may Lre printecl or other-

wise reproduced wjthoLrt tlte author's w¡itten permission.



TASLE OF CONTENTS

LIST OF FIGUR-ES

Page

Íii

vii

viii

X

xi

1

3

LIST OF TABLES

ABBREVIATIONS

ACI0IOI'IIEDGMENTS

ASSTRACT

INTRODUCTION

LITERATI]RE REVIEI{

I.
II.

III.

Dikaryotic (D-) Haustoria
Monokaryotic (M-) Haustoria

4
L7
22

27
28
30
30
31

Host Responses

A.
B.

22
25

zo

Cytoplasmic Changes
Collars

IV. Cytochemical llethods

Periodic Acid-Thiocarbohydrazide-Silver
ProËeinate l"lethod (Thiéry, L967)
Phosphotungstic Acid Staining at Low pH
De Bruijn Potassir¡m Ferricyanide }lethod
Extraction and Subtractive Localization
Lectin-Colloidal Gold Markers

A.

3.
C.
D.
E.

MATERIALS AND METHODS

I. Urediospore-Deríved Infections 34

A. Plant Material and Inoculation with P. coronata
avenag

B. Plant Material and Inoculation r^7ith P. graminis
tritici 34

C. Conventional Fixing and Staining for Electron
MÍcroscopy ...

34

34

35
36D. HisËochemical Methods



lt

íc Acíd-Chromic Acid-PhosphotungsËic
PACP) (Roland et al, L972)

Lectin-Gold Þlarkers (Horisberger and
Rosset, L977)

5, Solvent ExtractÍon
6. Enz¡rme Treatments
7. Energy Dispersive X-Ray Analysis

40

4L

39

Basidiospore-DerÍved fnfections

AND DISCUSSION

I. Urediospore-Derived Infections of P. coronata avenas
and P. graminis tritici 4L

A. Haustorial Mother CeIIs
B. General HausËorium Development
C. The Haustorial MoËher Cell Septum ..
D. Cytochemistry of the D-Haustorial Apparatus
E, ComposiÈion of Ëhe Neck Ring of P. coronaLa

avenae
F. Electron-Opaque Deposits Ín the D-HaustorÍaI

Apparatus
G. Host Responses

L.

2.

.)

Period
Acid (
Per íod
Protei
The K3

Le73)

ic Acid-Thiocarbohydrazide- Si lver
nate (PA-TCH-SP) (Thiéry, 1967)
Fe(CN)6 Fixation l.fethod (de Bruijn,

Page

36

36

a1

7I
76

76
81

86

L40

158

37
3B
38

II.

RESULTS

4L
44

51
54

65

Cytoplasmic Changes .. .

Collars

II. Basidíospore-Derived Infections of P. coronata avenae

GENERA], DISCUSSION AND CONCLUSIONS

BIBI1OGRAPHY

1.
)



111

FIGURE

L-4

5-9

10- 16

17 -23

24-27

2B-30

3L-34

35-36

37

3B-40

4L-44

45

46

47 -50

LIST OF FIGURES

Urediospore-derived infections

A young haustorial mother cell of P. coronata
avenae

PAGE

Hyphal and haustorial mother
avena_e (Figs. 5, 6 and B) and

cells of P. coronata
P. graminis tri ti ci

92

93(Figs. 7 and 9)

Hyphal and haustorial mother
avenas (Figs. 10, 11, 13 and
trÍtici (Figs . L2, 14 and 16)

cells of P. coronata
15) and P. sraminis

Haustorial mother cells of P. graminis tritici (Figs.
18 and 23) and P. coronata avenae (Figs . L7 ar,ð.
Le-22)

94

95

Penetration regions through host
infected by P. graminis tritici

ceIl waI1s of ce1ls
(Fig. 24) and ?.

coronate avenae (Figs " 25-27)

Early haustorium formation in P.. graminis tritici
(Fig. 30) and P. coronara 

"rr"rl"g f¡'ie". 2g 
""d 

Z9)

Young haustorial bodies of P. coronat.a avenae

Sections of the neck ring of P. coronata avenae

Neck ring of P. graminis tritici

Ilaustorial bodies and extrahaustorial matrix of p.
coronata avenae ..:.....

The extrahaustorial matrix of P. coronata avenae

A mature haustorir:m of P. coronata avenae

Mitochondria in a mature haustorium of P. coronata
avenae

96

97

98

98

99

99

100

100

101

Aberrant haustoria in
of P. coronatg avenae

uredíospore-derived infectÍons
101



IV

FIGURE

51-55 l"Iembrane protrusions associated with IIMC septun in
P. coronata avenae i ñ)

56-62 Membrane protrusions and whorls of membranes asso-
ciated with HMC septum in P. coronata avenae 103

63-65 Membrane protrusions in P. coronata avenae after
haustorium formation LO4

66-68 Septal pore structure of the HMC septum. Figure 66,
!. graminis triËici; Figures 67 and 68, P. coronata
avenae " LOî

69 Septal pore structure of Ëhe HMC septr:m of P. coronata
7I-73 avenae 105

10&74 The septal pore structure of a hyphal septum of P.
graminis tritici 105

75-79 Chloroplasts in the P. coronata infected Avena host 106

80-82 Glycogen granules in P. coronata avenae L07

83-85 Tissue of P. coronata avena_g fixed by the de Bruijn
L07method

86-87 Osmiophília of fungal srructures ... LO7

88-90 Thiery staíning of fungal walls and/or the protru-
sion måtrix of P. coronata avenae 10g 1

9L-93 Controls for the PA-TCH-SP treatmenr; P. coron4ta
avenae 108

94-99 Controls for the PA-TCH-SP treatment; P. coronata
avenae 109

100-101 Thiery staining of fungal walls andfor Lhe protru-
sion m.a¡1ix in P. cofqnata avenae 110

102&103 The control Lreatuent for the Thiery stain of fungal
walls andfor the protrusion matrix in P. coronata
avenae .:..-.... Iro

104&105 Chloroplasts in the P. coronara ínfected Avena host . 110

106-113 P. coronata avenae arrdfor Avena host cells after
lipid solvent extraction ... 111

114-1-18 The .Avena host ce1l (Fig. II4) and P. coronata
avenae (Figs. l-15-118) after protease rreaËment LL2

PAGE



FIGURE

1L9-L23

L24-L29

130- 1 35

L36-L4T

149 - 153

L54-759

160- 16 8

169-L7 4

L7 5-I7 B

L7 9-I8/+

r85-193

194-L99

200-205

206-209

2L0-2L5

L2s-L29)

TÍssue of P. coronata avena e

Concanavalin A binding
and fungal structures

after protease treatment

to starch granules (Fig. L24)
of P. coronata avenae (Figs.

PAGE

113

LL4

Avena host ce1ls (Figs. 130 and l3l) and p. coronara
avenae (Figs. L32-135) afrer cerrula". rrãurãurrt lll 115

Wheat germ lectin binding to fungal structures in
P. coronqta avenag (Figs. 136, 13g-141) and p. sraministririci (Fig.I37) 116

L42-L4B The extrahaustorial matrix
(Fie. 143) and P. coronara
L44-L48) .1.. 

- 
.-

of P. sraminis tritici
avenae (Figs. L42 and

LL7

118The extrahaustorial matrix of p. coronata avenae

Cytochemistry of septal pore structures. Figure 155,
!. sraminis rririci. FÍgures 154 and 156-tSS, p.
coronata avenae

Cytochemistry of neck ring of p. coronata

EDX specfra obtained from the section in
(except Fig. L73)

EDX spectra

EDX spectra

avenêe

Figure 168

119

L20

L2L

122

Electron-opaque deposits in the D-haustorial apparatus.
Figures 180 and 181, p. sraminis rritici; Figuies
L79 and 182-184, P. coronata avenae . I23

Electron-opaque deposits in the D-haustorial apparatus
of P. coronata avenae, buË not in Ëhe 

"po." r"luii (Fig.re3).:-.*..... ...:.:l:.:::.:.::: 124

Electron-opaque deposits in p. graminís tritici (FiS.
199) and P. coronata avenae (f,ig". f9a-1nt L25

L26

L27

EDX spectra

Host cytoplasmic tubules adjacent
Figure 215, P. graminis tritici:

to D-haustoria.
Figures 2L0-2L4,

P. coronata avenae

Haustorium-host nucleus a ssocíation in P.

128

L29

2L6-2LB
avena e

coronata



VA

FIGURE

219'22L Haustorium-host nucleus association in p. coronata
avenae

PAGE

130

222-224 Host Golgi bodies and D-haustoria of p. coronata
avenae .....;.._ r31

225-227 collars in dikaryotic infections oi p. coronara
avenae ."..;..- 13r

228-237 collars in dikaryotic infections of p. coronat.a
avenae ....1.....- L32

232-235 Collars in dikaryotic infections. Figure Z3Z, p.
graminis tritici; Figures 233-235, p. coronata
avenae 133

236-239 collars in dikaryotic infections of p. coronaLa
avenae ....1..- r34

240-246 collars in dikaryotic infections of p. coronaEg
avenae 135

Basidiospore-derived infections

247-25L Monokaryotic infections of p. cororÌata avenae ß6
252-257 Monokaryotic infections of p. coronata avenae ß7

258-263 cyt,ochemistry of M-hausËoria of p. coro_qata avenae 138 l

264-265 AberranË M-hausEoria of p. coronata avenae . L39



vll

LIST OF TABLES

TABLE

1 Cytochemistry of the component parËs of p. coronata
avenae in its Avena host and of the host-parasÍte
interface

PAGE

I57



vl_tl

C

CH
cl
Con A
Con A-gold
Cu
c!ü
EDX
EM
ER

Fe
G

GB

GlË
H
HB

HN

HNI^I

TII"TC

Hzoz
HS

IL
IPL
K
K3Fe (CN) 6
M

Mg
I{H
¡'fL
MS

N

OL

0s 0¡.T
P

PA
PACP
PA-TCH-SP
Pb
PL
S

SG

SE

Si
SP

TC

LIST OF ABBREVIATIONS

- collar
- chloroplast
- chlorine
- Concanavalin A
- gold-bound Con A
- coPper
- hosË wall
- energ'y dispersive X-ray analysis
- extrahaustorial matrix
- endoplasu.ic reticulum
- iron
- glycogen
- Golgi body
- glutaraldehyde
- þ¿us¡g¡irrm
- haustorial body
- haustorial neck
- haustorial neck wal1
- haustorial mother cel1
- hydrogen peroxide
- hyphal septum
- inner layer
- ínvaginaËed host plasmalemma
- potassirrm
- potassium ferricyanide
- mitochondria
- magnesium
- M-haustoríum
- middle layer
- haustorial mother cel1 septum
- nucleus
- ouËer layer
- osmir:m tetroxÍde
- phosphorous
- periodic acid
- periodic acid-chromic acid-phosphotungsËic acid.
- periodic acid-t.hiocarbohydrazide-silver proteinaËe
- lead citrate
- plasmalemroa
- sulphur
- starch granule
- sieve element
- silicon
- silver proteinaËe
- terminal cell



IX

TCH-SP - thiocarbohydrazide-silver proteinate
Ua - uranyl aceÈate
V - vacuole
wGL - wheat germ lectín
trIGI.-gold - gold-bound I{GL
X - mature >rylem vessel



AC KN OI,i-I-E DGE I.{E NI S

r wish to express my sincere appreciaËion to Dr. D.E. Harder,

my suPervisor, for his guidance, constant encouragement, and construc-

tive crÍticism during this study, and in the preparation of this manu-

script. I would also like to thank the other members of the advisory

committee, Dr. P.K. rsaac, Dr. r. Morrison, Dr. D. punter, and Dr. J.

ReÍd, for their valuable assistance.

r am very grateful to Dr. tr'I.G. McDonald, Dr. R. Rohringer, and

Dr. G. Dorrell (Research Station, Agriculture Canada, trIinnipeg, Canada),

for their kind support and for making available the facilities at the

Research Station. I am also grateful to Dr. R. Rohringer for providing

Ëhe gold-bound lectin preparations during the course of this study.

r am indebted to Dr. F.N. Ghadially and }fr. N.K. yong, Department

of Pathology, university Hospital, university of saskaËchewan,

saskatchewan, canada, for making the energy dispersive x-ray analytical

facilities availabre ro me, and r would also like to thank }lr. N.K.

Yong for his assistance and training.

A special note of gratitude is due to all my friends, l{r. I,tr.

Mauthe, and Ms. D. Derksen, for their valuable assistance, and notably

Mr. K. Shewchuk, for his very capable technical assistance and prepara-

tion of Ëhe early draft.

Finally, r would like to express ugr sincere apprecÍation to my

wife, cecilia, and to my three young children, patrick, rvy and pster,

without their understanding, patience and faith this work would not

have been possible.



x1

ABSTRACT

Puccinía coronaËa cda. f. sp. avenae Eriks. was chosen for a study
of haustoriar development during the dikaryotic (D) and monokaryotic (M)

life cycres' Less extensive studies \^/ere carried out on the D-haustoria
of P' graminis Pers. f. sp. tritici Eriks. and Henn. Haustorial develop-
ment vras studied using cytochemical procedures: periodic acid-thiocarbo_
hydrazide-silver proteinate (PA-TCH-sp), and periodic acid-chromic acid_
phosphotungstic acid (pACp) staining; celrulase, protease, acetone)
chloroform/methanol, and ether/ethanol extraction; concanavalin A- and
wheat germ lectin-gold binding; and energy dispersive x-ray (EDX) anary-
sis. Further differentiation of structures v,as obtained by varying Ëhe

fixation of tissues with grutarardehyde alone, grutarardehyde/osmium
tetroxide, or glutaraldehyde/osmium tetroxide-potassium ferricyanide.

rn the dikaryotic phase of both fungi specialized haustorial mother
cells became differentiated at the hyphal tips prior to haustorium forma-
tion. characteristicarly, the mitochond.ria of the mother ce11s were
located around the inner periphery of their protoplasts. Another distinc-
tive feature was the septum which delimited these cells from the rest of
the mycerium" During early haustorium formation eraborations of the
fungal plasmalemma occurred to form long protrusions on the hyphar side
of the septun' Reduction Ín size of the protrusions subsequently occurred
as the haustoria developed inside the host cells.

rn P" coronata the septal protrusions contained. a matrix which was

similar in composition to the r"¡alrs of young haustoria. They contained.
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protein, an unsaturated 1ipid, and pA-TCH-sp positive materials, but no
chitin. These meteriars were rikely present in comprex forms. The haus_
torial mother cel1 walls on the other hand were rÍttle affected by pro_
tease' and contained PA-TCH-sP positíve materials and a saturated lipid.
wheat germ lectin receptors were also common. The extrahaustorial matrix
(EM) was composed of PA-TCH-sP positive materials, concanavalin A recep-
tors, a saturated 1ipid, protein and cellulose, but no chitin.

The neck ring in mature haustoria of p. coronata T¡jas composed of
two cylindrical bands (designated as the l and B bands). The EDX analy_
sis indicated that silicon was the major element in the cd band, and iron
and phosphorous the major erements in the B band. The EDX anarysis also
showed rnny haustoriar mother celrs near the centre of the infection
col0nies to be silicified, and these \^rere usually associated wi.th
aberrant D-haustoria.

rn D-infections of P' coronata there was a close association between
haustoria and the host nuclei. This host response rvas marked by a pro_
liferation of tubule complexes in the host cytoplasm between the haustoria
and the host nuclei, and direct continuity between the tubules and the
EM was observed' cellulase treatment suggested that celrulose was presenL
in the tubules' Another commofi host response \¡ras the for-ation of
collars around the necks of some older haustoria. Cytochemical tests
indicated that the máterials making up the colrars were nainly pory-
saccharides.

In contrast .to the dikaryotic haustorial apparatus
the M-haustoria appeared as relatively undifferentiated
r¡rere no septal membrane protrusions as in the díkaryotic
positÍon of the last septum outside the host cell varied

of P. coronata-

hyphae. There

phase. The

during growth of
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the M-haustoria. Older M-haustoria were septate. The walls of M-haustoria

tr^rere continuous with those of the fungal cells outside the host cells

and remained uniform in thickness and structure through the penetration

site. The M-haustoria possessed an extrahaustorial matrix analogous to

that of Ëhe D-haustorial apparatus. The EM of M-haustoria, however, was

electron-oPaque after uranyl acetate-lead citrate staining. Around the

distal end in particular, the EM.conLained material that was intensely

stained with the PACP method, whereas the haustoriaL warl remained

largely unsLained.



INTRODUCT]ON

The cereal rust diseases are economically important. Although

efforts to conlrol these diseases by the use of resistant varieties have

been largely successful, continuing variation ín the pathogen population
makes the finding and incorporation of nerü resistant genes increasingly

difficulc. Many hundreds of virulence types exist ín the pathogen popu_

laËion of many of the rusts, and whether a compatible or incompatíb1e

relationship with the host occurs probably depends on recognition factors,
namely the putative products of the genes for resistance and avirulence
in the host and parasite respecrively (Rohringer et a1, r9g0), A uajor
advance in breeding for resistance wourd be to understand and menipulate

these recognition factors.

Rust fungi form intracellular haustoria, thereby establishing an

intim¡¡s interfacial relationship with their hosts. The structural aspects

of haustoria and their relationship wiÉh their hosts have been quite well
characterized (Bracker and Littlefield , Lg73; LiËtlefield and Heath, LgTg),

However, to understan'L fully the dynamics of this relationship, more

detailed information is needed on the process of hosË cel1 invasion and on

the chemical composition of the component parts of the host-pathogen

interface. Detailed information on the latter aspect is almost totally

lacking.

To study tnese aspecËs, the heteroecious

(_p"."i"ia coronata Cdp.. Í., sp. avenae Eriks./Ave""

oat crovrn rust system

saËiva L.) was chosen.



This fungus Ís common to Manitoba both in the dikaryotic phase on Avena

sp. and in its monokaryotic phase on Rhamnus cathartica L. Preliminary

studies have shown that haustoria produced by this fungus during the mono-

karyocic and dikaryotic stages of the life cycle are morphologically

distinct (Harder, l97B). Supplementary studies rrere also carried out on

the wheat stem rust @gl!_1g- graminis Pers. f.. sp. trÍticí Eriks. and

Henn. /-frifiS-"* aestivum) system for comparÍson. Specif ical1y the following

I47ere to be studied :

f) The ultrastructural features of the haustorial mother cel1s

and changes which occur just prior to or during the formation of young

haustoria

2) The structural aspects of the development of haustoria.

3) The ulErastructural changes of the host ce11s, particularly

at the host-pathogen interface, in response to the fungal invasion.

During these studies varj.ous histochemical methods and electron-

probe X-ray analysis (EDX) were applied to provide information on the

chemical nature of the component parts of the haustorial apparatus and

Ëhe host-pathogen interface. The significance of these results is dis-

cussed in connection with the probable mode of formation of these haustoria

and the possible location of recognition factors between host and

pa thogen



LITERATURE R-EVIEI^I

According to Rice (L927), de Bary (1863) was rhe first to des-

cribe in detail the occurrence and structure of haustoria and apparently

first used the term haustorium for the knob-like organs of Cystopus. He

correctly regarded the hausËorium as a specialized organ that main-

tained the interrelations between parasite and host (Rice , Lgzl).

The word haustorium comes from a Latin term meaning "to drink"
(Snell and Dick, I97L). Karling (1932) regarded hausroria as feeding

organs. Although the role of haustoria as organs of nutrient absorption

has never been unequivocally proven, it is universally accepted that this

Ís the case (Littlefield and Heath, LgTg). Bushnell (Lgi2) defined haus-

tori rm as t' ... a specialized organ which is formed inside a living host

ce1l as a branch of an extracellular (or intercellular) hypha or thallus,

which Ëerminates in that hosË cell, and which probably has a roLe in the

ínterchange of substances beËween host and fungusrt. HausËoria are,

Lherefore, distinct from intracellular hyphae which may continue to

grow for some time after penetraËion and Ëhey may grow from cell Ëo

ce11 (Bracker and Lirrlefield, Lg73).

With rust fungi, in infections originating from aeciospores or

urediospores, hausËoria usually show deteruinate gro\^ith and clearly fal1
within Bushnellrs (L972) definition of haustoria. However, in basidio-

spore-derived infections, the intracellular structures produced differ
in many ways from the haustoria found in dikaryoËíc infections. Indeed,



there is some controversy whether the intracellular structures found in

monokaryotic rust infections should be designated as haustoria or as

intracellular hyphae. Wha¡ is known of Ehe strucËural features of dikary-

otíc and monokaryotic haustoria in rust fungi and problems of terminology

have been deal-t with in detail by Litrlefield and Hearh (1979). The

dikaryotic and monokaryotic haustoria were designated (Littlefíeld and

Healh, L979) respectively as D- and M-haustoria, and this teruinology wilI

be reÈained in this thesis.

Dikaryotic (D-) Haustoria

The foundations of uany subsequent cytological studies of Ëhe

rust fungi are found in severaL cLassical papers: Allen (L923a), Ruttle

and Fraser (1927), Rice (L927). These rÁ7ere ámong the first investiga-

tors to look at the intercellular hyphae and the haustoria, and the

relaÈions of these fungal organs to the host cerls. Arlen (L923a) des-

cribed the stages leading to hausËorium formation by P. graminis tritici

in susceptible wheat. As a hypha was about Ëo form a hausLorir:m, iË

stopped growing in length and its tip became swollen into a "club" with

its end closely applied to the r¿all of the host cell. The pair of nuc-

1ei near the hyphal tip underwent nuclear division. Two of the daughter

nuclei then moved into Ëhe swollen terminal portion, while Ëhe other tr,¡o

rem¡ined a short distance behind. At this stage these four nucLei were

about equal in size. A septum vTas then formed, Ëhus giving rise to a

short terminal cel1, the haustorial mother cell. The two nuclei in the

haustorial mother ce11 then underwenË a urarked decrease in size to be-

come abouË one-half of their previous size.

In a similar study Ruttle and Fraser (1927) showed thaË the haus-

t.orial mother ceIls of P. coronata avenae were initiaËed essentially in
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the same vray as that described for P. graminis tritici (Allen, I923a). The

two nuclei in the haustorial mother cel1s of P. coronata avenae also be-

came sm¡ller in síze. A similar decrease in nuclear síze also occurred

during haustorial mother cell formation in uromyces fabae (savile , L93g).

The nuclei of the haustorial mother cells were smaller than those of the

intercellular hyphae of U, phaseoli vignae in an electron microscope study

(Heath and Heath, L97B), but the mechanism by which this red.uction occurred

\,/as not known.

The initially formed haustoria within the host cells were described

by early light microscopists as a peg-1ike projection (Al1en, r923a;

Ruttle and Fraser, rg27), slender rod (Rice, Lg27) or slender filament

(Savile, L939). It was believed that growth of a haustorium inro the

hoçt cell hras accompanied by a corresponding invagination of the host pro-

toplast (A11en, L923a; Rice, 1927). The young haustoria then differen-

tiated into two Parts: a small dense staining globular body and a slender

neck. The hausËorial body expanded rapidly and much of the contents of

the mother ce1l passed into the haustorium. In P. graminis tritici (Allen,

1923a) and U. fabae (Saville, 1939), two nuclei r¿ere found in the mature

haustori rm. i'Iith P. coronata avenae, however, only a single nucleus was

consistently seen in many of the mature haustoria (Ruttle and Fraser,

1927). No trace of a second nucleus vJas ever found. Ruttle and Fraser

(L927) suggested that both nuclei entered. and then either fused or one of

them degenerated, but evidence of either process is lacking.

The use of the electron microscope in recent years has enabled

electron microscopists to examine rust infections in finer deËail and. has

resulted in a large volume of descriptive information on the ultrastructure

of D-haustoria and their associations with higher plants. Much of this



information has been extensively reviewed (Bracker and Littlefield, I973;

Bushnell , Lg72; Ehrlich and Ehrlich, L97I Littlefield and Heath, IgTg),

Lhus only literature of immediate relevance to the work presented here

is íncluded.

Ehrlich and Ehrlich (1963) pioneered the work in using electron

microscopy to study host-parasite relaËionships ín stem rust of wheaÈ.

Their observations confirmed the early findings of A1Ien (L923a, b) on

the morphology of haustoria. In addition they showed that at the site of

host wa11 peneËration a bulge-like thickening occurred on the inside of

the haustorial mother ce11 wa11. This thickened region was closely

appressed to the host ceIl wall, and it was through this area that host

penetration was accomplíshed by the fungus. This thickening of the haus-

torial mother cel1 wall at the site of host penetration was in time found

to be a constant feature of many rust fungi.

In Melampsora lini (Littlefield and Bracker, L972) and U. phaseoE

vignae (Heath and Heath, l97L) the thickening has been attributed to the

presence of an electron-dense, lens-shaped layer deposited beËween Ëhe

two fibrillar layers which comprise the rest of the haustorial mother cel1

r¡a1l. I{ith ?. coronata 4en49, Harder (1978) reported the presence of

only two layers in the thíckened region. The inner layer of the fungal

r¡all was visible as a very narro\¡r, denser staining region through either

síde of the penetration síte. Other variations in terms of number of

layers of the haustorial mother cell wall at the thickened region have

been reported in other rust species. As commented on by Littlefield and

Heath G979), the reality of these differences ís hard to interpret,

especially ín some cases where dífferent interpretatíons have been made

from micrographs produced by different r.¡orkers of the same rust species.



It appears that appearance and position of wall layers in the penetration

region of the haustorial mother ce11 is affected by minor differences

ín preparative procedures.

An early event in haustoriuu formation is the development, from the

thickened region of the haustorial mother ce11 wall, of a penetration

peg which breaches the host wal1 (Littlefie1d, L972). The diameter of

the site of penetration through the host wall is usually less than 0.5¡m

(Littlefield and Bracker, L972). This represents the area of host wal1

actually removed by the action of the penetrating fungus. There is very

little ultrastructural information on the penetration process in rust

fungi, Ultrastr:uctural evidence from post-penetration sLages, hov/ever,

suggests that penetration involves mainly enzymatic acËion rather than

physical force, since the host wall, and often wall fibrils, end abruptly

at the penetration peg and do noL appear distorted or displaced inrvard

(Littlefield and Heath, 1979).

The fungal wall in the penetration region is usually much thinner

than the wal1s of the haustorial mother ce1l or haustorium. In U.

appendiculatus (or U. phaseoli tvpica) the fungal wall vras so thin at the

penetration siËe as to appear absent in some micrographs (ilardwick et a1,

l97L). In other cases, the host and fungal walls nay merge such that

their distinction is obscure (Coffey et al, L972; Littlefield and Bracker,

1972; Hardwick et al, 1971). These diffuse regions of integrated host

and fungal walls ur,ay sígnify siEes at vrhich the walls of the two organisms

have grown togeËher (Bracker and LiËtlefield, L973) ,

Two cases have been documented showing the early stages of penetra-

tion peg formation. These were reported in M. liní (Littlefield and

Bracker, 1972) and U. phaseo_l-i visnae (Heath and Heath, L975). In both



the peg developed as a locaLízeð evagination of the haustorial mother

cel1 plasmalemma and the inner Layer of the haustorial mother cell wall.

?he outer wall layer did not seem to play a part ín peg development. The

penetration pegs reporred by Bossányi and oL'ah (Lg74) in p. graminis

tritici were clearly oblique sections of well-developed haustorial necks,

as the haustorial mother cells shown in their micrographs were largely

vacuolated, a good indication that much of their cytoplasm had emigrated

inËo the haustoria.

The cytoplasm of all the penetration pegs reported in u. phaseoLi

vignae was characterÍzed by the presence of electron-opaque granules

about 30 nm in diamerer (Heath and Heath, Lg75). i{ith M. lini multi-

vesicular structures r¡rere found ínstead of electron-opaque granules

(Littlefield and Bracker, Lgl2). rt is possible that these granules or

the mulËivesicular structures play a role in effecting the localized

degradation of host wa11 in advance of the penetrating pathogen.

AfLer host wa11 penetration Ehrlich and Ehrlich (1963) claimed rhar

the incipient haustorium consisted only of a membrane, and the initial

contact between the nascent haustorium and the host cell protoplast rn/as

between naked protoplasËs. This led to their proposal that penetration

is accomplished by a t'blow-out'r of the fungal protoplast (Ehrlich and

Ehrlich, L97L). This 'tb1ow-outrr hypothesis, however, has not been

supported by further ultrastructural evidence. Rather the penetration

peg âppears to elongate and expand somewhat to form a structure, the

nascent haustorial neck (Littlefield, L972; Heath and HeaËh, Lgl5), ultra-

structurally, only a single example has been reported of a nascent haus-

torÍal neck, 4yn in length, which shows no sign of development of the

haustorial body (Il. phaseoli vignae; Heath and Heath, L975). This neck



r¡/as corDpletely surrounded by a discrete fungal wall (see later). The

neck cytoplasm was densely packed wiËh ribosomes and contained longi-

tudinally arranged microtubules. A few cytoplasmic membrane-bound vesi-

cles were found close to the tip but mitochondria and nuclei were absent.

In U. phaseoli vignae early haustorium formation r^7as character-

ized by changes associated with the septurn delimiting the haustorial

mother celI (Heath and Heath, T975). Elaborations of the plasmalemmn

occurred on boËh sides of the septum. These appeared as irregular whorls

and tangles of membrane on the hausËoriaI mother cell side and tubular

membrane protrusions on the hyphal side. Mitochondria accumulated on

the haustorial mother ce11 side and became associated with the masses

of membranes. These uembranes disappeared and the mitochondria d.ispersed

when the penetration peg began Ëo enter the host cell. The maximum dev-

elopment of Ëhe tubular protrusions on the hyphal side rùas accomptished

by a marked association with numerous mitochondria and coincided with

penetration of the host wall. Significant changes also occurred in the

septal pore at this stage. By the time the haustorial neck had reached

iËs full length, the plasmalemrna protrusions had greatly shrunk in

length and the acci:mulated mitochondria had dispersed.

After the tubular neck has reached a length of about o lr^, the

distal end of the neck begins Ëo expand into the haustorial body in M.

linj (Littlefield, L972). The initial swelling of rhe body apparenrly

coincides with the migration of mitochondria from the haustorial mo¡her

ceLL, as a large number of miËochondria r¡7ere seen packed in a partly

expanded body (Harder et al, ].97B). Migration of the two nuclei frou

the haustorial mother ce11 inËo the þ¿us16¡irrm eventually followed

(Heath and Heath, 1975; Mendgen, Lg75). preformed cytoplasmic micro-
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tubules in the neck may play a role Ín organelle migration (Heath and

Heath, Ig7L, Lg75)"

ThaËcher (L943) using plasmolysis, was able to separate haustoria

of P. graminís tritici from the invaginated host protoplasts and thus

demonstrated thaË the entire hausËorium is surrounded by the invaginated

host plasma membrane (or extrahaustorial membrane). There is now auple

ultrastructural evidence to show that young and m.ature haustoria are

separated from the host cytoplasm by the invaginated host plasma membrane

and clear continuity has been established between this membrane and the

host plasm¡ membrane at the base of the haustorial neck (Coffey et al,

7972; Hardwick et al , L97L; T,itrlefield and Bracker, L972).

The neck ring, someËimes referred to as a neck band (Ehrlich

and Ehrlich, l97L; Heath and Heath, L97L; coffey er aI , LgTz), is a

specialized structure occurring in D-haustorial necks of all rust fungi

so far examined ultrastructurally, but it is usually absent in very young

haustoria (HeaËh and Hearh, L975; Harder et a1, l97g). This srructure

was first described by Rice (L927) as a broad or narrow ring-like zone

seen along the neck. Hardwick et al (LglL) have shoron Ëhat it is a

specialized region of the neck wall. The neck ring is marked by an

extremely tight associaËion of host and fungal plasma membrane, which is

reminiscent of the Casparian strip of endodermal ce11s of vascular plants

(Littlefield and Bracker, LgTz; Hearh, lg76). Bossányi and oLâh (rg74)

claimed that the neck ring in P. graminis tritici is associated with acid

phosphatase activity. Their interpretation is questionable as there is

no mention of a control treatment (ie. excluding lead nitrate in the

incubation ¡¡sdirrm) being done to demonstrate that the observed electron-

opaciËy of the neck ring is actually due to localized acid phosphatase
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activity"

The neck ring stains intensely after conventional (glutaralde-

hyde-0s04 /uranyl acetate-lead citrate) preparation procedures for elec-

tron roicroscopy (coffey eL al, L972; Harder , rgTB; Hardwick et al , L97L;

Heath, L972'' Heath and Heath, r97L; Rijo and Sargent, Lg74; van þke and

Hooker, L969). It is generally accepted Ëhat the neck rÍng is intensely

osmiophilic (Bracker and Littlefield, Lg73; Lirrlefield and Heath, LgTg),

although the neck ring in unstained. sections of glutaraldehyde fixed,
unosmicated material has never been examined. to verify that this is the

case. Littlefield and Bracker (1972) have shown that the neck ring of M.

I ini is extractable with periodic acid but it is not known if the neck

rings of other rust species will respond, to periodíc acid in the same \¡7ay.

one view (Heath, 1976) of the funcEíon of the neck ring is that
it prevents apoplastic flow of substances along the haustorial neck wall
and out of lhe infected cell, a parallel function to Lhat of Ëhe Caspar-

ian strip of endodermal ce1ls in roots of higher plants. The restricËion
of apoplasËic flow may then favor the uptake of substances into the haus-

Ëorial body (Heath, 1976). That the neck ring is capable of preventing

apoplastic flow has been demonstrated for p. sorghi (Heath, Lg76). Des-

piËe the imPortance of this view, nothing is known about the chemical

composition of the neck ring.

There is ultrastructural evidence that there are two Ëypes

of organization of structures found between the protoplasts of the fun-
gus and the hosr in the neck region (Litrlefield and Heath, LgTg). rn

u-' lini the region proxinal to the neck ring stains uniformly and has

been described as consisting entirely of fungal warl (coffey, L976;

coffey er al, L97z; .Litrlefield and Bracker , Lg72). on the disral side
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of the neck band two layers were found which rrere continuous around the

haustorial body (coffey, L976; coffey er a1, Lglz). coffey has inrer-

preted the outer more electron-lucent region as being the extrahausLorial

matrix and the inner more electron-opaque layer as being a new type of

fungal wall. ThaË the composition of the neck wall of M. lini does seem

to change at the neck ring is indicated by Litrlefield and Bracker (Lg72)

who showed that the neck wall proximal to the neck ring is more strongly

stained with the periodic acid-chromic acid-phosphotungstic acid (pACp)

technique than the part distal to it.

The other type of organization in the neck region is charac terized

by the presence of two distinct layers along the whole length of Ëhe neck

as shown in U. phaseoli tvpica (Hardwick et al , L97L; Muller et al , L974),

u. phaseoli visnag (Ilearh and Hearh, LgTl), p. helianthi (coffey er al,

L972), and P" sorshi (cired in LitËlefield and Hearh, LgTg). rn all the

above cases where the penetration region is illustraËed, the inner layer

proximal to the neck ring is shown to be continuous with the rvall of the

penetration peg, and Eherefore ís assumed to have fungal origin. The

outer layer of this region, which shows a different strucLure than the

inner layer, has been interpreted as extrahaustorial maËrix maËeria1

(see later) in u. phaseoli vignas (Heath and Heath, L}TL) or as a layer

of collar material of host origin (Hardwick eË al, L}TL; Muller et al,

L974). on the other side of the neck ring, the inner layer is shown to

be similar in staining and thickness Lo the inner layer proximal to the

neck ring and the outer layer gradually becomes more electron-lucent.

These two layers continue around the haustorial body and have been inter-

preted as fungal wal1 and extrahaustorial matrix respectively (Heath and

Heath, L971). The presence of two such layers along the whole neck is
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evident in young haustoria of u. phaseoli vignae before the neck ring

develops (Heath and Hearh, L975).

Around the haustorial body, the protoplasts of fungus and host

are seParated by two or more ultrastructurally distinct layers. Where

two layers are Present, the more discrete electron-opaque layer next to

the fungal plasnalernma has been interpreted as fungal wa11 while Ëhe

remaining more electron-lucent layer is considered as part of the extra-

haustoríal matrix (calonge , Lg69; Harder , !g7B; HeaEh and Heath, L97L;

Heath, L9723 van Qyke and Hooker, Lg69). However, where more than one

discrete electron-oPaque layer is present, opinions varied arnong workers

in deciding whether all layers should be considered as part of the fun-

gal walls or only the innermost layer (see Littlefield and Heath, Lg: g).

This contrast in opinions is perhaps due to the fact that the above inter-

pretations are based on morphological appearances resulËing from "stan-

dard" preparations and as yet there are no other criteria Ëo distinguish

between fungal walls and the extrahaustorial matrix. Clearly, histo-

chemical data are needed to clarify the above distinctions.

The extrahaustorial matrix (termed by Bushnell, rg72) is equi-

valent to the encapsulation shown by Heath (Lg72), Heath and HeaËh (Lg7L),

Ehrlich and Ehrlich (1963 , L?TL), calonge (1969), and shaw and Manocha

(1965), and Lhe haustorial shearh (Bracker and Littlefield, Lg73). rr

is the medium which surrounds Ëhe haustorium and little is known of íts

composÍtion. The exËrahaustoriar matrix is usually ruore pronounced

around the body of the haustorium and it gradually tapers off in Ëhe

transition region from the haustorial body to the neck (coffey eË a1,

L972; Harder , L97B; Hearh and Hearh, rglr; Mares , rgTg). The extrahaus-

Ëorial matrix may be'uniformly granular in appearance, suggesËing that
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the roajor constituents are distributed uniformly throughout the mâtrix

or it m¡y contain Írregular or more discrete layers of amorphous or

fÍbrillar electron-opaque marerial (Bracker and Littlefield , L973;

Littlefield and HeaËh, L97g).

The extrahaustorial matrix ur,ay stain only faintly or not at a1l

with conventional srains (Adu-Zinada et ar, 1975; coffey et al, L972i

Harder , !978; Hearh, L972; Hearh and. Heath, LTTL; Littlefield and Bracker,

L972; I'lanocha and Lee, r97L; Van þke and Hooker, 1969). such imâges

pose the question whether there is actually any m¡terial in the matrix

or whether it is an artifact of preparation. Recently, Allen et al
(L979), from their plasmolyËic studies on rusted flax indicated that Ëhe

electron-lucent matrices of young dikaryotic, rust haustoria may arise

through loss of turgor during fixation, allowing the invaginated hosE

plasma membrane to pull away from the haustorial wall in regions where

the two sËructures r/ùere not firmly attached. They did, however, point

out that matrices of older hausËoria, that contain dense granular or

fibrillar materials (eg. coffey, L976) are presumed to be real srructures.
The concept of the electron-lucent matrix as an artifacË of preparation

is supported by light microscope observations of 1íving haustoria of the

powdery mildew, Erysiphe graminis, where the extrahaustorial m¡trix was

seen to expand when fixatives (osmium tetroxide and poËassium perman-

ganaËe) were added (Bushnerl, L}TL). Bushnell (Lgl2) suggesred thar rhe

invaginated host plasma membrane is in close contact with the lÍving,

undisturbed, young powdery mildew haustorium.

on the other hand, the best argument for the reality of the

extrahaustorial maËrix is the fact that it can be found around all rust

haustoria (including those fixed with glutaraldehyde and freeze-etched;
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(Littlefield and Bracker, L972) as well as around intracellular struc-

tures in a wide variety of symbiotic relationships (Bracker and

Littlefield, L973) fixed and prepared by a variety of procedures (see

references in Littlefield and Heath, L979). There are other observations

which can be used t.o support the above argunent. Aruentrout and Wilson

(1969) detected reaction products indicating acid phosphatase activity

ín the matrix region around haustoria of piptocephalis virginiana.

Mendgen and Fuchs (T973) showed occasional peroxidase activity in the

inner portion of the matrix of U. phaseoli typica. Moreover, the extra-

haustorial m¡trix often seems Ëo change with age. The electron-opaque

component, as well as the overall thickness of the matrix have been

claimed to increase with haustorium age for several rust infections

(Ehrlich and Ehrlich, L97L; Harder , LgTB; Manocha and. shaw, L967;

orcival, L969; shaw and Manocha, L965). Accepting rhe interpretarions

above, the changing status of Ëhe extrahaustorial matrix is at least an

indication that the natrix is not entirely a result of preparation arti-

fact. Hardwick et al (L97L) regarded the extrahaustorial matrix as part

of the fungal wall. rn Zinmerts (1970) study of safflornrer rust, the

extrahaustorial matrix became stratified into three layers as the haus-

toria aged in a compatible host, and glandular appendages with fibrillar

contents lrere sometimes found at the periphery. The fibrillar portions

of the mâtrix resembled loosely organized cell wall material, but it was

not clear whether this possible attempt.ed wall formation r^ras a property

of the host, fungus, or boËh. coffey (Fig. 68; Littlefierd and Heath,

LgTg) showed that the electron-dense m¿terial in the extrahaustorial

matrix around a mature haustorium of M. lini was also associated with

host cyËoplasmic tubules located in the vicinity of Ëhe hausËorium. A
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distinct connection was seen between these tubules and the extrahaus-

Ëorial matrix, suggesting Ëhat this region may contain substances of

host origin.

The above interpretations of the origin of the matrix are at

best based on visual observations of electron micrographs and again, bio-

chemical data is needed to support any of these views. The best avail-

able evidence related to the origin of the matrix so far is obtained from

the high resolution autoradiographic studies of a nrycoparasite,

Piptocephalis vireiniane (Manocha and Lee, Lg72; I4anocha and Letourneau,

L978). Labels from feeding experiments \,rith (3H) N-acetyl-glucosamine,

a Precursor of chitin, are located ín the extrahaustorial matrix and

host wall, but not in the wal1 of the parasite. These results, Ëherefore

suggest Ëhat the extrahausËorial matrix around the mature haustoria of

Piptocephalis virginiana conLains some host ce11 wall material, ie.

chitin. contribution by the parasite to the matrix, however, is not

ruled out.

There have been other atËempt.s at using high resolution auto-

radiography to help elucidate the nature of the extrahaustorial matrix

and to determine Ëhe route of nuËrient Ëransfer. Ehrlich and Ehrlich

(1970) inoculated wheat leaves wirh prelabelled (14COZ) stem rust ure-

diospores and demonstrated the passage of rad.ioacËivity from the para-

site to the host. No label was deLected in Ëhe extrahaustorial matrix.

using a similar hosË-parasite system and feeding the infected host

plant witrr 13g¡ leucine, Manocha (Lg75) also did not find label accu-

mulated in the exËrahaustorial matrix. In contrasË to the results of

Ehrlich and Ehrlich (1970), however, Manocha showed that Ëhe migration

of label when (3¡1¡'leucine was used, was from the host to the parasiËe.
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Absence of label in Ëhe exËrahaustorial mâtrix around haustoria of

U. phaseoli typica was similarly demonstrated when bean leaves were

inoculated ivith urediospores previously labe1led wirh (3H) orotic acid

(Mendgen and Heitefuss, L975). rt is evident from Ëhe above studies

that the extrahaustorial matrix does not act as a sink for the radio-

active substances involved. However, iË is possible that the absence

of 1abel in this region may have been due to extraction during prepara-

tion.

More recently, Spencer-PhillÍps and Gay (1980) found significant

label1ing occurred in the haustorial complexes of Ervsiphe pisi iso-

lated from infected leaves of Pisr¡m sativum that had been exposed to
r4co2. Their resulrs ,nur""a"ã, ,taa, ,horosynrhare r,ias incorpor-

ated ínto the haustorial complexes. Further, Ëhe invaginated host plas-

malemma was heavÍly labelled, but more importantly, this was the first

occasion on which significant matrical labelling was sholvn, and the

level attained suggested that the matrix Í/as derived directly from the

host.

II. Monokaryotic (M-) II¿ustoria

Early light microscope studies have shown that the intracellular

structures found in the basidiospore-derived infections (Allen, Lg3O,

L932a, b, L934; col1ey, 19rB) are filamenËous and more irregular in

shape than those haus.toria found in the uredial stage of the life cycle

(A1len, L923a, b; Rutrle and Fraser, L927; Rice, Lg27). Electron micro-

scopy has suppLemented these sËudies and has clearly shown that the

intracellular strucLures of many rust species have 1ittle of the struc-

tural specialization characterisËic of the D-haustorial apparaËus

(-crg""rti.m ribicola, Robb eË al, L975; M. 1ini, Gold and Littlefield,
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cited ín Gold et a1, L979; Peridermium pini, I{al1es, L974;1. coronata

avenae, Harder, L97 8; I. malvacearum, cited in Gold et al , Lgl B; p.

poarum) Al-Khesraji et a1, 1980; A1-I(resraji and L'Jse1, 1980; p.

podophvlli, Borland and Mims, 1980;3. recondita, Gold et al, I979;

!. sorehi, Rijkenberg and Truter, I973; U. phaseoli vignae, Heath,

cited in Littlefield and Hearh, IgTg). Harder (Lglg) vras rhe firsr ro

directly compare the haustoria in uredial and pycnial infections of

one rust fungus by elecrron microscopy. The differences reported be-

tvteen the haustoria of uredial and pycnial infections in the heteroe-

cious rusts such as P. coronata avenae may possibly be due to varying

influences by the different host species. However, studies of the

autoecious rusts P. podophylli (Borland and Mims, 1980) and M. Iini

(Gold et al , 1979) indicaLe that rhe hosr does not influence the rype

of intracellular structures formed. Gold et a1 (Ig7g), from their studies

and review of others, suggested that the type of intracellular structure

in many rusts may be linked to the genetic and nuclear condiËion of the

thallus and depends on whether the thallus is derived from a monokaryotic

spore or a dikaryotic spore, and not on the host species infected.

The intracellular structures of the pycnial-aecial thallus have

been varíously designated; haustorium (Al1en, 1930, L932a, b, L934;

Borrand and Mims, 1980; colley, 19lB; Kozar and NeËolLtzky, L975;

I'Ia11es, L974); P-haustorium (Harder, 1978); inrracellular hypha (Allen,

1935; Coffey, 1977; Gold er al, L979; Kohno er al, Lg76, L977;

Ri jkenberg and rruLer , L97 3; Al-I(resra ji er al, lggo; Ar-Ktresra ji and
rl

Lose1, 1980) and intracellular mycelium (Hunt, 196g; pady, 1935). The

ultrastructural observations in the literature indícate that the intra-
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cellu1ar structures of heteroecious or autoecious rusts share rnany fea-
tures in cofrmon. Recently, much of this information has been reviewed

(Littlefield and Heath, LgTg). Following Littlefierd and Hearh,s

(L979) terminology M-haustorium will be used in Ëhis revie!ù to designaÈe

all intracellular structures in basidiospore-derived infections, and

the term I'haustorium" is retaÍned Ëo indicate Èhat both Ëhe monokaryo-

tic and dikaryotic inËracellular structures represent analogous portions
of the fungus in terms of the close association with the host protoplast
(Littlefield and Hearh, LgTg).

In general terms, the M-haustoria may be characËerized as follows.
No localized thickenings occur in the wal1s of the rrh¿ustorial mother

cellsrr aË the penetration site. Lack of penetration attachments of the

mother cells to host cells is also conrnon as shown in p. coronata avenae

(Harder, L97B), P. recondira (Gold er al, rgTg), Ìf. lini and p.

ualvacearr:m (cited in Gold et alr LgTg), arthough in some insLances,
msLerial th,a't is thought Ëo have an adhesive role in dikaryotic ínfec-
tions is seen at Ëhe peneËration site of M-haustoria of p. sorghi
(Rijkenberg and rruLer, rg73) and in u. phaseoli visnae (Tighe and

HeaËh, cited in Littlefield and Heath, LgTg). At the penetration region
the degradaËion of the host. rvall suggests that penetration is primarily
enzyinatic (Harder, rgTg; Rijkenberg and rruter, rg73; I^Ialles , Lg74).

Penetration apPears to be accomplished by a protuberance of the mother

ceIl entering the host cerl (Harder, L}TB) and does not involve Ëhe

formation of a specíaLized, penet.ration peg as that found in dikaryoËic
infections (Heath and Heath, 1975; Littlefield and Bracker, rgTz). The

fungus shows relaËive1y little constriction as it passes through the

hosË wall. The fungal wal1 through the penetration region is equar in
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thickness to and continuous vJith the haustorial mother cel1 and haus-

torial body wa1l. The walls of both the mother cells and the M-

haustoria of g' pll1Êggþ vignae responded sÍmÍlarly to periodic acid-

chromic acid-phosphotungstÍc acid (pACp) sraining (Heath, cired in
Littlefield and Hearh, I979).

In all rust-fungal species exemined., M-haustoria are hypha-

like in apPearance and lack a distinct neck region (Littlefield and

Heath, 1979). There is no dense staining neck ring, with the exception

of M-haustoria of tissue-culture grov/n Cronartium ribicola, ín which

electron-opaque neckband-like structures have been reported (Robb et al,
1975). NeverËheless, the presence of neckband-like structures is not

consistent and as commented on by Littlefield and ileath (Lg7g), the so-

called "neckbandsttreported in Cronartir.¡m rÍbicola do not seem to be the

sâme structure seen in the dikaryotic haustorial apparatus.

Ilany M-haustoria are septate but the position of the septum

apPears Ëo vary depending on the species. In haustoria of Cronartium

ribicola (Robb et al , Lg75), Kuehneola japonica (Kohno et ar , Lg77),

M. pinitorsug (coffey, cited in Littlefield and Hearh, LgTg), peridermium

pini (I,Ialles , L974), and P. podophylli (Borland and Mims, l9B0), a sep_

tum rdas normally found in the penetration region separating the mother

cerl from the M-haustorium. rn other species, a septun may be positioned
in Ëhe haustorium at some disËance ar4/ay from the penetration site (p.

coronata avenae, Harder, LgTB; p. sorghi, Rijkenberg and rruter, Lg73).

The M-haustoria invaginate the host pras-alemma (Harder, L97B;

Kohno eL al , Lg77; Rijkenberg and rrurer, L973; I^Ialles , Lg74). rn p.

coronats avenae (Harder, L97B), and cronartium ribicola (Robb et al,
L975), an ingrowth cjf host wall-like maËerial which ínvaginates the host
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plasmalenura has been reported to form in advance of the penetrating fun-

gus. The remnants of this ingrowth are believed to later form a collar

around the proximal end of rhe M-haustorír:m (Harder, LgTB). The pre-

sence of a collar in the penetration region appears to be a co'mon

feature associated with M-haustoria (crencLliu* ribicola, Robb et al,
I975; Peridermiurn pini, Walles , L974; p. coronata avenae, tiarder , l97g;
P. psdophvlli, Borland and Mims, 19BO)

The appearance of the extrahaustorial uratrix found in d.ifferent
monokaryotic infections is variable (Littlefield and Heath, rgTg). rt
u'ray be relatively electron-opaque (Gold et al , Lglg; Robb et al , L975;

wa1les, L974) or it raay apþear more heterogeneous with both translucent

and opaque couponents (Kohno et al , Lg77; Harder, rgTB). rn u.

phaseoli viqnae, it stains strongly afËer pACp treatment v¡hile the

hausËorial wal1 remains largely unstained (Heath, cited in Littlefield

and Heath, 1979). Rijkenberg and rrurer (Lg73) dÍd not disringuish

between the extrahaustorial matrix and Ëhe invaginated co11ar at the

penetration region in P. sgrghi, but it is more likely that matrix

material blended imperceptibly wittr the co1lar maËerial as suggested by

Littlefield and HeaËh (L979).

From the foregoing revíew, the morphology of M-haustoria among

different rust species appears to be very similar. However, they may

differ in other resPects. From a few available studies, it is evident

that M-haustoria are characteristically restricted to one host cell
(eg. P. coronata, Allen, L932b; Harder, L97B; cronartium ribicola in
parenchlrma ce1ls, Co lley, 1918; Beridermium pinÍ, tr{alles , L974; p .

peerum, Al-Khesraji and Läsel, l9B0). However, oËher studies have shown

that M-haustoria of sorae species may exiË Ëhe invaded hosË cell and may
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pass from one host ce1l to the nexË Gr.""rti"r ribicola in phloem

cells, Col1ey, 1918; M. 1ini, Gold and Littlefield, L979; ?.

malvacearum, Allen, 1935; Gold et al, Lg79). rt appears then thar

some of the M-haustoria conform to Bushnellts (Ig72) definition of a

haustorium while others do not. Because of this reason, and because

of their urtrastructural differences from D-haustori-a, a number of
authors cited earlier, have regarded these intracellular structures

as ttintracellular hyphae", raËher as haustoria. This difference in
Ëerminology is not likely to be resolved until better criÈerÍa can be

found and more specific informaÊÍon relating to their function is
available.

III. Host Responses

A. Cvtoplasmic Changes

Most of the ult.rastructural studies of host responses Ëo rust
infection have focused on the interface between the M- or D-haustoria

and the host- The invaginated hosË plasme membrane has receÍved consi_

derable attention because presumably it is through tiris membrane that
m¡terials are exchanged between Ëhe host and. fungus.

There is ultrastructural evidence that the invaginated host

plasma membrane differs in some way from the non-invaginated portion.
In some infections the invaginated host plasme membrane appears to be

thicker than the non-invaginated portion (1. graminis tritici, Ehrlich
and Ehrlich, 1963 ' Harder, personal coirmunication), while in others, it
may appear thinner (some lI-haustoria of P. coronata avenae, Harder,

L97B) or it may not change in thickness at all e. sorehi, van þke
and Hooker, 1969; M. 1inÍ, LiÉrlefield and Bracker, Lg7o, :-g72). rn



ZJ

M. 1ini, fteeze-etching or treatment with perÍodic acid-chromic acid-

phosphotungstic acid (PACP) respectively, revealed that Ëhe membrane

around the D-haustoria contained ferver granules and stained less intensely

(Littlefield and Bracker, r972). The position of the neck ring appeared

to mark the Ëransition in stainability with the pACp method. A similar

lack of PACP staining of the invaginated host plasma membrane occurs

around the M-haustoria of U. phaseoli vignae (Heath, cited in Littlefield

and Heath, L979). rn contrast, in uredial infections of p. graminis

tritici (Harder et al , L97B) and u. phaseoli vignae (Heath, ciEed in

Littlefield and lleath, L97g), rhis membrane is often shown ro have a

Sreater PACP staining than the rest of the host plasma membrane. The

above observations indicate thât there is a change in the nature of the

invaginated host plasma membrane as compared to the non-invaginated

membrane. Littlefield and Bracker (I972) concluded from their study

of M. lini that the change in nature, be iË in sÈructure and/or composi-

Ëion, of this membrane represented a response to Ëhe pathogen.

Host cells invaded by compaËible straÍns iniËially show tittle

disorganization of the host protoplasts, and most of the differences in

ultrastructure between infected and uninfected cel1s appears to involve

the frequency of distribution of certain components (Littlefield and

Heath, L979). Cisternae of endoplasmic reticulum are commonly found

lying parallel Ëo Ëhe invaginated host plasma membrane in almost every

sËudy of M- and D-haustoria (Littlefield and Heath, IgTg). The associa-

tion between endoplasmic retÍculum and D-haustoria seems to develop soon

after penetration, prior to haustorial body formatíon (Heath and Heath,

1975), and in some ínfections the early expansion phase of the D-haus-

torium is marked by exÈensive proliferation of endoplasmic reticulum,
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particularly around the upper portion of the neck, where some of the

cisternae aPPear to radiate from the haustorium (3. graminis tritici,

Harder et a1, r978; u. phaseoli vignae, Heath, cited in Littlefield and

Heath, 1979). Continuity between endoplasmic reticulr:m and the invagi-

naËed host plasm¡ membrane in the neck region has never been observed.

Profiles of endoplasmic reticulum Ín the neck region of p. Êraminis

tritici became less prominenË as the haustoria matured (Harder et al,

1978). Endoplasmic reticulum-derived membranous complexes, consj-sting

of a lattice arrangenent of large and smal1, apparently interconnected,

ribosome-free tubules then occurred around the bodíes of more mature

haustorÍa (Harder et al, L97B). These complexes formed part of the

interface between host and pathogen through connections with the invag-

inated host plasma membrane. Somewhat similar structures have been

reported in hausËoria of peronospora pisÍ (Hickey and Coffey, Ig77),

young D-haustoria of P. graminis tritici (Ehrlich and Ehrlich, LgTr),

older D-haustoria of M. lini and p. helianthi (coffey et al , Lg72),

and D-haustoria of p. recondita (yudkÍn and Reíter, rg79).

Associatíons between host mitochondria, the nucleus, chloro-

plasËs, Golgi bodies, and cytoplasmíc vesÍcles and haustoria have been

reported, buË only Ëhe hosL nucleus-haustorial assocíation is more

convincingly shown to be a characLeristic response (Littlefield and

Heath, L979). Early lighr microscopisrs (A1leq r923a, L932b; corley,

1918; Rice, L927; Ruttle and Fraser, Lg27) have shown that there is a

definite aËtraction beËween host nucrei and haustoria in many rust

infections. tr'Iith corn rusË, the association \A7as so close that the host

nucleus was described as amoeboid-like, to enwrap the haustorium, or it

was indented by a haustorial lobe (Rice, L927). RecenÈ studies with
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Ëhe electron microscope have shown the close association of the host

nucleus and the D-haustorium (Al-Khesraji and L3se1, 19BO; coffey,

L975; coffey et a1, L972; Heath and Heath, Lg71; Manocha and shaw, L966;

van þke and Hooker, L969) or M-haustorium (p. recondita, Gold et al,

L979; M. pinitorqua and U. phaseoli vignae, Coffey and Heath respecËively,

cited in Littlefield and Heath, L979). Bracker and Littlefield (1973)

suggested that the apparent lack of association with host nuclei in

other ultrastructural studies may be due to unfavorable plane of sec-

tioning, or it is possibre that the association may only exist during

the early stages of haustorium formation as suggested for D-haustoria

of U. phaseoli visnae (HeaËh and Heath , LgiL).

Late in the infection process and often after the onset of sporu-

lation, the most frequently observed response of t.he host tissue i-s a

general dÍsorganizaLion of Ëhe cytoplasm and a d.isruption of the ce11

membrane (for details see the review by LÍttlefíeld and Heath, LgTg).

B. Collars

A couunon response of the host cerl to the presence of both M-

and D-haustoria is the deposition of attcollar" of m¡terial at Ëhe point

where the fungus enters the host cell. Some collars are primarily elec-
tron-lucent, and contain some membranous vesicles (eg. coffey et ar,
1972; Ehrlich et a1, L96B; Lirrlefield and Bracker, Lg72) or more exren_

sive electron-opaque patches (eg. Ehrlich et al, 1968; Rijkenberg and

Truter, L973). some collars are fibrillar (eg. Itrarder , lgTB; Ilardwick

et al , L97L; I^Ialles , L974). There are collars that contain both fibri-
llar and electron-lucent components, and primarily Ëranslucent, or pri-
marily fibrillar, collars nay occuï in single rust infections (coffey

et al , L972; Hardwick er a1 , L}TI) 
"
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Littlefield and Heath (I979), after reviewing differenr collars

found in different rust infections, have designated two types of collars

based on their probable mode of form¡tion. One type of collar (usually

the more electron-translucent ones) appears to form by a ttgrowing up,t

process from the host wal1 during (Littlefield and Bracker, L972), or

possibly after, fungal penetraEion in such a manner that the collar is

surrounded inside and out by the host plasma membrane. This type of

collar, designated as Type r is found, for exarapl.e, in D-infections of
Ì1. lini (coffey et al, L972; T.ittlefield and Bracker, LgTz), or I.
coronata avenae (Harder, 1.gTB). The other type of collars comprise the

nore fibrillar ones, and these collars are often not separated. from the

haustorium by any discernable membranes (Type rr colrar) as shown in M-

infections of P. coronata avenae (uarder , rgTB) or peridermium pini

(walles, L974). This type of collar appears to be formed eirher as

the fungus 8ro\ùs through material deposited on the host ce11 wall before

penetration, or it is deposited directly over the surface of the young

haustori rm as it enters the host cell (itrarder, L97B; Irlalles , Lgl4).

Type II collars are frequently found around M-haustoria but rarely around

D-haustoria, whereas Type I collars have been observed. around. both M-

and D-haustoria.

fV. Cvtochernical lfethodg

The ultrastructural information shows rust fungal haustoria to
be couplex specialized structures. Hovlever, 1itËle is known of the

chemical composition of component parts of the haustorial apparatus, oï

how haustoria relate to their host protoplasts on a chemical basis.

This type of inforrnation is lacking mainly because it is not yet possíble

to isolate rusL fungal haustoria from their host cells, Ëhus traditional
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toria.

The advent of ultrastructural cytochemistry has allowed precise
intracellular location of a number of substances. Through various means,

groups of polysaccharides, proteins, and lipids may be identified and

located' use of these methods hold considerable promise to increase our

understanding of the nature of rust fungus-host interactions. A number

of cytochemical methods were employed in this study, and the forlowing
review is restricted to those methods used..

A. Periodiç Acid-Thíocarbo raz ide- S ver Pr einate l{ethod(Thierv. L967\

In thÍs method the staining procedure involves initial oxidation
of vicinal hydroxyl groups present in porysaccharides to yield aldehyde

grouPs, coupling of the latter with thiocarbohydrazíd,e (TCH) and subse_

quent reaction of the thiol group of rcH with silver proteinate. Accor-

ding to Thiáry G96g) the degree to which polysaccharides are comprexed

to other substances like proteins is directly rerated to the time

necessary in TCH to achieve maximal staining. Pure polysaccharides such

as starch or glycogen stain maximally after t hour or less ín TCH, while
mucopolysaccharídes require 24 hours, and glycoproteins mây need a 1on-

ger incubation period in TCH.

controls for the selectivity of the oxidation are performed by

substituting hydrogen peroxide as the oxidizing agent (Har1, 1978).

This treatment removes osmir:m buË does not specifically oxidize glycols.
Polysaccharides containing glycols therefore wilr not reacË but other
reactíve compounds (eg. argentophilic structures) are stained. Addi-
tional controls include using aldehyde blocking reagents (eg. seflirrm
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borohydride, dimedone) to block aldehydes produced by períodic acid

oxidation of polysaccharides in Ëhin sections (Craig, Lg74), and

omitËing periodic acid or thiocarbohydrazide or both from the Thiáry

staining procedures (Courtoy and Sima¡, Lg74) to demonstrate the pre-
sence of any endogenous reducing groups

The Thiáry staining procedure has been used to demonstrate the

Presence of polysaccharides in a variety of organisms, eg. grycogen

in rhizobial bacteroids (craig, Lg74) and fungal tissue (Harder, 1978),

polysaccharides in fungal wal1s (Harder, LgTB; Scannerini and Bonfante-

Fasolo, L979; van der vark et al , rg77), and stareh and polysaccharides

in cell walls of both higher and lower plants (courtoy and sirnar , 1974;

Hanchey, 1980; Hickey and coffey, rgTB). However, not all polysacchar-

ides containing vicinal hydroxyl groups are stained wirh the Thiáry
procedure. tr{hen vicinal hydroxyr groups are not available due to

numerous lateral branches or substitution, the reaction is weak or does

not occur at all (H411, L97B). on the other hand, polysaccharides such

as cal1ose, 
"(J-1,3-glucan (Kessler, 1958; Eschrich, 1961) and chitin,

a pol5rmer of N-acetylglucosamine, are unstained (HeaËh and Heath, L9713

van der valk et al, L977) because they do not contain vicinal hydroxyl
groups. certain groups of fatty acids and polypeptides may also react
to periodíc acid oxidation, thus may also react positivery with the

Thiáry staining procedures (HaI1 , IgTB).

B.

The mechanism and specificity of phosphotungstÍc acid (prA)

sËaining at low pH have been reviewed recently (Hayat, L975; Harl, 1978).

It is an anionic stain, and the effectiveness of stainÍng is strictly
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pH-dependent and decreases rapidry above pH 3. However, controversy

exists on the type of interaction and affinity of pTA for organic

substrates. rn some studies, it has been indicaËed that prA has a

specifíc affinity for highly polymerized polysaccharides when used in
srrongly acidic solurions of pH L.4 to 2.0 (pease, 1968). Ar rhis pH

the stain may comprex with glycogen, glycoproteins, mucus and mucoid

layers, and chondroitin sulphate. By lowering the pH further to 0.3

by acidifying with chromic acid, an increase in contrast and specificity
of the ce11 surface containing sialic acid has been demonstraÈed

(Rambourg, L967; Rambourg et al , Lg69). Tsuchiya and ogawa (1973)

have used PTA in chromic acid for selective staining of glycoproteins.

on the other hand, there are studies which do not hold the

view that PTA has a speciar affinity for polysaccharides (see Hayat,

I975). For example, Silverm¡n and Glick (Lg6g) indicared rhar pTA

selectivity stains tissue protein whire no apparent reacÈivity with
acid polysaccharides r^7as observed.. This is supported by the fact that
under test tube conditions, peptide bonds and amide groups in proteins

do react wirh pTA (Scort and Glick, L}TL).

For plant ce1rs, prA used at Low pH (acidified with chrmÍc
acid) has been found to be a specific staín for the plasma membrane

(Roland, L973); the ríbosomes and plant cel1 wall are also stained to
some extent, but oËher cytomembranes are not contrasted at all. The

chemistry of Ëhe reactions is not understood (ltall, LgTB). van der

Woude (L973) suggested. that phosphotungstíc acid-chromic acid reacrs

with glycolipids involved in the synthesis of ce11 wal1 polysaccharides,

while Bowers and Korn (L974) have implicated the synthesis of cell wall
phosphonoglycans as responsible for staining the plasmaleurma of
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Acanthamoeba , As indicated by lIall (L979), rhe staining is usually

reproducible and constaût enough to be used to study problems such as the

modification and differentiation of plasma membrane within the ce]l.

Littlefield and Bracker (L972) werethe first workers to use this stain-

ing method to sËudy the host-parasite interface in the flax rust system.

C. De Bruijn Potassium Ferricyanide Method

De Bruijn (1973) showed Ëhat Ëhe application of osmium tetroxide

in combination with potassÍurn ferricyanide to the aldehyde-fixed tissue

specimens results in selective sËaining of glycogen particles in ultra-

thin sections. Sections do not need posË-staining to show this staining.

The membranes and lipids are also stained, but ribosomes remain unstained.

The exact reaction mechanism responsible for this selective staining is

not known (Hayat, Lg75).

D. Extraction and Subtractive Localization

To ímprove the specificity of sËaining reactions, selective

chemical or enzynratic extractions of subcellular components can be per-

formed. Sites where the extracted compounds ú;ere present will then appear

'tnegative" in comparison with the unextracted controls. Such subtractive

localizations will increase the chance of idenËification in situ. Struc-

tures rvith known chemical composition may act as internal controls to

determine the specificity of the extraction. Selective extraction(s)

can be used in combination with cytochemical test(s). For example, some

inforrnation on the composition of the component parts of the hosË-

parasite interface in Pisum sativug infected by peronospora pisi has

been provided by a cytochemical study involvÍng enz5rmic digestions,

cheuical extractions; and specific staining methods (Hickey and Coffey,
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L978).

E. Lectin-CoIloida1 Gold Markers

Chitin microfibrils are poorly visible by electron microscopy

when prepared by glutaraldehyde/osrnium fixation and uranyl acetatefLead

citrate staining (Pearlmutter and Lernbi, IgTB). when converted to

chitosan by hydrolysis in potassium hydroxide and then bound to osmium

tetroxide during fixation, the deacetylated polymer becomes electron-

dense (Pearlmutter and Lembi, L}TB). rn this way chitin can be iden-

tified in thin sections. However, the conditions required Ëo hydrolyze

chitin to chitosan are drastic (slow hydrolysis of z - 6 days at 650 c

ín 60% KoH or autoclaved at 15 psi for 1.5 - 3 hours in a saturared

aqueous solution). Consequently, extensive extraction and disËortions

can occur throughout the v¡hole specimen, resulting in a great loss in

ultrastructural details. other methods are, therefore, needed for

localization of chitin in situ in haustoriar structures.

Faulk and Taylor (L97L) have described an iumn:nocolloid method

for electron microscoPy to s.tudy surface antigen on Salmonella using an

antiserr:m labelled with co1loÍda1 gold. Horisberger and Rosset (Lg76)

modified the colloidal gold technique. ütíLízing the fact that wheat

germ lectin binds specifically to chitin or its oligomers (Goldstein

et al, L975), they attempted to use wheat germ lecËin labelled with
colloidal gord to study budding yeast ce1ls wiËh scanning electron

microscopy. They located wheat germ lectin receptor sites on the sur-

face of the yeast cells after the cells had been treated with /-manna-

nase. This wheat germ lectin marking was totally inhibited by penra_

acetyl chitopentaose. The receptor sítes rùere attributed Ëo Ëhe pre-
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sence of chítin. In subsequent studies, Horisberger and colleagues

extended the colloidal gold technique to the markíng of thin sectíons

of yeasts (Horisberger and Rosset, L977; Horisberger and Vonlanthan,

L977). In yeast cells chitin or its oligomers were located in the bud

scars and cell wal1 and in the cytoplasm near the plasmalemma

(Horisberger and vonlanthan, 1977). This distributíon of chÍtin has

been confirmed in a recent, more elegant study of the same organism

using three complementary methods: electron microscopy of colloidal

gold particles but labelled either with wheat germ lectín or a chitinase,

fluorescence microscopy with fluorescein isothiocyanate derivatives of

the same markers, and enzyuuatic treatments of (14¡) glucosamine labe1led

cells (Molano et al, 1980). This demonstrates that the lectin-colloidal

gold method of Horisberger and Rosset (L977) for the derection of

chitin, or its oligomers, is quite reliable. The method is simple as

binding can be performed directly on sections of any glutaraldehyde

fixed, non-osmicated specimens.

The lectin Concanavalin A (Con A) has been employed in various

methods for studying carbohydrate composition of cel1 surfaces and these

methods have been reviewed (see Hayat, L975). Like wheat germ lectin,

Con A can be labelled with colloidal gold and used as a marker. In thin

sections of budding yeast cel1s, uennan (a polysaccharide) was located

wiÈh gord-labelled con A in the cell wa1ls, on the plasmalernrna and

within the cytoPlasm somet,imes associated with vesicles and vacuoles

(Horisberger and Vonlanthan, L977). The significance of these observa-

tions is that mannan is synthesized r¿ithin the cytoplasm and then trans-

porËed Ëo the cell wall.

Unlike wheat'germ lectin, Con A can form a precipitate ï,7ith
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numerous polysaccharides that contain multíple terminal non_reducing

c{ -D- grucopyranosyl, d-D-mannopyranosyl, p -D- fructofuranosyl, or d-D-
arabinofuranosyl residues (sharon and Lis, Lg72). These include glucans

such as glycogen, amylopectin and dexËrans; yeast rnannans and phos-

phomannans; D-fructans and arabinogalactan. Grycoproteins containing
some of the above residues can arso combÍne with con A. As con A has

affinities for different substrates, the gold-raberled con A method

of Horisberger and vonlanËhan (Lg77) will have considerable potential
for cytochemical studies of other organisms
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I"TATERIALS AND METHODS

I. Urediospore-Derived Infectíons

Seedlings of Avena sativa L. cv pendek (compatible r,¡ith known races

of rust) were grown in growth cabinets at 19o c, a photoperiod of lB hours/
d"y, and light intensity averaging 20,000 1x at the pot surface. Four

days after eEergence' seedlings were placed in a spore settling tower and

inoculated with urediospores of P. coronata avenae raee 326 on the adaxial
leaf surface, placed Ín a dew chamber, and incubated overnight for 12

hours ín the dark- After incubation, plants were covered with sisal glaze

vinyl hoods and placed Ín a growth cabinet and grown under the conditions
above. The hoods were removed after 12 hours in the growth cabinet.

B. Plant Materiar and rnoculation with p. graminis trÍtici

Seedlings of Triticr¡m aestivum L. cv Chinese Spring were grown in

growth cabinets at 19o C under cool-white fluorescent light, averaging

201000 Ix at the pot surface for 16 hours/day. Three to 4 days after

emergence seedlings were placed in a spore settling tov¡er and inoculated

with uredíospores of P. graminis rrítici race c17 (56) on the adaxial

surface, placed Ín a dew chamber, and incubated overnighË f.or L2 hours

in the dark. After incubation plants \,¡ere covered with Sisal glaze vinyl

hoods and placed in a growth cabinet under the conditíons above, The

hoods rùere removed at the end of the firsË light períod.

4.. Plant Þ1¿terÍal and Inoculatíon with p. Ea avenae
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Developing pustules of crown rust or stem rust were sampled
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Leur rrtsE were sampled at

various times beginning 5 days after inoculation. Infected tissue was

fixed ín 3% glutaraldehyde for 3 hours at roon temperature under partial

vacuum in 0.025 M phosþhate buffer, pH 6.8, then either post-fixed for

2 hours at 40 C ín 2% osmium tetroxide (0s04) in the sâme phosphate

buffer or Processed further without 0s04 fixation. After fixation, both

osmicated and unosmicated glutaraldehyde fixed tissue was dehydrated in

a graded ethanol series. Some of the tissue v¡as then embedded in Spurr

resin mixture (Spurr, 1969). Other tissue was followed by successive

changes through a graded propylene oxide series and finally embedded in a

plastic resin mixture of Epon 812, Araldite 6005, and dodecenylsuceinic

anhydride (DDSA) using Dl"fP 30 as an accelerator. Ultrathin sections were

cut with a diamond knife on a ReicherL OM-U2 ulËramicrotome. Sections

r^rere usually taken near the edge and the centre of the developing rust

colonies, and some colonies were sectioned ríght through. Sections were

mounted on formvar and carbon coated 100 roesh or single-hole (for serial

sections) copper grids and sÈained with 5% :urany]r acetate in 50% ethanol

aqueous soluËíon and lead citrate. These 'rconvenLional" stains will be

referred to as Aa/Pb in the text. lulagnificatíon was calibrat.ed with a

grating replica grid bearing 58r000 lines per square inch. Unless other-

wise stated, all electron microscope examinations T,{iere carried out with

an Hitachi HU-12 transmission electron microscope at an accelerating vol-

tage of 50 kV. Electron images \¡rere Laken on Kodak electron ímâge S\ * 4

inch sheet film.

During this study the haustorial neck v¡alls of P. coronata avenae

were usually inËensely stained after post-staíning with uranyl acetate
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and lead citrate. Thus details of the neck ring structure tended to be

obscured. To make the neck ring more visible, some of the urtrathin
sections ÍÌere treated with 20% hydrogen peroxide for 20 minutes before
post-staining with uranyl acetate and lead citrate.

D. Histochemical Methods

1' Periodic Acid - Chromic Acid - Phosphorungeric Acid (pACp)(noI".t¿ . t

ultrathin sections of glutaraldehyde/0s04 fixed tissue were floated
on aqueous 1% periodic acid for 30 minuËes in a high humidity chamber

(Nagahashi et al, L}TB), rinsed in five changes of distilled water for 5

mínutes each, and treated with an aqueous sorution containj-ng IT" phospho-

tungstic acid and r0% chromic acid. The sections r¡¡ere then washed in five
changes of disËilled water for 5 minutes each and mounted on grids. For
control Ëreatments, the chromic acid, phosphoËungstic acid, and subsequent

washes were omitted from the procedure. ft was found necessary to conduct

the periodic acid treatment in a saturated aqueous atmosphere to obtain
consistent oxidation by period.ic acid.

Period-Lc Acid - Thiocarbo drazíde - Sil r Pro
1967

This test is generally specifíc for polysaccharides which contain
vicÍnal hydroxyl groups. unless otherwise stated, structures reacting
positively to this test will be referred to as containing polysaccharid.e.

ultrathin sections of glutararð.einyd,e/0s04 fixed rissue or glutaraldehyde

fixed, unosmicated tissue rùere floated on L7" periodic acid for 30 minutes

ín a high humidity chamber (Nagahashi et al , L}TB), washed in five changes

of distilled water for 5 mínutes each, and were floated on 0.2% thiocarbo-
hydrazide (TcIr) in 20% aceËÍc acid for 0.2, L,24, or 72 hours. After
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rrashing successively in 10, 5, and r"a acetíc acid for a 30 minute

period and in three changes of distilled \.{ater for 10 mínutes each,

the sections vrere floated in aqueous 1% silver-proteinate for 30 mínutes

ín the dark. For controls, either periodic acid, TCH, or silver proteÍn-
ate was omitted (Courtoy and Simar, Lg74).. Two additional controls hTere

also used. In one control, ultrathin sections were treated with sodium

borohydride to block free aldehyde groups created by periodic acid oxida-
tion (Craig, L974). Oxidized sections vrere placed in 0.1% sodium boro-

hydride for 45 minutes prior to TCH-silver proteinate treatment. i.Iith the

other control, ultrathin sections were oxidÍzed in 10% hydrogen peroxide

for 30 minures (uatt, r97B) instead. of L% periodic acid prior to TCH_

silver proteinate treatment.

3.

rnfected tissue was fixed for 16 hours at 40 c in 3% glutaraldehyde

in 0.1 M cacodylate buffer, pH 6.9 containing 0.05 M anhydrous cacLr. The

tissue pieces were then thoroughly washed in several changes of buffer, and

post-fixed for 16 hours at 40 c in a combination of L% os04 and o.o5 M

K3Fe(cN)6 in the sâme cacodylate buffer. The tissue \.vas dehydrated and

embedded as before, and examined directly or stained as before with uranyl
acetate and lead citrate.

/er-age crraureEer or ) nm viere prepared and

coated with concanavalin A (con A) or wheat germ lectin according to

Horisberger and Rosset (L977) by Dr. R. Rohringer (Research station,
Agriculture Canada, Winnipeg). Infected tissue was fixed \¡tith 3"/" glutaral-
dehyde as above and åurbedded either in spurr embedding medium or Epon-

4" Lectin-Gold llarkers (Horisberger and Rosset. rgrl
Gold granules wiLh an average diameter of 5 nm vrere prepared
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Araldite. Ultrathin sections r,,rere floated Lo1 2 hours on solutions con-

taíning gold-bound lectin, washed overnight with the appropriate buffer

(Horisberger and Rosset), deposited on copper grids, and post-stained 20

minutes ¡víth 1% uranyl acetate aqueous solution. Control treatnents r¡jere

performed by floating the ultrathÍn sections on solutions containing gold-

bound Con A or gold-bound wheat germ lectin in the presence of methyl d-D-
methyl-mannopyranoside or chitin hydrolysate respectively.

5" Solvent Extractions

After fixatÍon in 3% gluËaraldehyde at room temperature as before,

ínfected tissue was subjected at room tenperature to one or the other of
the following organic solvent extractions according to Hickey and Coffey

(Le78).

a. Erher/ethanol (2:l) for 3 hours.

b. A graded series of acetone concentrations over a period of
20 minutes followed by 20 minutes in 1007. acetone.

c. chloroform/methanol (3:1) for 2 hours followed by t hour in
chl oroform.

After solvent extraction tissue was

buffered 2% 0s04 for 2 hours at 40 C, and

Araldite- Ultrathin sections of specimens

r^7ere post-stained with uranyl acetate and

post-fixed in 0.025 M phosphate

finally erobedded in Epon-

treated with organic solvents

Iead citrate as above"

6. Enzyme Treatments

Following fixation for 3 hours at room temperature in 3% glutaral-

dehyde as before, infected tissue was incubated at room temperature in

one or the other of the following errzyme preparations according to Hickey

and Coffey (L978).
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a. protease (Sigma, type V, purified), 1 to 5 ng/ml in
0.05 M Tris-Hcl buffer, pH 7.5.

b. Ce1lulase (Sigma, type 1, practical grade), 5 mg/url in
0.05 M phosphate buffer, pH 5.5.

After enzy*e treatment tissue was post-fixed in 0.025 yr. phosphate
buffered 2% 0so4 for 2 hours at 40 c, and finarly enbedded in Epon-
Araldite' ultrathin sections of specimens treáted wiËh enzymes vJere post-
stained with uranyl acetate and lead citrate as above

E. Energv Dispersive X_RÊv Anal)¡sis

Glutaraldehyde fixed, unosmicated infected leaf tissue, processed as
described earlier, was used for x-ray analysis. sections with a thick-
ness giving a blue interference colour \^rere mounted o¡ forrwar and carbon
coated grids' Energy dispersív" ¡-ray analyses on unstained. sections v,¡ere

carried out using a Philips EM-400 transmission electron mícroscope to which
Tras connected a computerized energy dispersive X-r¿y analysis system (Edax_
Edit) ' fn general , the method of x-ray analysis r,ias as follows. when an
area of Ínterest (ËargeË) such as a neck ring or any elecLron-dense area
was loeated, the erectron beam was reduced to a spot size of about o.2yn
and aligned to focus on the target. counts of x-ray purses were then
collected for a period of 100 second.s rive time. The spectr'.. thus ob_

tained was displayed on a cathode-ray screen and photographed. To obtain
control data, spectra were similarly obËained from the background., ie. from
an area in the host cytoplasm adjacent to the neck ring, the fungar cyto_
plasm inside the haustorial neck and from the adjacent portion of the haus-
Ëorial neck wall' All x-ray analyses r^rere carried out at an accelerating
volËage at 60 kv. The energy values of the spectral peaks were arso
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obtained by computer print-out and the atomic ratios of the elements

present l{as computed in each final spectrum.

II. Basidiospore-Derived Infections

Buckthorn Gþgglgscathartica L.) leaves naturally infecred in late

spring with basidiospores from overwintering telia of P. coronata avenae

were collected and processed for electron microscopy as described pre-

viously (Harder, 1978). Infected leaf pieces were fixed with glutaralde-

hyde and post-fixed with 0s04, and finally ernbedded in Spurr resin mix-

Ëure (Spurr, L969).

Ultrathin sections of infected tissue T¡Jere generally stained $rith

uranyl acetate and lead ciËrate. OËher sections \¡/ere treated with the

PACP or PA-TCH-SP staining methods as described above.
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RESULTS AND DISCUSS]ON

r' uredÍospore-Derived rnfections of p. coronata avenae and
P. graminis

A. HausËorial Mother Cel1s

Priôr to haustorium formation a terminal cell of an intercerrular
hypha becomes differentiated to form the haustorial mother cell. The firsË
stage in haustorial mother ce1l differentiation is the formation of a sep-
tum near Èhe tip of an Ínfection hypha (LiËtlefield and Heath, LgTg). Heath
and Heath (L975) pointed out that it was impossible from ultrastructural
sËudies to predict that any particular hyphal tip was an incipient. haustor-
ial mother ce1l. The haustorial mother cell in rusts (Littlefierd and

Heath, L979) at the early stage after its formation is fuIl of cytoprasm
and is non-vacuolated. The present study showed thaL young hausÈorial
mother cells contaÍned small vacuoles (Figs. 1 - 4) and frequentry, elec_
tron-dense deposits were found in these vacuoles (see section F later for
details) ' Although Ëhe cytopl-asmic contents were similar to those of the
other intercerlular hyphal ce1ls in terms of nuclei, mitochondria, endo_

plasmic reticulum, glycogen particles and lipid droplets, the present study
also showed that the haustoriaL mother cells could be readily differentiated
from the other hyphal celIs after their formation.

A characteristic Pattern of distribution of mitochondria was evi-
dent in the haustorial mother cel1 protopl-asts in both p. coronata avenae

and P' graminis tritici. All mitochondria in the haustorial mother cel1s

ti..i .

'.::;:,,- tl 
i:-.: I
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r'rere located around the periphery of the cell adjacent to the plasmalemma

(figs. L - 4). They were never found at or near the center of the cell

1umen. Figures | - 4 are of four closely adjacent sections taken from a

series of serial sections of the same young haustorial mother ce1l. In

this case breaching of the host v¡all had occurred but the haustorium had

not yet formed (Fig. 1). In cross-sections of another young haustorial

mother cell, a simí1ar pattern of distribution was observed and the mito-

chondria appeared as a ring around the inner periphery of the cell (Fig. 5).

In hyphal ce1ls the mitochondria rüere scattered, frequently in small groups,

at random locations in the protoplast (Fig. 6). During early haustorium

formation the characteristic distribution of mitochondria in the haustorial

mother cell protoplast vras altered and they accumulated at the penetration

site (Fig. 7) as they began Ëheir migration into Ëhe young haustorium.

rn both P. coronatg avenae and p. graminis trÍtici, haustorial

mother ce1ls could be distinguished from other hyphal ce11s by differences

in wall structure as revealed by different staining methods. Also the

haustorial mother cel1 septum differed from the septa found elsewhere in

the mycelium. tr^lith uranyl acetate and lead citrate (ua/pb) staÍning,

four layers r¿ùere visible in Ëhe haustorial mother cell septum (Figs. B and

9). of these four layers tvTo were elecLron-opaque. These v/ere separated

by a third more lightly stained layer. The fourth layer had a similar

sËaining intensity as the third layer and r.¡as found adjacent to the fungal

plasmalemma on the haustorial mother cell side of the septum, The Ëhird

layer ended at the periclínal wall of the fungus while the two electron-

oPaque 1-ayers l,iere continuous with it (Fig. 9). The fourth layer that r^ras

located adjacent to the haustorial mother ce11 plasmalernma was continuous

around the rest of the haustorial mother ce11 (Figs. B and 9). In all septa
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elsewhere in the fungal hyphae only three layers were observed: two elec-

tron-opaque layers separated by a narrow electron-translucent cenÈral lamella

thaÈ ended at the periclinal wal1 (Fig. 10). The two electron-opaque layers

\'tere continuous with the periclinal wal1. In both p. coronata avenae and

P. graminis tiitici the r¿a1l-s of the haustorial mother cells and hyphal

ce11s differed structurally. rn P. coronata avenae the haustoriar mother

ce11 wall was thicker and it contained more layers than the hyphal wa1l

(rigs. B and 11). In P. graminis tritÍci the hausrorial morher cell wall
contaÍned on1-y two main layers, whereas only a single layer was seen in the

hyphal walls (Fie. t2).

using the Thi6ry PA-TCH-SP staining method to locate areas rich in
polysaccharides, the septa and walls of haustorial mother ce1Is of p.

coronata avenae and P. graminÍs tritici r¡rere similar in appearance. Tr,¡o

electron-oPaque layers separated by a middle electron-translucent layer were

seen in hyphal sePta (Figs. 13 and 14), whereas in the haustorial mother

cel1 septa more layers could be resolved (Figs. 15 and 16). The haustorial
mother cell walls of both fungi were composed of three l-ayers: two elec-
tron-opaque layers separated by a middle moderately stained layer (Figs. 17

and 18). The innermost electron-opaque layer of the haustorial mother cell
wal1 was continuous around the sepÈum (Figs. 15 and 16). In conLrast the

hyphal watls were made up of a single layer (Figs. 13 and 14).

In both P. coronata avênae and P. gramínis triticí the earliest
stage at which an aPParent haustorial mother ce11 could be recognized was

after the formation of the haustorial mother ce1l septum, After septum

formation and during early stages of haustorium formntion, elaborations of
membranes (referred to as membrane protrusions) characteristically developed

on the hyphal side of the hausËorial mother cell sept'rm (see FÍgs. I - 4).
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observation of these protrusions was an accurate indicator of a

mother cel1. No such structures r,Jere ever found in association
hyphal septa (Figs. 9 and 10). These membrane protrusions will
cribed in greater detail in section C.

haus tor Ía1

with other

be des-

B.

The precise age of individuaL haustoría is noË easily determined,
and the criteria used to estimate the relative stage of haustorial develop-
ment in this study ï,rere similar to those outlined for p. graminis triticÍ
(Harder et a1 , L}TB). I^Ihere possible the haustorial mother cerrs rçere
located and the protoplasmic contents of the haustorial mother cerls and
haustoria were determined. The size and shape of haustoria in serial sec-
tions were used as further indicators. The present study showed that
characteristic changes occurred at the haustorial mother cell septum during
hausEorium development and the structural appearance of the haustorial
mother ce11 septum at any one time was characteristic of the level 0f
hausËorium developmenË (see secËion c) and this could be used as an
additional indicator' Haustoria were considered mature when the nuclei
along with most of the cytoplasm from the haustorial mother cells had mi-
graÈed into the haustoria.

The first event in haustorium formation was the development, from
the young haustorial mother ce11, of a penetration peg which breached the
host cell wall. penetration of the hosÈ wall appeared to be mainly enzy_
matÍc since distortion of the host wall was never observed at the site of
penetration (Figs . L9 and, 2L). only one example of the earriesr stage of
penetration peg formation in p. coronata avenae was found (FÍgs. 19 and 20).
Figures 19 and 20 are micrographs of two closely adjacent sections from a
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series of serial sections, thus they represent true sections of the median

point of penetration peg formation. These sections had been stained with
the Thiáry PA-TCH-sP method. The haustorial mother cell wa11 was thickened
around the site of host penetration and two layers were evident in the

thickened portion of the haustorial mother cell wall: a thin densely
stained, outer layer and a thick lightry stained, inner layer (Fig. 19).
The penetration peg developed as a LocaLízed evagination of the haustorial
mother ce11 plasmalemma, which rvas very lightly stained (Fig. 20). This
occurred in the center of the thickened region of the haustorial mother

ce1l wal1' A thin, lighter stained layer vTas seen in the penetration region
adpressÍng the evagÍnated portion of the haustoríal mother ce11 plasmalernrna

and this layer appeared to be continuous with the thick inner layer of Ëhe

haustorial morher cell warl (Fig. rg), rt was not clear however, if the
thin lighter stained layer adpressing the evaginated fungal plasmaremma was

actually fungal wa11 material or whether it was a lighter staining region of
the host wall resulting from enz¡rmaËic digestion during the breaching pro-
cess.

using conventional stains (ua/p¡) on sections of p. coronata avenae,
Harder (i978) showed that there r4ias swelling of the haustorial mother cell
wall around the penetration siËe. rn the presenr study it was furËher
shown that the swelling in this region apparently resulted from the addi-
Ëíon of an electron-dense rayer (Fis. 11), but there r¡/as no continuity
beËween the newly deposited wa11 material and the other existing wal1

layers of the haustorial mother ce1l. However, variations in staÍning
density and the nr¡nber of layers in this region were observed. For example,

Ëhe Ëhickened region of the haustorial mother cell wal1 shown in Figure 21

was mainly electron-opåque, and that in Figure 22 was ur,ainly electron_
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transLucent. After hausËorium formation there was no clear continuity

between any of the wall layers of the haustorial ioother cell and the haus-

torial neck (Fig.2I), although ín some cases, it appeared that there was

a thin fungal wall layer rhrough the penetrarion region (Fig. 22).

In P. gramínis triticí the haustorial mother ceIl wall usually con-

tained three layers at the thickened region around the penetration site

as seen lvith Ua/Pb staining (Fig" 23). The thickeníng of the haustorial

mother cell waIl in this region apparently resulted from the addition of

a thick electron-oPaque, convex lens-shaped middle layer between the two

existing wall layers of the haustorial mother cell wa1l (Fig. 23). While

fungal wal1 material was reported to be absent in the penetration region

in earlier work on the same fungus (Ehrlich and Ehrlich, L}TL), the presenL

study showed that fungal wal1 material occurred through the penetration

region, and there appeared to be continuity between the middle wall layer

of the haustoríal mother cell wall and the haustorial neck wall (Fig. 23).

Similar continuity between the convex lens-shaped middle layer and the

haustorial neck wal1 could be demonstrated in sections treated with the

PACP procedure (Fig. 24), However, the fungar wall material was more

lightly staÍned and more dÍffuse through the penetration region.

In P. coronata avenae the cytoplasm of the haustorial mother cell

at the penetration region rvas characterized by the presence of srnall electron-

dense granules, microtubules and meubranous materials (Figs. 25 and, 26).

Some of these electron-dense granules were membrane-bound (Fig. 27). After

host wal1 penetration the fungus formed a tubular fínger-like projection

extending into the host cell (l'igs . 28 and 29). This projecrion later

became the neck of the haustorium. Electron-dense granules orumorphous

materials were found in the cytoplasm of the young haustorial neck, but
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mitochondria and nuclei were absent at this stage. In p. graminis tritici
a single example of a similar young haustorial neck with no sign of a haus-

torial body at the distal end of the neck \^7as found (Fig. 30). character-

istic of this stage was the presence of electron-dense granules in the

cytoplasm of the young haustorial neck and in the haustorial mother ce1l

near the penetratÍon region (Fig" 30).

The cyËoplasm in young haustorial necks was continuous with that
in the haustorial mother cel1s. Mitochondrial migration from the haustorial
mother cel1 apparently coincided with the initial expansion of the haus-

torial body at the distal end of the neck. The proËoplasts of young haus-

torial bodies (about 2 ym in diameter) of P. coronata avenae (Fig. 31) were

typically packed with mitochondria. At this stage the haustorial neck of
P' coronata avenae did not possess a neck ring. Using conventional Ua/pb

staíning the entire neck wa1l could be resolved into three distinct rayers:
two. moderately-stained layers separated by a middle electron-opaque layer
(Fig. 32). At the junction of the haustorial neck and body, these three
layers appeared to merge to give rise Ëo a single electron-opaque warl
l-ayer which continued around the newly formed haustorial body (Fig. 33).

The invaginated host plasmalemma adhered Ëightly to the entire 1ength of
the neck wall (Fig. 32) ard became separated from the fungal- warl near the

base of the haustorial body (Fig. 33). The invaginated host plasmalemma

continued around the haustorial bodyi a less well defined region, the extra-
haustorial matrix, occurred between the membrane and the haustorial body

wa11 (Fig. 34). The profÍle of the invaginated host plasmalemma was

irregular in sectíons due to its undulating naËure. Diffuse electron-
opaque material was Present in the extrahaustorial matrix of young haus-

toria and this maËrix material was quite distinct from the more di.screte
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body wal1 (Fis. 34). rn contrast to the Ëhree neck wall layers in p.

coronata avenae, the haustorial neck wa11s of p. graminis tritici were

composed of one main layer (Harder et al, L}TB) and this layer contÍnued

around the young haustorial body. The haustorial body wal1 contained no

pores or channels and no dÍrect connectÍons were seen between the proto-
pl-asts of the hosÈ and fungus as was reported in earlÍer r¿ork on the same

fungus (Ehrlich and EhrIich, IgTL),

rn P. coronata avenae the neck ring was first observed as an

elecÈron-dense region after Ua/pa staining in the neck wal1 when the haus-

torial body was about 57,tm in dÍameter and when the nuclei were still within
the haustorial mother cells. The neck ring was located about one-thírd of
the way down the neck from the haustorial body (Fig. 35). rn haustoria in
an intermediate stage of development, the neck ring measured about 0.r5rum
Ín width (Fig. 35) and Ín mature haustoria it reached a width of about 0.38

¡rn in P. coronata avenae (Fig. 36). In P. graminis tritici the hausËoría1

neck also did not Possess a neck ring structure up to the stage when the

haustorial body was about 2,g¡tn in diameEer (Harder et aI, 1978). After
the neck ring was formed it was seen as an electron-dense region after lJa/

Pb staÍning in the neck wa11 and was located about mid-way down the neck

from the haustorial body (Fig. 3l).

As Ëhe hausËoria matured two layers became evident in the haustorial
body wal1 of P. coronata avenae. The outer body wall layer was strongly
stained whereas the inner layer was lightly stained (Fig. 38). rn glutar-
aLdehyde/0s04 fíxed iissue and after staining with ua/pb, diffuse electron-
oPaque and 1Íghtly staíned fibrillar materials were often observed in the

extrahaustoría1 matrix of the mature haustoria of p. coronata avenae (Fig.
39). The development of the extrahaustoriaL matrix r^7as accompanied by
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massive proliferation of large tubular complexes (Fig. 39) located in cer-

tain areas of the host cytoplasm (see section G for details). The thick-
ness of the extrahaustorial uratrix and the amount of stained material
appeared to increase with haustorium age, especially at the distal end of
the haustorial body (Fig. 40). The latter interpretation was based on

serÍa1 sections through haustoria. rn glutaraldehyde fixed, unosmicated

tissue, the extrahaustorial matrix was consistently electron-lucent after
ua/pa staining (Fig. 4r). However, using the pA-TCH-sp rnethod inrense

staining was observed in the extrahaustorial matrix (Figs . 42 _ 44). Evi_

dently the extrahaustorial matrix in the glutaraldehyde fixed, unosmicated

tissue had a low affinity for the ua/Pb stains. A similar interpretation
was made earlier by Bracker and Littlefield (Lg73). Failure of a structure
to stain does not necessarily mean organic material is absent, but that it
may have a Iow affinity for the stains that vrere used.

Mature haustoria of P. coronata avenae or P. graminis triEici r,¡ere

generally elongated (Fig. 40) but occasionally they appeared to be branched

(Fig. 45), Mature haustoria contained nuclei, mitochondria, endoplasmic

reÈiculum, 1ipíd droplets and many free ribosomes. The attached haustorial
mother cell was largely vacuolate with very 1íttl-e cytoplasm left. No sep-

Ëum separaËing the haustorial mother cell from its haustorium r¡las ever

found. A distinctive patËern of distribution of mitochondría was evident
in the haustorial protoplasts. Mitochondria were consistently found around

the periphery of the cell adjacent to the plasmalermna (Fig. 40). This was

confirmed by examining serial sections of mature haustoria. This particular

Pattern of disËributÍon in the haustorial protoplasts was also evident in
cross-sections (Fig. 46) ' occasionally mitochondria appeared to be dis-
persed randomly in some haustoría, buË this was probably due to a portion
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of the haustoria being sectioned obliquely (eg. see Fig . 45). The haus-

torial body walls could also be used as a marker for the plane of section-
ing because the walls aPPear thicker and more diffuse in oblíque sections.
This pattern of mitochondrion distribution was simíIar to that observed in
the haustorial mother ce11 protoplasL prior to haustorium formation (see

Fig. i). The above pattern of mitochondrion distribution has not been

previously reported in hausËoria of other rust fungi and the significance
of this observatíon is not known. However, mitochondria are a rich source

of energy which can be used to facilitate transport of substances across

membranes. If it is accepted that haustoria have a role as absorbing

organs and that ít is through the extrahaustorial matrix and fungal plas-
malemma that materials are taken, the location of mitochondria in the

haustorium in close proximiEy to the fungal plasmalemma and extra-haustorial
matrix may be advantageous to the fungus in effecting a more rapid transport.

Aberrant, necrotic-appearing haustoria \.vere occasionally found at
or near the colony centers of P. coronata avenae. Necrosis occurred in
these haustoria regardless of Ëhe stage of their development. Figure 47

shows one of these aberrant haustoria that became necrotic during iÈs early
stage of development, but the haustorium mother cel1 stil1 appeared healËhy.

Examples of mature haustoria that became necrotic are shown in Figures 48

and 49. These hausLoria were usually irregular in shape. some of these

haustoria were found in previously infected host cel1s which were largely
devoid of the normal host cytoplasmic components (Fig. 50). other aberrant
haustoria occurred in host cel1s with normal appearing cytoplasm (F.ig . 49).

rn other instances, both aberrant and more normal looking haustoría were

found within the same host cell (Fig. 50). collars or encasements vrere not

usually associated wíth Ëhese aberrant haustoria (Figs , 47 and 48). All
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of these aberrant haustoria were found at or near the center of

tíon colonies as determined by serially sectioning Ehrough three

colonies. The fact that many haustoria regardless of age became

suggests that the physiology of the host cel1s at the center of

has changed resulting in a physiologically incompatible relation

these haustoria and the host ce1ls.

the infec-

6-day o1d

necrot ic,

the colony

ship between

C. The H¿ustorial Mother Ce1l Septum

Characteristic changes at Ëhe haustorial mother cell septum were

observed in P. coronata avenae and P. graminis tritici during the early
stages of haustorium formation. Elaborate membrane protrusions together

with a marked aggregation of mitochondria occi¡cred, on the hyphal side of
the haustorial mother cel1- septum (Figs. 51 and 52). This large accumula-

Ëion of mitochondria near the sepËum was evident in Figure 53, a micrograph

of a closely adjacent secLion to thaË shown in Figure 54. In glutaralde-

hyde/0s04 fixed tissue and after stainÍng with ua/pb, the membrane pro-

trusions contained an electron-dense rlatrix (referred to as the protrusion
matrix). HovTever, in similarly stained sections of glutaraldehyde fixed,
unosmicated tissue, the protrusion matrix was mainly electron-lucent (Fig.

55). Serial sections showed that these membrane protrusions originated from

the plasma membrane along the septum. The uembrane protrusions were 1ong,

flattened cisternae closed at Ëhe end furthest from the septum. In some

views the membranes of Ëhese protrusions vTere convoluted at the edges,

and serial sections showed possible inËerconnections between these mem-

branes (FÍgs. 56 - 58) .

protrusion foruu.tion that could

abour 0.2 ¡rm long (Fig. 59),J
be

AT

found

Ehis

At the earliest stage of membrane

, they \^rere very smal1, measuring

stage other membrane formations in the foru of smal1 whorls appeared
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in close proximity to the fungal plasma membrane on the haustorial mother

cell side of the septum (Figs. 59 and 60). Similar to the membranes of

the membrane protrusions (Fig. 56), membranes of these whorls showed a

trilamellar structure (Fig. 59) typical of fungal plasma membrane. These

also stained in a manner characterisËic of fungal plasma membrane after

treatment with the PACP procedure (Fig. 60). The duration of these smal1

whotls apparently vTas very short, as apart from the four examples observed

in the present study, they were not found in other situations when haus-

torial mother cells were involved in breaching of the host wa1l. Similar

whorls of membranes have also been reported in U. phaseoli vignae (Heath

and Healh, L975). They too disappeared prior to the forur,aËion of the pene-

tration peg.

In P. coronata avenae the membrane protrusions extended. to a length

of 4.2¡m during the period of host wall penetration. After host wa11 pene-

tration many stages of subsequent haustorium development were easily recog-

nizable and correlation v¿as observed between haustorium development and the

temporal changes associated with this septum. The septal membrane protru-

sions decreased in length during the subsequent formation of the haustorial

neck. By the tÍme the haustorial neck was about 4 ym ín length, the mito-

chondria associated with the membrane protrusions had dispersed and the

protrusions had shrunk to less rhan o ,4 f* in length (Fig. 6l). The

"angular" aPpearance of the membrane protrusions at this stage suggested

that their reduction in size was caused by a rapid loss of their contents.

This decrease in size continued as the haustorial body formed at Ëhe distal

end of the haustorial neck and Èhe membrane protrusions no\¡z appeared as

small angular projections along the haustoríal mother cel1 septum (rig , 62),

When sectíoned favourably in a plane to reveal the cross-section of the
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hyphal region adjacenl to the haustorial mother ce11 septum, these protru-

sions were seen to be interconnected to form ridges (nigs , 63 and 64). The

membrane protrusions persisted and remained as tiny flattened papillae on

the haustorial mother cel1 septum (nig. 65) as the haustoria matured.

In haustorial mother cell septa with long membrane protrusions, the

central pore was always completely blocked by a pulley-whee1 shaped plug

of electron-dense material (Figs. 66 and. 67), In only one example did the

Pore aPpear open (Fig. 68). This septum apparently was stil1 in the forma-

Eive stage but membrane protrusions were already presenË. The septal pore

remained plugged throughout the subsequent stages of haustorium development

until the membrane Protrusions had shrunk to the size of sma11 papillae
(Fig. 69), The hyphal sepËum penultimaËe ro the haustorial moËher cell sep-

tum hias similarly plugged with an electron-dense material during this time

(Fig. 70). The haustorial mother cell septal pore structure then underwent

further changes as the haustorium developed. By the time nuclear migration

had occurred the pore had become electron-translucent and it was delimited

on either side by an irregularly shaped electron-opaque diaphragm (Fig. 72).

The diameter of the pore of the haustorial mother cell septum vTas very small,

about 9.5 nm (Figs.7L - 73). rn contrast, seprar pores in the rest of the

mycelium were usually much larger in diameter, about 23 nm to 66 nm. Some

of these Pores were found to contain an electron-lucent area bound by an

electron-opaque diaphragm on either side of the pore (Fig. 10). Although

Ëhis perforate type of sepEum is typical for the rust fungi (Littlefield

and Heath' 1979), Pores of other hyphal septa r,lere occasionally found Ëo

be occluded with an electron-opaque material having the same pulley-wheel

shape as that outlined by the diaphragms in the more Ëypical septum (Figs.

74 and 156), as reporred earlier by Harder (L976).
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D.

Using the Thiáry PA-TCH-sP technique to locate polysaccharides

with vicinal glycols, sites with 1ow affiniËy for the stain contained a

fine deposit of discrete electron-opaque silver particles, while highly
reactive sites appeared densely granular or amorphous in consistency. rn
P' coronata avenae infected tissue, the host walls vTere seen to be composed

of two layers: a matrix of coarsely granular particles in the Ëhinner inner
layer and finer granular particles ín the thicker outer layer (Fig. 75).

Maximum staining of the host walls occurred after 24 hours in TCH. starch
granules in the chloroplasts were highly reactive and were densely granular

in structure. Thylakoid membranes showed a lower affínÍry for the Thiáry

stain and Ëhe plastoglobuli structures knor,¡n to contain lipids rvere un-

stained (Fig. 75). Maximum staining of sËarch granules r.Jas attained after
30 minutes in TCH.

When sections were treated with sodir:m borohydride prior Èo TCH and

silver proteinate (Craig, L974), Ëhere was complete suppression of staining
of the host wal1s and starch granules (Fis. 76), rn a control treatment
in which periodate oxidation had been omitted (the thiocarbohydrazide-silver
proteínaLe control, TcH-sP) the host wal1s and starch granules rvere largely
unstained, buË the plastoglobuli, thylakoÍd membranes (Fig. 77) as well as

all other cel1u1ar membranes of host and fungus were intensely stained.
No silver deposits were observed in the host wal1s, starch granules, plasto-
globuli, and thylakoid membranes when sections were treated with silver
proreinate a10ne (Fig. 7B), The stsining of plasrogrobuli and thylakoid
membranes in Figure 78 was due to osmium binding by their lipid components.

when periodate oxidation was replaced by hydrogen peroxide treatment prior
Ëo TCH and silver proteinaËe, no staining was observed in both starch
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granules (Fig. 79) and the host wa1ls. The resulring reactions of starch

and the hosl wa1ls in the above control Ëreatments therefore conform to

what would be expected for structures containíng polysaccharides with
vicinal glycols (see sectíon ff.A Literature Review for specificity of
^t 

./rhrery stai_ning and control treatments).

The Thiáry procedure Ís commonly used to stain grycogen in thin
sections (see llayat, Lg75). using this method gLycogen granules were

located in the fungal cytoplasm of hyphaL and haustorial mother cells, but

not in the cyËoplasm of the hausËoria of P. coronata avenae. These granules

reacted strongly to the PA-TCH-SP procedure after 30 minutes in TCH (Fig.

B0). staining was largely absent in glycogen granules when sodium borohy-

dride was used prior ro TCH and silver proteinate (Fig. g1) or in Lhe con_

trol treatment in which the periodate oxidation had been omiËted (TCH-Sp)

(Fig. 82). The presence of glycogen in P. coronata avenae was confirmed

by the de Bruijn (1973) potassium ferricyanide merhod. i^Iirh this merhod

glycogen \¡ras seen as electron-opaque granules in the fungal cytoplasm of
the hyphal (Fig. 83) and haustorial mother ce1ls (FiS. 84) bur nor in rhe

cytoplasm of haustoria, regardless of age. These results are similar to
Èhose reported earlier by Harder (197g) on the same fungus. Both fungal
wal1s and protrusion matrix of P. coronata avenae were largely electron-
lucent after the de Bruijn merhod (figs. g3 and 85).

In unstained sections of glutaraldehyde/0s04 fixed specimens of
P' coronata avenae both the protrusion matrix and the haustorial neck walls
were osmiophilic (Figs. 86 and 87). After PA-TCH-SP treatment the protru-
sion matrix and alr fungal wal1s were intensely stained (Figs. gB - 90).
No further intensíty in staining was obtained by more than 24 hours TCH

treatment. Unlike the three haustorial neck wal1 layers seen in Ua/pb



56

stained craËeria1 (Fig. 32), the PA-TCH-sp procedure revealed only two

layers: a thin, densely stained inner Layer and a thick, lighter stained

outer layer (Fig. 89). In mature haustoria these two layers continued

around Ëhe haustorial body (Fíg. 90). In all conrrols for the pA-TCH-SP

treatment, mycelial wa1ls remained unstained (Figs. 91 - 93). The positive

staining of the mycelial wa11s with the PA-TCH-SP procedure suggests that
they contained polysaccharides. However, intense silver staining was

observed in the Protrusion matrix (l'igs , 94 arrð. 95) and haustorial wa1ls

(r'igs . 96 and 97) in a control treatment in which periodate oxidation had

been omitËed (the thiocarbohydrazide-silver proteinate control, TCH-Sp)

from the Thiáry procedure. The protrusion matrix and haustorial wal1s were

not argentophilíc as no silver deposits v¡ere observed in these structures

when sections were treated wiËh silver proteinate alone (Fíg. 98). These

properËies \¡rere shared with lipid droplets, plastoglobuli, thylakoid mem-

branes, and other membrane structures that are osmiophí1ic and are knov¡n

to contaín lipids (see Fig. 99). The posÍtÍve silver staining of Ëhe pro-

trusion matrix and haustorial wa1ls in Ëhe control treatment wíth TCII-Sp

was perhaps due to unsaturaËed lipids, as they are known to be osniophilic

and the reduced osmium present after fixation reacts with thiocarbohyd,r azide

(Hayes et al , L963; ÞIarínozzL, 1961; serigrnan et al , Lg66), vriËh subsequent

binding of silver proteinate (Sannes et al , IgTg).

In glutaraldehyde fixed, unosmicated specimens a1l fungal walls and

the protrusion matrix vrere sËained by the PA-TCH-Sp procedure (Figs. 100

and 101). However, when ultrathin sections of Èhe unosmicated specimens

were subjected to the TCH-SP procedure, no silver staining v¡as evident in

the protrusion marrix (Fig. 102) and haustorial wa1ls (Fig. 103), or Ín the

plastoglobuli (Fig. I04). This is because the lack of osmicarion resulrs
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in the extraction of all lipid components from samples (see Fig. 105)

during subsequent preparation steps (Hayat, L97O). This substantiates the

above hypothesis that the previous staining of the protrusion matrix and

haustorial walls in osmicated specimens wiËh thís procedure (TCH-Sp) was

due to the presence of unsaturated 1ipid.

To determine the possible presence of unsaturated lipids in the

protrusion matrix and haustorial wa11s, specimens vlere fixed with glutaral-

dehyde firsE, .treated viith lipid solvents (ether/ethano1, acetone or

chloroform/rnethanol) and then post-fixed with osmium tetroxid.e. If unsa-

turated lipid \^ias normally present in haustorial waI1s and the protrusion

maErix, this would be extracted by the lipid solvents prior Ëo post-fixation

with 0s04. After the abovetreatmentsthe haustorial walls (FiS. 106),

protrusion mnl¡i¡ (Fig. L07), plastoglobuli and membrane structures (Fig.

108) were no longer osmiophilic and remained largely unstained after the

TCH-SP treatment. The plastoglobuli in particular, normally seen as elec-

tron-oPaque globules in Ua/pA stained sectíons of unextracËed tissue had

become electron-lucent after the solvent treatment (Fig. 109), indicating

thåt lipid had been extracted from these structures. While host wal1s

appeared to be unaltered after solvent Ëreatment, Lhere T,,ras a reduction in

staining inrensiry by ua/pb of rhe hyphal wa1ls, hausroríal wal1s (Fig.

110) and protrusion matrix (Fig. 111), indicating that Ëhere was lipid

present in the latter structures but noË in the host r¡alls. However, the

hyphal wal1s were non-osmiophilic, and as only unsaturated lipid is osmio-

philic (Hayes et a1 , L963; Marír.ozz:i, L96L; seLigman er al , 1966), the

lipid present in the hyphal wal1s was likely in the saËurated form.

The fact that the hyphal waLls, haustorial wal1s and the protrusion

matrix v/as not compleÊe1y extracted after the solvent treatmenËs suggesËed
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Ëhat there were other components remaining in these structures. Treatment

with PA-TCH-SP showed that the materíal remaining in the hyphal walls, haus-

torial wal1s and protrusion matrix contained some polysaccharide. However,

as comPared to unextracLed specimens stained by the same method (Figs. gg

and 89), the staining intensity of the protrusion matrÍx (Fig. 11_2) and

haustorial wal1s (Fig. 113) was much reduced after solvent treatment,

whereas the hyphal wal1s remained unchanged. The large reduction in

staining in haustorial walls and protrusion matrix after solvenË treatment

therefore indicates that much of the PA-TCH-SP stainable material was

extractable by lipid solvents. The significance of this point will be dis-
cussed later.

To determine the presence of protein in haustorial structures, B.

coronata avenae infected tissue was treated with protease. protease treat-

ment in general caused r¡arked erosion of both fungal and host cyËoplasm

while host walls appeared to be liËtle affected by rhe trearmenË (Fig. LL4).

Structural integrity of the chloroplasts was markedly affected and the

stroma vJas extensively extracted, but the plastoglobuli remained unchanged

and showed no loss in staining intensity (EíS. LL4). protease digestion

showed protein to be a major component uraking up the protrusion matrix. At

1 mg/t1 concentration of Protease in buffer, Ëhe protrusion matrix eTas com-

pletely extracted (Fig. 115). At a higher concentration (5 mg/ml), exten-

sive disruption occurred but the membrane structures delimiting the pro-

trusions were stil1 visible (FÍg. LI6), The hyphal and hausËorial mother

cell walls on the other hand were more resistant to protease digestion (Fig.

1'L7), I{ith Üa/Pb stains these walls appeared more fibrillar and less dis-

crete in outLine than the untreated ones and their usual layered appearance !/as

now lacking (compare Fig. 117 to Fig. 11). sraining of Ëhe mycelial walls

with PA-TCH-SP after Protease treatment, however, rras not affected (Fig. 11g).
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Extensíve extraction of the haustorial wa1ls occurred after pro-
tease treatment, leaving a thin walr layer Ímmediately adjacent to the

fungal plasmalen'rna (Fig. r19). Although the entire haustorial neck wal1

was affected, it appeared that extraction l{as more extensive in the neck

wa1l proximal to the neck ring than distal to ít. rn contrast, both bands

of the neck ring remained unchanged and remained in place in their usual
position along the neck, with the invaginated host plasmalemma stirl
tightly adhered to it (Fig. LLg), Along the exËracted portions of Ehe neck
v¡al1 the invaginated host plasmalemma novl appeared convoluted, similar to
that normally seen around the haustorial body. Norma1Ly, the Ínvaginated
host plasmalemma adheres tightly to rhe entire neck wal1 (Fig. 32)

(Harder, ITTB; Harder et al , LITB).

with protease treatment extraction also occurred in the haustorial
body wall. The extent of extraction, however, depended upon the age of
the haustorium' rn young hausËoria almost the entire haustorial body wa11

ç¡as extracted (Fig. L20), rn the body wal1 of nature haustoria extraction
was less extensive (Fig. 721). rt appeared that the composition of the
haustorial body wal1 changed as the haustorium developed. This was

supported by the detection of N-acetylglucosamine binding sites (suggesting
the presence of chitin) in the body wall of mature haustoria but not in
young haustoria (see later this section).

In protease Ëreated tissue the remaining wa11 material of Ehe haus-
torium reacted positively ro the pA-TCH-sp treatment (FÍgs . L22 and 152)

buË remained unstaíned in the control treatment where period.ate oxídation
had been omitted (TCH-sp procedure) (Fig. Lz3), However, in comparing the
remaining wal1 of a younger haustorium (r'ig. r22) wlth a haustorial wal1

that had not been Èreated with protease (FÍg. 90), it was apparent that
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much of the PA-TCH-SP stainable material had been removed by the protease

treatment. FurËhermore, Figure 123 shows that the TCH-SP type of stainíng

normally found in haustorial wal1s that had not been treated !¡ith protease

(Fig. 96), was absent in the same structure after protease digestion. It

was demonstrated above that Ëhe component in the haustorial wa11 stained

by the TCH-SP procedure was an unsaturated lipid. The fact that this lipid
was completely removed by the protease treatment (Fig. L23) suggests that
the 1ípid was protein-bound.

After Protease treatment all haustorial mother ce1ls of p. coronata

avenae were dislodged from the host cells and their haustoria (Figs. 119

and 123). Figure 123 shows the detachment of the haustorium from iËs mother

ceLl at the site of peneLration. ProËein ís Èhus likely a major component

of the subsËance by which the haustorial mother ce11s adhere to the host

cel1 walls. Removal of this adhesive material appeared to weaken the

attachment site and resulted in the detachment of the haustorial mother

ce11 from its haustorium durÍng the subsequent preparation steps for elec-

tron microscopy.

The above extraction studies with lipid solvents and protease there-

fore showed that protein, lipid and PA-TCH-SP positive ulaterial were major

components in the haustorial walls. Hora/ever, much of the PA-TCH-SP posi-
tive material ín the haustorial walls r¡as readily extracted by either lipid
solvents or protease, whereas that in the mycelial walls r^ias not. The

question now arises as to whether the extractable PA-TCH-Sp posiËive material

in the haustorial wal1s was a polysaccharide or some other component(s).

This is because certain groups of fatty acids and polypeptides react to

periodic acid oxidaÈion and are stained with the PA-TCH-Sp procedure (Hayat,

L975; H411, L978), alrhough rhe pA-TcH-sp procedure generally sËains lr2-
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glycols of polysaccharides. It is possible that the solvent extractable

PA-TCH-SP positive material in the haustorial wa11 vTas a polysaccharide

or it could be a lipid or protein stainable with the PA-TCH-SP procedure.

Assuming thaË it eras a protein componenË in Lhe haustorial wal1 that was

staínable with the PA-TCH-SP procedure and as almos t aLL of the pA-TCH-Sp

positive mâterial was removed by protease treatment (compare Fig. L22 to

Fig. 90), this would mean that the haustorial wa1l contained almost pure

protein. This is unlikely, because lípid was shown to be present in the

haustorial walls of P. coronata avenae. Also, glucans are known to be

coÍlmon polysaccharide components in fungal walls (Bartnicki-Garcia, 196g;

Hunsley and Burnett, L970; Trocha and Da1y, L974; van der valk et al, L977;

I{essels, L969) and glucans with þ-t,l linkages have been shown Ëo be in the

haustorial walls of Peronospora pisi (Hickey and coffey, rgTg). rt is

most likely that polysaccharides, proteins and lipids are present in com-

plex forms. Another method was then used to localize polysaccharides in
the haustorial walls of B. coronate avenae.

The Concanavalin A-co1loidaL go1d meLhod of Horisberger and

Vonlanthan (I977) was used as a preliminary study because Concanavalin A

(Con A) will bind to various polysaccharÍdes containing d-D-glucopyranosyl,

d-D-tannopyranosyl and p-o-fructofuranosyl residues (Goldstein et aI , Lg69).

These include starch, glycogen, mannan and other glucans or glycoproteins

containing the above residues (see section IV.E Literature Review). Using

this method, heavy binding with con A was observed to glycogen granules

ir 3. coronaLa avenae (Fig. 125) and to starch grains in the host (Fig.

L24). There vras no binding to the host walls, but binding occurred in rhe

fungal wal1s and prorrusion matrÍx (Figs, 126 - L2g). This binding was

largely inhibited by Ëhe presence of methyl fr-D-mannopyranoside in the Con
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A-go1d preparations (Fie. 129). It is not known however, wherher this Con

A bindÍng in the fungal sLructures was due to glucan and.for mrnnan, as Con

A has an affínity for both (Goldstein et al, Lg6g). As mannan is knov¡n to

be a major wal1 comPorrent of yeasts and not of other fungi (Bartnicki-

Garcia, 1968; Boer, l9l9), the above con A binding was probably due to

glucans. Glycoproteins containing the appropriate carbohydrate moieties

could also serve as receptor sites for Con A.- In any case, the binding of

Con A to haustorial wa11 was extensive (Fig. L28) suggesËing that receptor

sites containing carbohydrate moieties were abundant throughout the haus-

torial walls. The fact that the haustorial neck rvall v¡as almost completely

extracted after Protease treatment (Figs. 119 arr:ð, L22) is indicative that

many of these carbohydrates receptor sites had been removed by the treat-

ment. However, further investigations are needed to determine the nature

of these carbohydrate receptor sites in the above fungal structures.

Cellulose, a p-1,4-g1ucan, is known to be a component in some fungal

walls (Boer, 1979). It contains vicinal glycols and is srained by rhe pA-

TCH-SP procedure (Haf1, L978). Treatment of glutaraldehyde fixed specimens

with cellulase resulted in the removal of material from 
.the 

host walls
(Figs. 130 and 131). Cellulase treatment did nor affect fungal wal1s (Figs.

132-135) or the protrusion m:¿¡ix (Figs . L32 and 134) of p. coronata

avenae indicating thaL cellulose \,Jas absent frora these structures.

chitin is also a courmon wall polysaccharide of many fungi

(Bartnicki-Garcia, 1968) and has been shown to be present in haustorÍal

wa1ls of Ervsiphe graminis hordei (Shiraishi et al, Lg76). Chitín is not

visible in Ua/Pb stained sections of glutaraldehyde/Os04 fixed tissue

(Pearhoutter and Lenbi, LgTB) or in sections stained with the PA-TCH-SP

meËhod (van der Valk et al, Lg77). To deËermine Ëhe presence of chitin in
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P. coronata avenae the colloidal gold - wheat germ lectin method of

Horisberger and Rosset (I977) was used. i{heaË germ lectin will bind speci-

fically to polymers conEaining N-acetylglucosamine residues and has been

used as a chitin marker in budding yeasts. Wheat germ lectin will also

bind to glycoprotein with avaÍlable N-acetylglucosamine moieties.

In the presenL study N-acetylglucosamine-containing receptors vrere

demonstraEed in septa and walls of hyphal ce1ls and haustorial mother ce11s

but not in the protrusion matrix (Fig. 136), or young hausËorial neck an¿

body walls (Figs , L37 and 138). As haustoria matured, binding of wheat

germ lectin occurred in Ëhe body walls of p. coronaËa avenae (Fig. 139),

but never on neck wa11s regardless of age of the haustoria (fig. 140). The

binding of wheaË germ lectin to the above hyphal wal1s and matured haus-

torial body walls lras inhibited by the presence of chitín oligomers in Ëhe

wheat germ lectin preparation (eg. see Fig. L4L). The bínding \¡ras therefore

specific to N-acetylglucosamine-containing receptors and this would mosË

1ike1y indicate the presence of chitin in these fungal structures.

As described earlier in secÈion C, diffuse electron-opaque materials

hrere Present in the extrahaustorial matrix during the early expansion phase

of a young haustorium of P. coronata avenae (Fig. 34). After pA-TCH-sp

treatment the extrahaustorial matrix of another haustorium at. a similar

stage of development was stained and r^7as not clearly differentiated. from

the haustorial body wall (Fig. L42). In contrasË, pA-TCH-sp stained

material was located mainly in isolated patches in the extrahaustorial

matrix of a young haustorium of !. graminis tritici at about the same stage

of development, and the extrahaustorial ¡natrix was clearly differentiated

from the more discrete haustorial wall (Fig. I43), As Ëhe haustoria of

'P' coronata avenae matured, the extrahaustorial matrix became distinct
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from the haustorial wa1l and the stained material of the matrix looked

ftayed (rig. I44), The matrÍx material remained unstained ín the control

treatments where sodium borohydride was used príor to TCH and silver

proteinate (Fig. L45), or where periodate oxidarion had been omitted (Fig.

146). Similar patterns of staining occurred in the extrahaustorial matrix

in glutaraldehyde fÍxed, unosmicated material, except that the extra-
haustorial matrix stained more denseLy (Eígs, 42 - 44). Cellulase trea¡-
menL removed much of rhe ua/pa srainable (Fig. L47) and pA-TCH-sp (Fig.

L4B) stainable material from the extrahaustorial matrix, Índícating that
ce1lulose may have been present in the extrahausËoria1 matrix.

Solvent exËraction wÍËh chloroform/methanol removed much matrix

material stainable with ua/Pb (Fig. L49) bur ir did not affecr rhe amounr

of PA-TCil-SP stainable material in the extrahausËorial matrix (Fig. 150).

Protease treatment, however, removed almost all of the extrahaustorial

matrix materials that were stainable with Ua/Pb stains (Figs . LZL and 151)

and the PA-TCH-SP procedure (Fis. L52), There v¡ere no wheat germ lectin

recepËor sites in Ëhe extrahaustorial mâtrix (Fig. 139), indicating that
the extrahaustorial matrix v¡as free of chitín. Con A receptor sites were

coûmon in the extrahaustorial matrix, suggesting Ëhe presence of poly-

saccharides or glycoproreins (Fig. 153).

Although lipid appeared Ëo be present in the extrahaustorial mat.rix

as indicated by Ëhe solvent extracËion experiments, this material v/as not

osmiophilic and did not reacr with Ëhe TCH-sp treatment (Fig. L46), indi-

cating any lipid Present was in Ëhe saturated form. Also, Ëhe fact that

Ëhe extrahaustorial matrix was almost completely electron-lucenË after pro-

tease treatment suggesËs Ëhat proËein was a major component. FurLher,

because almost all of the PA-TCH-Sp stainable material Í¡/as removed by pro_
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tease treatment it is possible Ëhat aË least some of the pA-TCH-Sp stain-
able material is a protein because certain groups of polypeptid.es are

stained with the PA-TCH-SP procedure. Alternatívely, the polysaccharides

in the extrahaustorial matrix may be present in the form of glycoproteín

and r¿ere removed along with the protein component by the protease treatment.

As shown in section C, the pores of the haustorial mother ce1l

sePta during early haustorium formation (Figs. 66 and 69) and some of the

hyphal septa (Fig. 74) were plugged with an elecrron-opaque material. This

plugging material was electron-Lucent after the de Bruijn fixation method

(Fie. 154) and reacËed negatively to Ëhe Thiáry sraining merhod for poly-
saccharides (Fig. 155). rr was resisLanr ro lipid solvents (FÍg. L56),

suggesting that lipid was not a major component. with the perforate type

of sePtum' PA-TCH-sP type of polysaccharide was not detected in the elec-
tron-lucent area which was bound by a lightly stained diaphragm (Fig. L57).

The diaphragm r,{as normally electron-opaque after ua/pb staining (Fig. i0).
After chloroform/methanol treatment, while membrane structures rlrere largely
extracted, Ëhe diaphragm found on either side of the septal pore structure
remained unchanged (Fig. 158). After protease treatment however, the fun-
gal plasmalemma generally remained intact (Fig. 117) but the diaphragm T^,as

completely extracted (Fis. 159). The above observations suggest that the

diaphragm associated with the septal pore was mainry proteinaceous in
nature.

E.

0n

cyl indrica I

(Fie. 36).

close examination of maËure haustoria, tv/o closely adjacent

bands could be distinguíshed wíthin the neck ring structure
This was a regular feaËure of all neck rings examined. in mature

osiËion of Neck Ring of P. coronata avenae
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haustoria (over 50 examined). These Ëwo bands rùere usually located very

close together or they vJere separated by a narrow strip of neck wall

material between thern (Fig. 160). For convenience, these two bands of the

neck ring are designared as: (i) rhe alpha ({) band, which is rhe band

nearer to the haustorial mother cel1, (ii¡ the beta (f3) band, which is Ëhe

one nearer to the haustorial body. The term neck ring refers to both o(

and fl bands combined.

tr{hen the PACP staining method was used the fl band remained electron-

oPaque, while the p band was electron-lucent (Figs , L6L and, L62), indicating

Ëhat these bands differ in chemical composition. IË was found that the ¡g

band was preferentially exËracted with periodíc acíd in such a way that

holes were often left on the sections at the location of the p band (Fig.

161). In unstained sections treaËed with periodic acid, the p band was

also electron-lucent, whereas the o( band was electron-dense. The p band

was completely extracted after 30 minutes in 1% periodic acid., whereas the

c{ band remained unchanged after prolonged (overnight) oxidation in L%

periodic acid or after t hour in 3% periodic acid (Fie. 163). These resulrs
índicate that Ëhe Thi6ry Gg67) PA-TCH-sP rnerhod could, also be used ro

differentiate the c{ and p bands. The ThL/ery method, when applied to the

neck ring of a mature haustorium, differentiated the o( and p bands (Fig.

L64) in the same way as with the PACP method (Fig. f6l). However, when the

same treatment was applied to the neck ring of a young haustorium, only

one densely-staining band was observed (Fig. 165). There vras no sign of an

adjacent electron-lucent (Ê) ban¿ as seen in older haustoria. A1so, the

entire densely-staining band seen in younger haustoria by the Thiáry method

always corresPonded Ín size to the d band seen in younger haustoria sÈained

wirh Ua/Pb. It was thus concluded that the d band was formed first and was
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followed by formation of the p band during haustorial development.

rn using the Thiåry test, the B band was extracted by periodic

acíd oxidation before TCH-sp was applied, thus it was not possible to

demonstrate the Presence of polysaccharide with this method. On the other

hand, the d band consistently remained. electron-opaque in the controls

where periodic acíd had been omitted (TCH-SP) (Fig. L66) or vrhere sodium

borohydride was applied prior to TCH-SP treatmenr (Fie. L67). Therefore,

proof for the Presence of polysaccharide also could not be obtained.

(courtoy and simar, L974; craig, L974). However, in Ëhe studies using

col-1oidal gold-lectins (Concanavalin A or wheat germ lectin) as cytochemical

markers to elucidate Ehe chemical composition of haustorial walls, neither

glucan, mannan nor chitin could be demonstrated ín the neck ring (Figs.

I27 and f40).

The resistance of the c{ band Lo prolonged periodic acid oxidation

prompted further investigation into the nature of the neck ring. Unstained

.sections from glutaraldehyde fixed, unosmicated older haustoria also showed

two electron-opaque bands in the neck ring structure (Fig. 168). This indÍ-
cated that both bands may contain mineral substances thaË may be suitable
for energy dispersive X-ray analysis (EDX). This method has been used to

detect the presence of all elements with an atomic number of 11 or higher

on the periodic table at a detecËion sensitivity of Lo-r7 ro 10-18 gr*
(Russ, L972) and has been used to demonstrate the varíous elements in

different tissues (Mills and chong, Lg77; Lott and Burtrose, r97B; Lalonde

et al, L9l7; Hearh, L979).

Three haustoria containing well defined

ring were located and subjected to EDX analysis

Ëently shorved a similar elemental composition.

d and p bands in rhe neck

. These neck rings consis-

One such analysis, carried
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out on the hausEorial neck in Figure 168 ís presented (Figs. L69 Eo

Analysis s¡as made on both bands from each side of the neck ring.

L74).

In the dband silicon was.detected as the major eLement present

(Figs . L69 and 170). The peak representing copper Íias assumed to have

originated from the copper support grid. To test whether the silicon peak

was significant, the host cytoplasm adjacent to each side of the neck ring

was also ana1-yzed. This revealed a smal-l- peak of silicon (Figs. 173 and

L74) as did the other background conËrols, ie. the haustorial neck wall

(Figs. L75 and 176) and the fungal cyroplasm inside rhe neck (Fig. L77),

Analysis of the formvar-coated support film also showed trace amounts of

silicon (Fig. 178) which could account for the silicon in the other con-

trols. The small chlorine peak present in the C( band was also present at

about the same levels in all the other background controls (Figs. L73 -

176) and probably originated from the Epon embedding plastic (Lalonde

et al , 1977).

In the p tand iron, phosphorus and chlorine peaks v¿ere observed

(Figs, I7L and 172) and a silicon peak significantly higher than the back-

ground (Fig. 173) was deËected, but only on one side of Ëhe neck (Fig. L7L).

This discrepancy was attributed Ëo a technical difficulty encountered

during this particular analysis. In Figure 168 the p band measured 0.13¡m

as comPared Ëo 0.27 yn for thed band and the smallest eLectron beam spot

size possible for the EDX analysis was 0.2 jl^. Furthermore, due to the

close proximity of the cd band to the p band, it was difficult to align the

beam on the /3 band without touching the c{ band. In conrrasr rhe p band

seen on the top side of the neck ring in Figure 168 (where an analysis

vras also made as illustrated in Fig. 172) was located slightly further away

from the 6( band, thus allowing a more accurate analysis of the p band.
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This would explain why there was less silicon present in the p band in

Figure L72 tlnan in the same band in Figure 171. on the other hand, iron,
phosphorous and chlorine peaks were deËected consistently in all the p

bands anaLyzed (l'igs. L71- and L72). while it v¡as apparent that some of the

chlorine Present was due to the background as menËioned earlier, signifi-
cant amounts of chlorine vlere alviays observed even after background consi-

deration. Regarding the presence of iron and phosphorous in gne F band,

it is of interest to note that the Fe:P aËomic ratio obtained from computer

analysis, varied from 1:r.20 to r:1.68 (an average ratio of 1:r.4r). The

theoretical expecred ratio of Fe:p in ferric pyrophospr,"r" 
fr"a e20Ð3J is

1:1.50 and the resuLts are within the limíts of experimental error. Thus

one possible compound present in the pband is ferric pyrophosphate.

tr^ihile the above EDX analyses indícated that silicon, iron and phos-

phorous were the major elements present in the neck ring, Ëhey did not

exclude the possibility that some other components such as lipid and protein
could also be Present, perhaps in smaller amounts. After treatment with
1Ípid solvents (ether/ethanol, acetone or chloroform/methanol), both bands

of the neck ring remained unchanged (Fíg. 110). rn proËease treated samples,

both bands of the neck ring apparently remained unchanged and remained in
place in their usual position along the neck (Fig. 119). The above results
therefore, indicate the presence of little, if any, protein or lipid
materials in the neck ring. However, samples used for this study have been

subjected to fixation and embedding procedures and the possibility exists
that soluble materials may have been washed away during preparation.

The occurrence of two distinct bands Ín the neck ring structure of
P. coronata avenae is unique relative to the rust fungi so far described.

There is littl-e known abouL the chemical composition of the neck ring other
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than in P. coronata avenae. However, tne p band in p. coronata avenae r^ias

shown to have the same response to periodic acíd oxídatÍon as the enËire

neck ring structure found ir I. lini (Litrlefield and Bracker, 1972) and

in P. sraminis tritic! (Fie. 24). Thus the p band in p. coronara avenae

and the neck rings in M. lini and p. sraminis tritici are possibly similar
in composition. rË would be of interest therefore, to more crosely examine

the neck rings in I. liní and other rust fungi to verify their chemical

composition. Nevertheless, even if it can be demonstrated that the p band

in P. coronata avenae and the neck rings of other rust fungi are the same

in composiËion, there is stil1 a further difference between p. coronata

avenae and M. lini. rn P. coronata avenae the d band was formed first and

appeared to be the major band in the neck ring structure. This is in con-

trast to the sma11er, later-formed p band which appears Ëo correspond to
the Þ1. lini-Ëype neck ring.

The sílicon in the c{ band may possibly function as a permeability
barríer. Thís is based on the fact that the c¡( band was highly resistant
to most of the chemical treatments performed Ín the present stud.y. Heath

(L976) provided strong evidence that the neck ring of p. sorghi was capable

of preventing apoplastic flow of substances along the haustorial neck and

drew a parallel between Ëhe neck ring and the Casparian strip of higher

plants. rn the present sËudy the invaginated host plasmaleug6 remained

tightly adhered to boËh the cd and p bands of rhe neck ring afrer digesrion

of the remainder of the neck wall by protease. The binding of the plasura-

lermta to the neck rÍng also has a parallel in the tight bínding between the

plasmalemma and radial wal1s in the region of Ëhe casparian strip (Bonnett,

L965; Robards et al, Lg73) and strengthens the argument that the neck ring
may function to prevent apoplastic flow.
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F. Elu"aror.-oo"orr. D"oo"it" i* ah. D-Þr"torir1 Aoo"r"rrr"

rn sections of glutaraldehyde/0s04 fixed materials of both p.

coronata avenae and P. qramínis tritíci and after staining r,rith Ua/pb,

electron-oPaque deposits were observed in the proËrusion matrix and in the
wa11s and sePta of many haustorial mother cells located at or near the

center of the infectíon colonies. Examples are shown in Figures L79 _

181' rn the thickened wa1l region of some haustorial mother cells at
the penetration site, Ëhese deposits appeared as large, electron-opaque
granules (Fig. 1BO). fn walls of other haustorial mother cells more

deposits were found and they formed a denser layer around the whole haus-

torial mother cell (Fig. 181). As mentioned earrier (see secËion B),
aberrant haustoria were found at or near the colony centers of p. coronata
avenae' Many of these haustoria were shown to be associated with those

haustorial uorher cells which had heavy wa11 deposits (Fig. 48). similar
electron-opaque deposits were not observed ín the septa or in the walls of
the haustorial mother ce1ls located at the edge of the same infection
colonies' The aPPearance of the deposits in the above structures found at
or rìear infection colony centers vias more common'in older colonies than in
those sampled at 5 days after inoculation.

rn ua/Pb stained sections of glutaraldehyde fixed, unosmicated

maËeria1s, the deposits were seen as smarl erectron-opaque aggregates, and

in the earliest stage of deposition that could be detected, these deposits
were found in the membrane protrusions (Fig. 182) buË not in the haustorial
mother cell wa1l or ín the septum. They were quite distinct from the rest
of the protrusion matrix which \.vas more electron-rucenE (Fig. Lg2), For

comparison, Figure 55 shows some membrane protrusions Ëhat were free of
these deposits. These electron-opaque deposits vJere prominent in unstained
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sections and could be detected very readily in fungal materíals (Fig. 183).
New haustorÍa were observed to form in cel1s near the colony cen-

ters of 6-day old infections. After haustorium formation but prior Ëo nuc-
lear migration, granular electron-opaque deposits appeared in the thickened
portion of the haustorial mother cell wa11 at the sÍte of hosr pene¡ration
(Fig' LB4) ' At around this tiroe or shorrly after, granular deposits began
to appear in the haustorial mother cell septum and in the rest of the wall
around the haustorial morher ce1l (Fig. 1g5). At this time, more deposits
accumulated in the membrane protrusions, haustorial mother cell wal1s and

sePta' Eventually the walls of the haustorial mother cells \..rere completely
obscured with these deposits. The deposits were continuous with those in
the septum (Fig. 1s6). However, a small portion of the haustorial mother
cell septum around the septal pore was always free of these deposits (Fíg.
L79), as determined in serial sections of this region. The haustorial
mother cells with heavy warr deposirs finarly corlapsed (Fig. 189).

The electron-oPaque deposits found in the above structures f¡¡ere

resistant to both 1ipíd solvent extraction (Fig . LBI) and protease digestion
(Fig' 1BB)' similar to the d band of the neck ring of p. coronara avenae,
they were resistanË to periodic acid ËreaLment (Fig. rg9). since these
deposits were electron-opaque in unstained sections of glutaraldehyde-fixed,
unosmicated materials, they mayalso consist of element(s) suitable for
electron-probe X-ray analysis (EDX).

A 7-day old colony of P. coronata avenae was chosen for EDX analysis
of these deposits' sections were taken from various areas of the colony to
obtain haustorial mother ce1ls undergoing different sËages of development.
stages showing the initial deposition of electron-opaque material in the
membrane protrusions and in the thickened portion of the haustorÍal mother
cell wal1 at the site of host penetration, as well as the subsequent heavy
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accumulatíon of the deposits ín the rest of Ëhe haustorial mother cell wal1

and septum Tdere located readily within or near the centers of colonies.

Analysis was made on these structures, but only one example of each will

be presented. For comparison, membrane protrusions, haustorial mother

ce1l walls and sePta found at the edge of the colony, and other mycelial

wa1ls that were free of any electron-opaque deposits were also anal yzeð,.

tr^Ihere electron-oPaque deposits appeared inside the membrane pro-

trusions (Fig. 190), silicon was detected as the major element present

(Fig. 200). The peak representing copper \,ras assumed to have originated

from the coPper suPport grid. To show that the silicon peak was significant,

the hyphal wal1 adjacent to the above membrane protrusion was also analyzed..

This revealed only a smal1 peak of silicon (Fig. 2oL). Analysis of rhe

formvar-carbon suPport film also showed trace amounts of silicon (see

Fig. 178), which could account for the snall amounts of silicon detected

in Lhe hyphal wal1. The above therefore demonstrated that silicon was the

major element present in the electron-opaque deposits.

At the site of host penetration (Fig. rgl), EDX analysis of the

electron-dense deposits in the thickened portion of the haustorial mother

cell wall indicated thaË silicon was the major element ín these dense

deposits (Fig. 202). with older hausrorial morher cel1s (Fig. 186), EDX

analysis similarly revealed a rnajor silicon peak in the electron-opaque wa11

(Fig. 203) and seprum (Fig. zo4). Evidenrly silicon was also rhe major

element in this modified haustorial mother cell wall and septum, In con-

Lrast no silicon r{as detected in significant amounts in the wal1s (FiS.

205) and septal (Fig. 206) structures of the haustorial moËher cells regard-

less of age, Ëhat were located at the edge of infection colonies.

Changes in wal1 aPpearance of the haustorial mother cells located
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in the central regions of older infection colonies have been reported in
P. coronata avenae and also in E. graminis tritici by light microscopy.

In the central regions of the colonies the v¡alls of many haustorial mother

cel1s usually became swollen and were described as having a ,rglassy',

appearance (A1len, Lg23b; Ruttle and Fraser, Lg27). The presenr study

supplemented these findings. The silicon that was frequently found in the
v¡alls and sePta of many haustorial mother ceIls located mainly in Ëhe cen-

ter of the colonies of p. coronata avenae may be responsibre for Lhe
ttglassy" apPearance observed by light microscopy. while the electron-dense
deposits found in sirnilar locations in !. graminis tritici (Figs. 180 and

181) were not analyzed, it is believed that silicon is also present in
these dense deposits.

The finding of silicon in the haustorial mother cells of p. coronaËa

avenae aPpears unique relative to the rust fungi so far described. There

is little ínforrnation on the occurrence and distribution of silicon in
fungal tissue. silicon has been reported in sporangia of Metatrichia
vesparium (Nelson et al, Lg77) and in conidia of Erysíphe graminis after
germination on a compatible host (Kunoh et al , LgTg; Kunoh and rshizaki,
1980). Kunoh et al (rszs; suggested rhaÈ silicon in germinared conidia
was translocated from the host cells through priuiary germ tubes and/or
conidial cell walls, because the level of silicon in germinated conidia
was higher than that in ungerminated conidia. To determíne the possible
source of silicon in the haustorial mother cells of p. coronata avenae,

air-dried ungerminated urediospores vTere examined by EDX analysis. No

significant amounts of siLicon courd be detected in the waLls of the

urediospores (Fig. 207), A1so, no electron-dense deposits were observed

in unstained sections of urediospores of p, s_grone_qe avenae fixed Ín
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glutaraldehyde alone (Fig. r93). Thus it appears that the dense silicon
deposits in many of the haustorial mother ce1ls found in older colonies were

derived from the host p1ant.

During the course of EDX analysis large electron-opaque deposits

were detected in the protoplasts of older haustoria (Fig. 7g4) and haus_

torial mother cel1s (Figs. 190 and L92) of p. coronata avenae in unstained

seclions of glutaraldehyde fixed, unosmicated tissue. Spectra of these

deposits found in older haustoria and in haustorial mother cells are shovrn

in Figures 208 and 209 respectively. They were simílar in composition and

EDX analysis showed that they contaÍned high concentrations of phosphorous

with some amounts of iron and sulphur, rn ua/pb stained sections of gluta-
raldehyde/osoo fixed tissue, large electron-opaque deposits of varying shape

were observed in vacuoles of hyphar cells (Figs . Lgs and 198) and young

haustorial mother cel1s (Figs. Lg6 and 197) of p. coronata avenae. similar
deposits were also found in p. graminis tritici (Fig. rgg), However, EDX

analysis was not employed and it is not known if the above electron-opaque

deposits found Ín stained sections T¡rere analogous to those in order haus-

torial mother cells and haustoria (Figs. Lg2 and 194) that had been sub_

jected to EDX analysis. using Ëransmission electron microscopy and EDX

analysis, white and Brown (L979) and Bullock et a1 (1980) showed rh,at phos-

phorous-rich (most likely polyphosphate) inclusions were comnon in some

fungi and characteristically, all of these inclusions were detected within
vacuoles- Howevsr, it appeared that generar morphological appearance and

location vrere not adequate criterÍa for the identifÍcation of phosphorous-

rich inclusions as white and Brown (Lg7g) noted that some electron-opaque

deposits found in vacuoLes in the mycorrhizal fungus that had been fixed
with gluËarldehyde /osoo and stained r^¡ith ua/pb were not preserved in
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glutaraldehyde fixed, unosmícated tissue, and Ëhus could not be identified

by X-ray analysis. Phosphorous-rich inclusions r¡rere normally preserved in
glutaraldehyde fixed, unosmicaËed tissue. Further investigation is needed

to determine if Ëhe electron-opaque deposits seen in young haustorial
mother cells of P. coronata avenae or P. graminis tritíci fixed with gluta-
raldehyde 0s04 and stained with ua/pb were phosphorous-rich deposits.

Polyphosphates (or inorganic phosphates) have been reported in
bacteria, a1gae, several ecto- and endo-mycorrhizae, and. in several fungi
Íncluding Rozella allomycis, Glomus mosseae, Aspergillus niger and p.

graminis tritici in saprophytic cultures (see trIhite and Brown, IgTg). In
Glomus mosseae, callow eË a1 (1978) reported that more tnan 4or. of the

total fungal phosphorous occurred as polyphosphate. rt is probable that
the phosphorous-rich iron-containing deposits found in the older haustorial
mother cells and haustoria of p. coronata avenae, as determined by the

present EDX ¿n¿lysis were analogous to Lhe inorganic phosphates described

in the organisms above,

G. Host Responses

1. Cvtoplasmic Changes

In newly invaded host cells one of the earliesË host responses thaË

could be detected was the association of endoplasmic reticulum with the

deveLoping haustoria. General disorganizatíon of the host cel1 protoplast
rtas not apparent at this stage. In P. coronata avenae infecËions, endo-

plasmic reticulum cisternae \^lere seen lying paralle1 to the invaginated host

plasmalemma along the young haustorial neck, before expansion of the haus-

torial body (Figs. 28 and 29). After the haustorial body was formed, pro-

files of endoplasmic reËícu1um cisternae r^rere found associated with the
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(Fie. 35).

In P. graminis tritici infecËions the association of the endo-

plasmic reticulum wÍth developing haustoria vTas more striking. As reported

elsewhere (Harder et a1, L978), Ëhe earLy expansion phase of the haustorial
body was accompanied by extensive prolíferation of endoplasmic reÈiculum,

particularly around the uppeï portion of the neck, where some of the cis-

ternae appeared to radiate from the haustorium out ÍnËo the host cytoplasm.

As the haustorium matured, the proliferatÍon of endoplasmic reticulum

around the haustorial neck became less marked and this \¡las preceded by Ëhe

developmenË of endoplasmic reticulum-derived membranous complexes. These

complexes consisted of a laLtice arrangement of large and smal1, apparently

interconnected, ribosome-free tubules around Ëhe haustorial body. It was

shown that the large tubules were conLinuous with the endoplasmic reticulum,

and both large and sma1l tubules were apparently connected to the invaginated

host plasmalemma around the haustorial body (Harder et a1, L97B).

tr{hi1e organized endoplasmic reticulum-derived membranous complexes

r'lere not observed in P. coronata avenae infections, Ëhe development of
the extrahaustorial matrix was accompanied by a marked proliferation of

large tubular complexes (Fig. 2LO). These complexes consisËed of large

randomly arranged tubules, some of r,¡hich in turn r{ere connected to membrane

strucLures with circular profiles (Fig. 2LO). As r¿ill be detailed later,

these tubular complexes were located mainly in the part of the host cyto-

plasrn between the host nucleus and the ad.jacent developing haustorium.

The tubules making up the complexes contained an electron-dense

matrix and a thread of denser staining material at their centers (Fig. 21O).

The tubules nere distinct from the host endoplasmic reticulum (r'ig. 2IL).
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I'Ihile the membranes of these tubules l,Jere often seen connected to the in-
vaginated host plasmalemma around the hausEorial body, results frorn pACp

staining showed that the invagínated plasma membrane consisËentIy stained
more densely than the tubule membranes and other membrane structures boËh

in the host and fungus (Figs . 2r2 and 213). sinilar staining behaviour

was observed with the invaginated host plasmalemma and tubules around the
haustorial body of P. graminis tïitici (Harder et al, rgTB). rn p. coronata
avenae, the invaginated plasmalemrna at the more distal porËíon of the haus-

toriar body stained more intensely than the rest of the invaginated plas-
malemma' The exact location where this transition occurred ÞJas not deter-
mined' The above observations with the PACP staining were different from
those described for uredial infections of M. liE in that the invaginated
host plasmalenma around the haustorÍal body was always more lightly stained
than the non-invaginated portion (Littlefield and Bracker, LgTz). while
the specificity of this stain for plasmalemma is sËill unclear (see sectÍon
rv'B Literature Review), the consistent more dense staining of the distaL
portions of the invaginated plasmalemma observed in the presenË study
indicates variability in composition of various portions of the invaginated
plasmalemma, and that the PACP method is sensitÍve to these differences.
Littlefield and Bracker (1972) concluded from their M. lini srudy rhaË

either the change in nature of the invaginated host plasmalemma occurred
after iËs formation, or that Ëhe new portion of the plasmalemma differed
from the rest from the outset.

AfËer the PA-TCH-SP treatment the contents of the tubules that
made up the large tubular complexes found in the vicinity of the haustoria
of P' coronata avenae were inËensely srained (rigs . L44 a..ð, 2L4). The

contenLs of the tubules T,7ere conËinuous r¡iLh the PA-TCH-sp stainable
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materials in the extrahaustorial matrix and dÍrect connection beËween the

tubule membranes and the invaginated host plasmalemma was evident (Fig.
L44), After cel1u1ase treatment both the ua/pa srainable (Fíg. L47) and

PA-TCH-sP stainable (Fig. 148) materials were removed, suggesting that
cellulose \¡Jas Present in these structures, As described earlier, much of
the PA-TCH-sP stainable material in the extrahaustorial matrix was also
removed after ce11ulase treatment (Fig. L4B), suggesting Ëhat celrul0se
was also Present as a component of the matrÍx. This is consistent with
the suggestion th,at the extrahaustorial matrix may contain substances of
host origin (Littlefield and Heath, rgTg). The conËenLs of rhe large
tubules that made up part of the endoplasmic reticulum-derived tubular comt

prexes found in P. gramÍnis triËici were also stained with pA-TCH-sp (Fig.
2r5) ' The cellulase treatment Ì"/as noË performed to determine if cellulose
was also present in these sLructures.

As the haustoria developed the host nuclei were frequently seen

appressed to one side of the haustorium and occasionally the nucleus r¡ras

indented by a haustorial lobe (Fíg. 2L6). close associatíon of haustoria
with host nuclei has been reported in other rust infections and this appears

to be a general phenomenon (Littlefield and Heath, rgTg). However, the
present results indicate a more exLensive association between the haustoria
of P' coronate avenae and host nuclei than has been previously indicated.
As mentioned above there was extensive ramification of large tubules and

circular membranous strucEures in the host cytoplasm in the vicÍnity of the
haustoria' on close examination these tubules were found mainly in the
cytoplasmic region between the host nuclei and Ëhe nearby haustoria (Fig.
2L7) ' The frequency of this observation in the presenË study suggests that
the association may be a characteristic response of the hosË. The proli_
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feration of these Ëubules and circular membranous structures r,¡as more pro-

nounced especially in the indented region of the nucleus where a haustorial

lobe was located (Figs. 217 - 220). rn this region the portion of the

nucleus adjacent to the cytoplasm containing these tubules was highly
lobed (Figs. 2L7 - 220) e inore so than the rest of the nucleus. \^ihile direct
continuity \''7as observed between these tubules and the invaginated host

plasmalemma around the extrahaustorial matrix (Fígs . L44 and. 2I2), con-

tinuity between the tubular membranes and the nuclear envelope v/as not

found despite extensive efforts made to find these connections. The

occasional association of these tubules with some chloroplasts seen in some

cases (Fig. 22I) was líkely by chance and due to the nucleus being just out

of the plane of sectioning. Figure 220 shows a general view of the associa-

tion of a mature haustorium with the lobed portion of the host nucleus.

Tubular and membranous compl-exes v,¡ere located mainly in the cytoplasmic

Yegion between the host nucleus and hausËorium, and noL in other cytoplasmic

areas which contained chloroplasts and mitochondria. There 1vas no parti-

cular associatÍon of chloroplasts and mitochondria with the developing

haustoria nor r¡ias any change in their ultrasËructure observed in the Ëime

period up to the onset of sporulation. However, other host organelles such

as Golgi bodies were often seen in the vicinity around the developing haus-

toria of P. coronata avenae. Figures 222 and 223 are micrographs of
adjacent sections of a young haustorium stained with the pA-TCH-sp method.

The age is indicated by the presence of only the d band in the neck ring
(Fig. 222). An aggregation of Golgi bodies and vesicles was clearly evi-
dent around the haustorial neck region. The conLents of the vesicles were

sËained intensely with PA-TCH-SP and appeared to have budded off from the

Golgi bodies (Figs , 222 anð, 223). Golgi bodies were also abundanr in the
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host cyËoplasm around the haustorial body and Ëhey appeared to be active
Ín budding off vesicles (Fis. 224), An increase in the number of GolgÍ

bodies in the host cytoplasm around haustoria has been reported in other

rust infections (see Littlefield and Heath, IgTg). In p. coronata avenae

ínfections however, and without quantitative data, it was difficult to
determine if the apparent increase in number of host Golgi bodíes around

the haustoria resulted from a redistribution of such organelles in the

host protoplast or whether it was due to an increase in the total number

of Golgi bodies in each infected cell. The Golgi bodies did nor appear

to be particularly involved in any of the described associations of the

endoplasmic reticulum and Ëhe invaginated host plasmalemma, despite their
accumulation around hausËoria. They also did not appear to be involved

in the large tubular complexes associated v¡ith the haustoria. The Golgi
bodies normally have an intermediary role in the transformation of endo-

plasmic reticulum-type to plasmalemma-type membranes (Morrá, Lg75). rt is
not clear if the Golgi bodies have a similar role in the host membrane-

haustorial association. one possibility is that the tubular comprexes play
a similar synthetic-transport-intermediary ro1e, but in a special Lzed. way

to meet the needs of Ëhe parasitic fungus.

2. Collars

A comnon response of the host celr to the presence of rust fungal
haustoria is the deposiËion of a ttcollart' of material at the point where

the fungus enters the host ce1l (see section IIr.B Literature Review). In
compatible infecËions of P. coronata 4vgqqe or E, graminis Ëritici deposi-

tion of marerial againsr ;r. ,*. *r;"ion.arry occurred aË Ëhe poinË

where the haustorium entered the cel1. such wall deposits usually resulted
in the formation of a collar around Ëhe hausËorial neck but Ëhey rarefy
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extended beyond the h¿ustorial neck.

graminis tritici infections, collars

haus toria.

In both !. coronata avenae and p.

were generaLly associated wíth older

After ua/Pb staining, a small collar in the early development stage

around the neck region of P. coronata avenae was mainly electron-translucent
wiËh some elecrron-opaque patches (Fig. 225), The area of the collar
immediately adjacent to the neck was elecËron-translucent. Host plasmalenrna

was seen lining both sides of Ëhe collar which was separated from the haus-

torial neck by both the host plasmalemma and the invaginated host prasmalemma

(Fig. 225), some mature collars vrere elecËron-opaque (Fig. 226) whLre

others contained membranous material and extensive electron-opaque patches

(Fie. 227). After PA-TCH-SP treatment, the material makíng up most of the

collar was intensely stained, although some compartmenËs and especially the

portion of the co1lar immediately adjacent to the haustorial neck remained

unstained (Figs. 228 and 229). By using the same staining method two host

wall layers were revealed: a thicker f.ighter stained outer layer and a
thinner denser stained inner layer (Fig. 75). rn all cases the corlar
material was continuous with the inner layer of the host wa11 (Figs . z2B -
230), This inner layer of the host wall increased in thíckness initially
in regions around Ëhe penetration site as the co1lar developed. rn some

infections where weLl-developed collars were present, deposition of colrar
material into the inner host wa1l in these regions was so intense that this
inner layer of the host wall became much thicker than the outer layer
(compare Fig. 230 to Fig. 23L). trIhere there were large co11ars, these

wal1 appositions could be observed at some distance away from the penetra-

tion site of the haustorium (rig. 230). rn compatible p. graminis tritici
ínfections the aPpearance of the collar deposits stained with the pA-TcH-sp
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procedure r¡Jas quite distinct from

infections. The materials in the

were more diffuse and granular ín

232) .

those associated with p.

wal1 appositions as well

the P. graminis tritici

In !. coronata avenae infections the onset of wal1 apposition r¡7as

initiated by deposition of material against the host cell wa11 at the pene-

Ëration site of the haustorium (Fig. 23I), Snall membrane-bound vesicles,

some containing electron-opaque material, appeared and became attached to

the invaginated host plasmalemma along the haustorial neck (Fig, 233). More

vesicles then appeared (Fig. 234) and these probably coalesced together ro

form the collar. A coll-ar formed in this manner would conËain Ërapped mem-

branous materials which are remnants of the vesicles after having released

their contents during fusion. It is not clear however, whether the inva-

ginated host plasmalemma along the neck region was involved with the

vesicle-membrane fusion. The absence of Ërapped membranes in some collars
(Fig. 226) suggested Ëhat noË all collars rdere formed in the manner as

described above. Furthermore, collars found in P. coronata avenae infec-

Ëions were variable in shape. Many collars had long projections radiating

ouL from the main collars into the host cytoplasm (l'igs . 235 - 237). rn

some views, these projections resembled large vesicles (Fig. 236), buË this
apPearance \.vas due to the plane of sectioning. When these projections were

present, profiles of host endoplasmic reticulum and Go1-gi bodies were

always found associated with thern (Figs. 236 anð. 237). MosË interesting

Ì,ras the fact thaË these large projections apparently were linked by pro-

files of endoplasmic reticulum, although actual connections between these

structures r¡Jere not demonstrated. Figure 236 shows a network of endoplasmic

reticulum-projection'sysËem occurring in the host cytoplasm around a collar.

coronata avenae

as the collar

infections (Fig.



84

Characteristic organization and distríbution patterns of endo-

p lasmic reticulum cisternae have been associated with ce11 wall formation

in higher planËs (chrispeels, L976), including callose deposition (Northcote

and wooding, L966; clowes and Juniper, 1969). The characteristic associa-
tion of the endoplasmic reticulum cisternae with the col1ar projectíons seen

in the present study is probabLy representative of a stage in the growth

of the collar. It has been implicated that endoplasmic reticulum plays a

role in the development of the more extensive, but otherwise similar,
collars and encasements found in some incompatible rust-host interactions
(Heath and Heath, L}TL\ and endoplasmic reticur-um involvement in poly-

saccharide synthesis has been suggested for other systems (chrispeels, rg76).
However' collar deposits and the contents of the nearby endoplasmic cis-
ternae always sËained differently. As pointed out by Heath and Heath (Lg7L),

iË was possible that precursors of collar material v;ere synthesized in the
endoplasmic reticulum, then either Ëhe contents changed in composition or
degree of polymerizaËion after discharge, or it is possible that the sub-

stances of the collar were secreted ín some other way.

Collars containing fibrillar and elecLron-1ucenË components have

been observed ín a number of rust infecËions (coffey et al , Lg72; Hardwick

et al , L97L; Littlefield and Bracker, r97z; Hearh and Heath, LgT1-). since
callose is typícally electron-lucent (Frey-wyssling and Mühlethaler, 1965;

Heslop-Ilarrison, L966), one would expect callose v/as at least present in
those collars containing electron-lucent components. rn compatible inter-
actions with -Il. phaseoli Ëypica (Hardwick et al , LITL) and in incompatible

ínteractions wirh Il. phaseoli visnae (Heath, LgTL), histological studies
with light microscopy suggested that a callose-1ike compound vyas present
in these collars. rt is 1ike1y that callose r,las present in the electron-
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lucent compartinents of the collars found in P. coronaËa avenae infections.
However, Ëhe collars vTere not wholly elecEron-lucent, and they probably
contained other materials as we11.

usÍng the PA-TCH-sP test for polysaccharides most regions vrithin
the collars Ín P. coronata avenae infections were intensely stained (Fis.
238), and this staining reaction was blocked by sodium borohydride (Fig.
239) ' The collar material remained unstained in the control treatment
(TCH-SP) where periodate oxidation had been omirted (FÍg. 240), The

staining pattern of the collar with the pA-TCH-sp procedure apparently
vras not affected after cellulase treatment, suggesting that cellu1ose was

not a major constituent of the collar material (Fig. 24r). The de Bruijn
fixation method did not revear- the presence of any glycogen (Fig. 242).
After protease treatment extensive extraction occurred in the haustorial
neck wall, but the collar material that was stainable v/ith ua/pb (Fig. 243)
and PA-TCH-sP treatment (Fig. 244) remained unchanged. solvent extraction
did not affect the appearance of the collar (Fig. 245) nor did it affect
the amounr of polysaccharide in ir (Fie. 246).

The above cytochemical tests therefore suggested that carbohydrates
leere the mei¡1 senstituents of the col1ar deposits in susceptible plants
infected with P. coronata avenae. These carbohydrates reacted positivery
to the PA-TCH-sP treatmenE, indicating that they were polysaccharides con-
taining vicinal hydroryl groups. callose on the other hand, is known to be

a Ft-: glucan (Kessler, 195g; Eschrich, Lg6L). such glucans are resisrant
to periodate oxidation (Heath and Heath, LgTL) and rhus should be pA-TCH-sp

negative' rf it could be confirmed thaË callose was also present in the
translucent compartments of Ëhe collars found in p. coronata avenae infec-
Eions' this would suggest that there hTere at leasË tr^ro types of carbohydrates
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making uP the collar deposits. A number of studies have shov¡n that callose

deposition could be induced, increased or decreased by such factors as

mechanical injury, temperature, application of various chemicals, or by

changes brought about by senescence (see Jagels and Garner, LgTg). The

forrnation of primarily callose-containing collars may símilarly represent

a nonspecific response to ínvasion of the host ce1l. However, other carbo-

hydrates were often found in apparently large concentrations in the collars
of P. coronata avenae infections and the development of such collars

appeared to be closely associated with host end.oplasmic reticulum, thus

rePresenting a kind of host response Ëhat is perhaps more specÍfíc than

that elicited by injury a1one.

It is of interest that collars v'7ere not ind.uced in every invaded

cell. As pointed our by Hearh and Hearh (Lg7L) and Hearh (rg74), rhis
could indicate a suPPression of this response i-n compatible associations

as long as the haustorium remained alive and unimpaired. Such a hypothesis

would further explain why collars vTere more frequent in older infections
seen in the present study and in other rust infections (Coffey et a1 , L972;

Heath and Heath' L97L). Further, it has been indicated that the degree of
compatibility between host and fungus, and the healLh of the 1aËter, could

decrease with tíme, particularly after the onset of sporulation (Littlefield

and HeaËh, L979) .

II.

Monokaryotic (M-) haustoria are intracellular structures found in
basidiospore-derived infections. They are formed from a terminal ce1l of a

hyphal branch, are raËher filamentous in shape and they more closely resemble

the inËercellular hyphae than Lhe "true" D-haustoria (see Littlefield and

Basidiospore-Derived rafections of p. coronaLa avenae
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Heath, LgTg). Using the Thiáry PA-TCH-SP staining meËhod a moderaËely-

stained layer of extracellular substance was often observed on the outside

of this terminal cell, which cornmonly fílled part of the angle of contact

between host and fungus (Fig. 247). After ua/pb staining thÍs layer \¡/as

electron-lucent and the boundary between this layer and the fibrillar host

wall was indistinct (Fig. 248). This layer rras continuous vrith that
covering the rest of the intercellular mycelium and probably served to

adhere the fungus to the host wa1l.

In D-haustoria the haustoríal mother ce1l septum is the last septum

formed in the D-haustorial apparatus. In M-haustoria the posiËion of the

last septum relative to the host cell varied with age of the M-haustoria.

During early haustoríum developmenË Ëhese sepËa were found at some dÍstance

external to the penetration region (Fig. 249) and. no structural changes

comparable to those in dikaryotic infections r¡zere observed. When the haus-

toria r'tere inore mature the last. septum outside the host cell occurred close

to or at the site of penetration (Fig. 250). rn older infections some

M-haustoria were septate (Fig. 25L) (Harder, t97B). No structural differ-
ences could be observed between L.he last hausrorial septum (Fig. 249) and

sePta in other portions of the fungus (Fig. 252). The variable location
of the M-haustorial septa appears to be due to continuous formation of new

septa during haustorial growth, similar to that occurring during normal

hyphal growth.

After PA-TCH-sP treatment all fungal walls were inËensely stained

rnvasion of host ce1ls did not involve the formation of a
(Fis. 253).

special ized

fungal wal1

ac compl ished

penetration peg. There $ras no localized thickening of the

at the penetration siËe (Figs . 247 and 253). penetration was

by a protuberance of the terminal ce11 entering Ëhe host wal1
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(Fig. 247), AË the tip of the protuberance rhe fungal wal1 was slightly

thinner than that around the rest of the cel1, and dense granules and

membranous uraterial were seen in the eytoplasm of this region (Fig , 247).

After host penetration the fungal wa11 was similar in thickness through-

out the penetration region and relatívely 1iËt1e constriction of the fungus

was observed at Ëhe penetration síEe (Fig. 253), The host wall did not

aPPear distorted or displaced inward at the penetration region (Figs, 253

arrd 254) suggesting that penetration of the host wal1 lvas accomplished

largely by enzymatic action.

The ingrowth of host wall-1ike material formed in advance

of the penetrating fungus (Harder, I97B) was not observed in the present

study, though infrequently a co1lar was found around the proximal (adjacent

to the host wall) portion of the lul-haustoria. When present, the collar

was fÍbrillar and appeared rather heterogenous in nature, and its presence

was usually associated r¡7ith older haustoria (Fig. 255).

The M-haustoria of P. coronata avenae had a much simpler struccure

than the D-haustoria. They did not possess a structure resembling the

neck ring typical of D-haustoria and a clearly differentiated neck region

was absent. They were usually filamentous and closely resembled inter-

cellular hyphae (Fig. 254), The wal1s of M-haustoria \^7ere separated from

the surrounding invaginated host plasmalemma by an interveníng 1ayer,

designated as an extrahaustorial matríx analogous to Ëhat of the D-haustorial

aPParatus. The extrahaustorial matrix was usually thin around most of the

hausÈorial body, but Ìvas more pronounced at the distal portion of the

haustoriun (Fig. 254),

Àfter Ua/Pb staining the extrahaustorial matrix was mod.erately

electron-opaque arourìd the entire haustorial body, buË was usually more
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densely sËained in the proximal region (Fig. 256) than in the other regÍons

(Fig. 257). Using the PA-TCH-sP staining method the extrahaustorial matrix

was electron-opaque but not as densel-y stained as the fungal wa11 (Figs.

258 and 259). In the control treatment in which periodate oxidatíon was

omitted from the PA-TCH-sP procedure (TCH-sP), silver stainÍng was observed

in all fungal wa1ls (Fig. 254) as well as the extrahaustorial matrix, bur

there \Â/as more staining in the matrix along the proxímal region of the M-

haustoria (Fig. 260) than rhar in rhe disral region (Fie. 26L). After
PACP treatment the extrahaustorial matrix in the distal region of the haus-

toria was strongly stained (Fig. 263), The extrahaustorial matrix in the

proximal region as well as the fungal wal1s remained largely unstained

(Fig. 262). The above observations from the PACp treatment suggest that
the extrahaustorial matrix in the distal region of the haustorium has a
higher concentration of PACP posítive material than the matrix in Ëhe

proximal region.

In studying the component parËs of the D-hausËoria1 apparatus in
dikaryotic infections it was demonsËrated that the TCH-sp type of silver
staining in the D-hausEorial wal1 was most likely due to Èhe presence of
unsaturated lipids (see section D above). The D-haustorial walI \^7as rna.r-

kedly different from the mycelial walls because no TCH-sp type of silver
staining was evident in the latter wa1ls. In the monokaryotic infections
however, all fungal wal1s stained intensely after the TCH-Sp treatment.

This suggests that wal1s of M-haustoria and intercellular hyphal cel1s

\{ere similar in composition. This is further supporËed by símilar staining
in the walls of the M-hauscoria and those of other hyphal cells of. the fun-

gus after Ua/pa, PA-TCH-sP and PACP treatments. Further investigation is
needed to determine if the TCH-sP Ëype of silver staining seen in the walls
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of Ëhe fungus in Ëhe monokaryotic infections was due to unsaËurated lipids.
The protoplasts of young M-haustoria contained the usual hyphal

organelles such as mitochondria, endoplasmic reticulum an¿ nuclei. Large
vacuoles were not Present in the young haustoria except for some sma11

membrane-bound electron-translucent strucËures which resembled tiny
vacuoles (Fig' 257), storage material such as glycogen and lÍpid droplets
r{ere uncommon at this stage. The cytoplasm was densely packed with ribo-
somes bur ir srained normally wirh ua/pb (Fie. 257). Older hausroria
became vacuolated (Fig. 255) and, contained considerable numbers of ripid
droplets. rnitÍalry, the host protoplasts did not appear to be affected
by the presence of the fungus but there \.,lere usually cisternae of endo-
plasmic reticulum (Fígs . 256 and 258) in the host cytoprasm near the
M-haustoria.

Like uredial infections in the Avena host, aberrant M-haustoria
were found, but these lJere usually lirnited to certain areas of the infec-
tion sites' similar to the M-haustoria described earlier (Ilarder, LgTB),

Ëhese haustoria were very irregular in shape with sharply contoured out-
lines (Fig. 264). usual organelles such as nucleí, mitochondria and

endoplasmic reticulum were present and lipid droplets were abundant in the
proËopLasËs, which \¡Jere typicarly densely staining, suggestÍng that the
haustoria were necrotíc. As shown elsewhere (Harder , LgTB) the density of
the protoplast most ofËen increased at the poinÈ of entry into the host
cel1' Both normal looking and aberrant haustoria \^rere occasionally found
in the same host cel1 (Fig. 25L), but it v/as not clear whether they were
part of one haustorium or Ëwo separate haustoria. rn a typical area of the
infection site where several of these aberrant haustoria were found, the
interceLlular hyphal cel1s all appeared normal but host cel1s showed some
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signs of disorganization (Fig. 264). rt is possÍble that the necrosis

seen in these haustoria was a deleterious response to the disrupted host

ce11s. Alternatively, it is also possible that certain M-haustoria, per-
haps at particular stages of developnent) vtere more sensitive to the

preparative procedures) resulting in the more dense staining and irregular
outlines of these haustoria. Aberrant M-haustoria were also reported in
Peridermium pini (I^Ial1es , L974). walles (Lgl4) suggested that the necro-
sis of these haustoria was probably due to an incompatibÍlity reaction
with the host protoplasts.

In monokaryotic infections of P. coronata avenae in the Rhamnus

host, invasion of the host cells r{as not linited to the leaf epidermal

and mesophyll tissues. As reported elsewhere (Harder, L97B; Ar-Khesraji
eË al' 1980), invasion of host vascular tissue often occurred. Figure 265

shows the presence of a M-haustorium in a sieve element. The haustoria
found in these vascular ce1ls usually contained very dense cytoprasms and

were irregular in outline, similar to the aberranË haustoria found in the
nesophyll cells. Fungal structures \.dere also found. in mature xylem vessels
(Fig' 265). They resernbled intercellular hyphae in structure, and lacked
an extrahaustorial matrix around them. The M-haustoria of p. poarum

found in vascular tissue of Tussilago hosË also contained. electron_dense

cytoplasm (Al-Khesraji et al, 1980). These workers attributed the dense

cytoplasm of these haustoria to metabolic activity. In ured.ial infections
of P' coronata avenae in the Avena host, invasion of the host vascular
tissue has not been observed..
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Figures 1-4.

Figures 1-4.

LEGEND

A young haustorial mother ce1l of p. coronata avenae.

Four closely adjacent sections taken from a seriesof seríal sections of the same young IMC. Host
wall penetration had begun (arrtw), but the haus-torium had not yet formed. Mitochondria (M) aredensely stained and located around the peri_phery of the cell adjacent ro the plasm"iu*n". Theprotoplast contains two nuclei (N), sua11 vacuoles(V) and an abundance of ribosomes. Characteristic
uembrane protrusions with a dense matrix (open arrow)are found on rhe hyphal side of rhe HMC 

""pl.r* 
(MS).Glt/0s04. Ua/Pb. All Figures x8,700. --'--"'
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Figures 5-9 .

Figure 5

Figure 6.

Figure 7

Figure B.

Figure 9.

LEGEND

Hyphal and haustorial mother
avenae (Figs. 5, 6 and B) and
(Figs. 7 arLd 9).

cells of P. coronata
¡. er"ri.ri"-i;;;i;;

Cross-section of a young HMC with mitochondria (M)
arranged as a ring around the inner periphery of thece11, adjacent to the plasmalemma. GLt/0s04'. Ua/pb.
x22,500.

Parr of a hyphal cel1 with
at random locations in the
Ua/PA. x15,000.

mitochondria (Ð scattered
ce11 1umen. clr/0s04.

A section taken from a serial set showing a HMC duringearly haustorium formarion. Mitochonariã (U) haveaggregated at the site of penetration (arrow). GIt/0s04. Ua/pb. x15,700.

A section showing part of a HMC seprum (MS) which is
composed of four layers. The two electron-opaque
layers (long arrows) are continuous with the peri-clinal wall (open arrow). A third more lightiystained layer (short arrow) separaLes the tr¿o electron-
opaque layers and ends at the pericrinal wall, Thefourth lightly stained. layer (arrowhead) is continuous
around the rest of the HMC. The haustorial motherceI1 wall is multi-layered, and contains more layersthan the hyphal wall. clr/0s04 . Ua/pb. x47,100.

A section showing part of a HMC septurn (MS) couposedof four layers. The two elecËron-opaque layers(long arrows) are continuous with tÈe 
-periciinal 

wall(open arrow). A rhird more lightly sràined layer(short arrow) separates the tv¡ã elLctron_op"qrrå layers
and ends ar the periclinal wa1l. The ¡ourlh lighrlystained layer (arrowhead) is continuous around therest of rhe HMC. GLt/0s04. Ua/pb. x39,600.
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Fígures 10-16.

Figure 10

Figure 11.

Figure 12

Figures 13 and 14

Figures 15 and 16.

Hyphal
avenae
tritici

LEGEND

and haustorial mother cells of p. coronata
(Figs. 10, 11, 13 and 15) and 

"l 
err*ini;

(Figs . 12, 14 and 16).

Part of a hyphal septun showing two electron_opaque
layers separated by a narrow electron-translucent
central lamella which ends at the periclinal wall(arrowhead), The septal pore is Ëhe perforated typeand is bounded by a pu1ley-wheel sf,apåa diaphragmon either side of rhe pore (arrow) . 

'GLt/OsO4. 
Ua/pb.x30,400.

A iryC sectioned near the site of host-penetration.
A densely sraining layer (arrows) is sàen at itethickened regíon of the HMC wall. There is no con-tinuity between this dense staining layer and theother exisring wall layers, Gft/O;04. u"/iA.
x3 7 , 500,

The haustorial mother cell wal1 (arrow) is composed
9f two layers, a densely staining outer layer and alightly sraining inner layer. The hyphal wa11(arrowhead) contains orr" 1"y", and is continuousv¡ith the outer layer of the mother cell wall . GLt/0s04. Ua/pb. x25,000.

The hyphal septa (long arrow) appear as two electron_
opaque layers separated by a rniddle electron_trans_lucent layer. The hyphal walls (arrowhea¿"j 

"r" "o*_posed of one densely staining layer, excluding thelightly stained layer of extiacelluiar substaãce.Both septa are plugged with material (ehort arrow)which is unstained by this staining method , GLt/OsO¡.PA-TCH-SP. Figure 13, x44,300. Figure 14, x37,600.+

The HMC septa (IdS) of older HMC showing rheir multi-layered composition. Three layers are observed, in thehaustorial mother cell wal1s (ârrows), traTo electron_opaque layers separated by a middle *áderaËely sËainedlayer. The innermost electron-opaque layeris conrinuous around the septuu tr.ro"rr.áã). G1r/Os04.PA-TCH-SP. Figure 15, x44;SOO. Figure 16, x37,500.
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Figures L7-23

Figures 17 and 18

Figures 19 and 20.

Figure 21

Fígure 22.

Figure 23.

LEGEND

Haustorial morher cells of p. graminis tritici (Figs.
18 and 23) and p. coronara ã."""-trG"|-f-"na
1 0-re\Lr LLt.

Three layers can be seen in the IIIIC wall (arrowhead) ;two electron-opaque layers separated by a moderatelystained nliddle layer. clr/0s04. PA_T¿H_Sp. FigureL7, x12,000. Fígure 18, x18,600.

Two sections taken from a series of serial sectionsto show a young penetration peg (asterisk) which hasdeveloped as a local ízed. evagination of the IIMC
plasmalenma (PL). The thickãned region of rhe IIMCwal1 is composed of Ëwo layers; a thin, denselystained outer layer (OL) and a thick, more ligntfystained inner layer (IL). A rhín, lighter stãinedregion is seen between the invaginateã portion ofPL and IL (arrows) and appears to be continuous withrhe IL (Fig. 19).^ clr/0s04. PA_TCH_Sp. Figure 19,x51,000. Figure 20, x65,0d0.

A HMC sectioned at the site of host-penetration. Thethickened region (arrows) of the t{MC v¡all is erectron-opaque. ContinuiËy is not seen between the HMC walland the hausrorial neck wall (arrowhead). Glt/OsO;.
ua/pa " x44,9oo .

An oblique section through the penetration region.
The thickened region of rhe äMC wall is largefyelectron-Ëranslucent (arrows). A thin fungãl iaftlayer (arrowheads) is seen through the penãtrationregion and is continuous with thã dense staininghaustorial neck wa11 (mtW). clr/0s04. Ualpi.
x55,400 .

A thick electron-opaque convex lens_shaped niddlelayer (ML) is seen between the two existing walllayers (IL and OL) of rhe HMC wa1l. Nore lhepresence of a more diffuse fungal wa11 layer (arrows)
through the penetraËion region, and continuity canbe seen betr¿een the ML and the haustorial neck wall(arrowhead). GLt/OsOO. Ua/pb. x32,800.
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Figures 24-27.

Figure 24.

Figures 25 and 26,

Fígure 27

Penetrat
infected
coronata

LEGEND

ion regiôns through host cell walls of cells
by P. sraminis rririci (Fie. 24) and. p.
avenae (Figs. 25-27).

Three layers (IL, ML and OL) can be seen at the
thickened region of the HMC wall. Continuity can be
established between the }fl. and the densely stained
neck wall (HNi\I), but the fungal wall material (arrow-
heads) is more lightly staining and more diffuse
through the penetration region. The neck ring (arrow)
has been erched out by this staining method. Glt/0s04.
PACP. x43,900.

Two closely adjacent sections of the snme young HMC
showing the presence of microtubules, membranous
materials, and electron-dense granules ín the IIl"lC
cytoplasm at the penetration region. Glt/0s04.
Ua/Pb. Figure 25, x50,000. Figure 26, x5L,gdO.

Membrane-bound electron-dense granules in the HMC
cytoplasm at the penetration region. GLt/0s04. Ua/
Pb. x60,700.
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Figures 28-30.

Figure 28.

Figure 29.

Figure 30.

LEGEND

Early haustorium formation in p.
(Fig. 30) and P. coronata 

".r.nã
A young haustoriurn (H) consisting of a tubular finger_like projection, about 2.6ym long, extending into thehost cel1, Inset. Note the presence of electron_
dense granules (arrow) and ribosomes in the fungalcytoplasm. The haustorial wall is seen as one ãenselystaining layer. Host endoplasmic reticulr:rl (ER) isseen lying parallel to and around the tip of the neck.Adjacent sections did not reveal the presence of ahaustoríal body. G1r/OsO4. Ua/pU. Figure 2g,x13,300. Inset, x33,900.'

A young haustorium (H) consisting of a tubular finger_like projection, about 4.I¡*n long. Aruorphous mater_ials (arrows) are seen in ihe cytoplasm. The haus_torial wall is seen as one densLly staining layer.Note the presence of host ER lying parallei to theentire lengrh of the neck. Glt/0s04, Ua/pA, x2g,300.

A young haustorium (H) consisting of a tubular finger_like projecrion. Mitochondria (ãrrowheads) in rhe HMChave not migrated through the site of penetration.
Note the electron-dense granules (arrows) in the cyto-plasm. c1r/0s04. pACp . x26,400.

gråm].nts tritici
(Figs. 28 anð. 29)
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Figures 3L-34,

Figure 31.

Figure 32.

Figure 33.

Figure 34.

Figures 35 and

Figure 35.

Figure 36

36

LEGEND

Young haustorial bodies of p. coronata avenae.
Figures 31, 32 an.d 34 are closely adjacenr sãctions
taken from a series of serial sections of the same
young haustorium.

A young haustorial body, about 2 ¡l.:m ín diameter,
formed at the distaL end of the haustorial neck (not
seen in this section) ís packed with miËochondria.
G1Ll0s04, ua/pa. x34,300.

Two moderately-stained layers separated by a middle
electron-opaque layer can be seen ín the entire neck
wal1. The invaginated host plasmalenrna (arrows)
adheres tightly to the entire length of the neck.G1tloso4, ua/pa, x66,400.

Same sectíon as in Fígure 31 at a higher magnifica_
tion to show the presence of only one layer making
up the haustorial body wal1. The rpl separates some-
v¡hat near the base (arrow) of the haustorial body toform the extrahaustoríal matrix (EM) between the rpland the body wa11. c1t/0s04. tla/pA. x64,300.

Diffuse electron-opaque material is seen in the EM.c1r/0s04. ua/pa. x53,600.

SecËions of the neck ring of p. coronata avenae.

A densely staíned neck ring (arrows) in the neck wal1of a young haustorirrn. rt is located about one-thirdof the way down the neck (HN) from the haustorial body(HB). Note the presence of host ER (arrowheads) aro.,gthe HN and HB. 91.19:0+. Secrions rreared wítin H202before Ua/pA. x25,700.'

A neck ring in a mature haustorium. The ring is about0-38¡rm wide. Note the distincrion of two bãnds arthe position of the arrows. Both bands are denselystained, G1t/0s04. Sections treaËed wLth H202 beforestaining with Ua/pb. x37,500.
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LEGEND

Figure 37.

Figure 37.

Figures 38-40.

Figure 38.

Figure 39.

Figure 40.

Neck ring of P. graminís

A densely stained neck ring (arrows) in the neck walrof a young haustorium. c1t/Oso4. Ua/pb, x22,300.

HausLorial bodies and extrahaustorial matrix of p.
coronata avenae.

TVo layers are evident in the body wall (arrow) of anearly mature haustorium, The outer layer is electron-
opaque and the Ínner layer is moderately stained.clrloso4. ua/pa. x27,óoo.

Diffuse electron-opaque and lightly stained fibrillarmaterials in the extrahaustorial matrix (EM) of amature haustorium. Note the massive proliferation oflarge tubular complexes in the ad¡acent host cytoplasm.
Many of these tubules contain a dÃnse matrix or a densecore. cIrl0s04. Ua/pb. x23,600.

Section Laken from a serial set to show the increasein thickness of the EM from the proximal end (arrow)
to Ëhe distal end (open arrow) of a mature haustorir:m.This haustorium is elongated but curves slightly atthe disral end. 

, 
r[itochondria (M) are locarãa mainry

around the periphery of the cel1 ad.jacent to the fun_ga1 plasrnalemma. Glr/Os04. Ua/pb. x9 ,400,

tritici
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Figures 4L-44

Figure 41.

Figure 42.

Figure 43.

Figure 44.

Figure 45.

Figure 45.

A near tangential section
the dísËal region showing
in the EM. c1t. PA-TCH-SP

through a haustorium at
abundant stained material
. x30,000.

LECTND

The extrahaustoríal matrix of P. coronats avenae.

The extrahaustorial rnatrix (nM) is electron-lucent,
and the two-layered haustorial body wa1l (arrow) is
lightly srained. G1r. ua/Pb. x58,900.

The EM near the distal end of a haustorium is intensely
stained. G1t. PA-TCH-SP. x47 ,L00.

The EM at the distal end of a haustorium is intensely
stained. G1t. PA-TCI{-SP. x58,900.

A mature haustorium of P. coronata avenae.

The mature haustorium appears to be branched. In Lhe
unbranched portion of the haustorium, mitochondria (Ð
are located nainly around the periphery of the cell
adjacent to the fungal plasmalemma. In the branched
portion (lower right) mitochondria appear to be ran-
donly dispersed, due to this portion of the hausËorium
being sectioned obliquely, as indicated by the more
diffuse appearance of the wa11s (arrows). Glt/0s04.
ua/Pb. xl0,000.
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Figure 46. Èlitochondria in a mature haustorium of P. coronata
avenae.

Figure 46. Cross-section of a mature haustorium with mitochondria
(l'1) arranged as a ring around the periphery of the
ce1l. clrl0s04. ua/Pb. xL4,100.

Figures 47-50, Aberrant hausËoria in urediospore-derived Ínfections
of P. coronata avenae.

Figure 47. A smal1 necrotic haustorium, but the HllC still aPpears
healthy. G1t/0s04. tsa/pu. x13,600.

Figure 48. A maLure necrotic haustorium (H) with an empty and
abnormally-shaped I{}fC (asterisk). The inset shows a
higher magnification of the HllC wal1. Electron-dense
deposits (arrow) nor-al1y not found in healthy HMC

walls, are found in Ëhe wall of this IûIC. These
electron-dense deposits can be differentiated from the
coarsely granular tûIC wall stained by Èhe Thiéry method.
Glr/0s04. PA-TCH-SP. x13,100. Inser, x75,000.

Figure 49. A mature necrotic haustorium (H) found in a host cell
with normal appearing cytoplasm. G1t/0s04. Ua/Pb.
x5,400 .

Figure 50, Aberrant and more norulal looking haustoria (H) found
within the same host cell. It is not known if the
two 'fhaustoria?t are lobes of the same haustorium. Note
Ë,he lack of norual host cytoplasmic componenËs in this
cell. Glr/0s04. ua/Pb. xL2,9oo.
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Figures 51-55. l"fembrane protrusions associated with HMC septum in
P. coronata avenae,

Figure 51. Longitudinal view of fungal plasma membrane protru-
sions (arrow) and associated mitochondria (M) on the
hyphal side of the HMC septum. Glt/0s00. Ua/Pb.
x13, 700 .

Figure 52. Higher magnification of Figure 51 to show the dense
matrix (arrows) of the septal protrusions. Glt/0s04.
ua/Pb. x39,600.

Figures 53 and 54. Two closely adjacent sections to show the cross-
secti-onal views of membrane proLrusíons (Fig. 54) and
associaËed mitochondría (Fig. 53) near the IÛIC septal
region. clt/0s04. ua/Pb. Fig. 53, x27,L00. Fig.
54, x23,100.

Figure 55. The proËrusion rnaËríx (arrowheads) is largely electron-
Ëranslucent in glutaraldehyde fixed, unosmicated tissue.
G1r. ua/Pb. x79,500.
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Figures 56-62.

Figures 56, 57
and 58.

Figure 59.

Figure 60.

Figure 61.

Figure 62.

Membrane protrusíons
with HMC septum in ?.

TECEND

and whorls of membranes associated
coronata avenae.

Three serial sections to show the convolution of
Ehe membranes at Ehe edges of the protrusions,
suggest,ing that interconnections may occur, The
arror¡r indicates the same membrane protrusion. Mem-
branes of these protrusions have a trilemma structure.
Glt/0s04. ua/pb. All Figures x45,000.

Small membrane protrusions (arrow) , about 0.2¡ro 1ong,
appear on the hyphal side of the ItlC septun. Small
whorls of membranes (arrowheads) with a trilemma
structure, occur in close proximity to the fungal
plasma membrane on the HMC side of the septum. GLt/
0s04. ua/Pb. x51,600.

I.Ihorls of membranes (asterisks) found on the HMC side
of the septun, and the fungal plasmaleurna (arrow) are
stained densely relative to the mitochondrial (M) mero-
branes. clt/0s04. PACP. x86,700.

Membrane proErusions on the hyphal side of the IûlC
septum, decreased in size and became angular in shape.
This occurred after the finger-Iike stage of haustorium
development, illustrated in Figure 28. Glt/0s04.
ualPb. x45,300.

Further reduction in size of the membrane protrusions.
This occurred as the hausto:rial body formed al the dis-
tal end of the haustorial neck (not shown). Glr/0s04.
üa/Pb. x34,300 .
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Figures 63-65.

Figure 63.

Figure 64.

Figure 65.

Figures 66-68.

Figure 66

Figure 67

Figure 68.

LEGEND

Membrane protrusions in
haustorium formation.

An oblique section at the
the HMC septum showing the
brane protrusions (arrows)
x22,500 ,

coronata avenae after

hyphal septal region near
interconnections of mem-

. Glr/0s04, ua/pa.

P.

A near cross-sectional view showing the inter_
connections of membrane protrusions (arrows) . GIt/
0s04. PA-TCH-SP. x35,200.

Membrane-protrusions (arrowheads) as red,uced papillae
Tfe HMC is largely vacuolared. GlrlOsO4 . Ua'/pb.
x35,200.

Septal pore structure of the HMC septum. Figure 66,P. srauiniå tritici; Figures 67 anð,68, p. cãronara
avenae.

The septal pore is blocked by a pulley-wheel shapedplug of electron-dense material (arrow). Long mem_
brane protrusions (arrowheads) are present on the
hyphal side of rhe HMC seprum. c1t. Ua/pb. x58,600.

An unstained section of the HMC septum after lipid_
solvent extraction. The plugging material of the
septal pore is electron-dense (arrow). Long membraneprotrusions (arrowheads) are present. Glt_ãcetone_0s04. x5B,30O

A large open pore (opposing arrows) of the IIMC septumwhich apparently is still in the formative stage. Notethe presence of lorg membrane protrusions (arrowheads).
G1Ll0s04. TCH-SP. x52,900.
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Figures 69, 7L-73.

Figures 70 and 74.

Figure 69.

Figure 70

Figures 7L-73

Figure 74.

Septal pore structure
coronata avenae.

LEGEND

of the HMC septum of P.

of a hyphal septum ofThe septal
P. graminig

pore structure
tritici.

The septal pore is plugged with an electron-dense
material (open arrow) after membrane protrusions
had shrunk to the size of small papillae (arrow-
heads) . cLL/0s04. Ua/Pb. x77,700.

An electron-dense plug (open arrow) in Ëhe pore of
the hyphal septum penultimate to the HMC septum.
Glt/0s04 . ua/Pb. x24,300.

Three serial sections showing the smal1 open pore
(about 9.5 nm) in Figure 72. The pore is delinited
on either side by an irregularly shaped electron-
opaque diaphragm (arrows). c1rl0s04-K3Fe (CN)O . Ua/pb.
All Figures x52,900.

Higher magnification of Figure 70 to show the electron-
dense plug of the hyphal septal pore. G1r/0s04.
ttalpb. x4B, ooo.
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Figures 7 5-79 .

Figure 75.

Figure 76

Figure 77

Figure 7B

Figure 79.

Chloroplasts in the P.

LEGEND

coronata infected Avena host.

Thiáry staining of starch granules (SG) in a chloro-
plast (CH), and the host wall, which is seen as two
layers (IL and OL). The OL is finely granular and
the I.L is coarsely granular. The fungal wall (arrow)
is intensely stained. Plastoglobuli (arrowheads) are
unstained, and thylakoid membranes are lightly stained.
G1r/0s04. PA-TCH-SP. x26,800.

Host r.¡a1l (CI^I) and starch granules (SG) not stained
in a control treatment where sodium borohydride was
used. Glt/0s04. PA-sodium borohydride-TCH-SP.
x20,000.

Plastoglobuli (arrowheads) and thylakoid membranes are
intensely stained but the starch granules (SG), host
wall (CW) and fungal wall (arrov¡) are Largely unstained
in a control Ëreatment in which periodate oxidation
had been omitted. Glt/0s04. TCH-SP. x37,500.

No silver deposits observed in starch granules (SG).
The staining of thylakoid membranes and plastoglobuli
ís due to their osmiphilia. G1r/0s04. SP. x51,800.

Starch granules not stained when periodate oxidation
was replaced by hydrogen peroxide treatment. GLt/0s04.
H202-TCH- SP . x41 , 000.
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Figures 80-82. Glycogen granules in P. coronaËa avenae.

Figure 80. Thi6ry staining of glycogen granules (c). clt/0s04.
PA-TCH-SP. x32,100.

Figure 81. Glycogen granules (G) not stained in a control treat-
ment. Glt/0s04. PA-sodium borohydride-TCH-SP.
x24,000.

Figure 82. Glycogen granules (G) largely unstaíned in a control
rrearment . GI t/ 0s04. TCH- SP . x35, 000 .

Figures 83-85. Tissue of P. coronata avenae fixed by the de Bruijn
method.

Figure 83. Glycogen granules (arrows) and membranes are electron-
opaque. Protrusion matrix (arrowheads), HllC septum
and HMC wa11 are moderately electron-1ucent. GlL/0s04-
K3Fe(CN)6. UnsËained section. x26,400.

Figure 84. Glycogen granules (arrow) are electron-opaque, as well
as lipid and membranes. Glt/0s04-K3Fe(CN)U. Unsrained
section. x37 ,700.

Figure 85. Haustorial neck wa1l (arrow) and body wall (arrowhead)
are largely electron-lucent. Membranes are more elec-
tron-opaque. Glr/0s04-K3Fe(CN)6. Unsrained secrion.
x39,600 .

Figures 86-87. Osmiophilia of fungal structures.

Figure 86. Protrusion matrix (arrowheads) is moderately electron-
dense but not the hyphal wall (arrow). Glt/0s04.
UnsEained section. x4L,300.

Figure 87. Oblique section of part of the haustorial neck (HN) and
neck ring (asterisk). Neck walls (arrows) are electron-
dense. Glt/0s04. Unsrained section. x48,600.
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Figures 88-90. Tinj,íry staining of fungal walls arrdfor the protrusion
matrix in P. coronata avenae.

Figure 88. The protrusion maËrix (arrowheads) and fungal wal1s
(arrows) are intensely sËained. Mitochondria (lÐ
are weakly stained. Glr/0s04. PA-TCH-sP. x31,250.

Figure 89. The haustorial neck wall showing a t.hin, densely
stained j-nner layer (IL) and a thick, lighrer staíned
ourer layer (oL) . clr/0s04. PA-TCH- SP . x62 , 500 .

Figure 90. The two layers (IL and OL) are continuous around the
haustorial body (tß) . Glt/0s04. PA-TCH-SP. x60,700.

Figures 91-93. Controls for the PA-TCH-SP Ëreatment; P. coronata
avenae.

Figure 91. Mycelial wall (arrow) unsËained in the control treat-
menr. cIr/0s04 . H2O2-TCH-SP . x29,100.

Figure 92. The HMC v¿all (arrows) and host wall (CW) unstained i-n
the control treatment. Membranes, and a layer of extra-
cellular substance (arrowheads) between til{C wall and
CW are stained. GlË/0s04. TCH-SP. x52,900.

Figure 93. The HMC septum and protrusion matrix (arrowheads)
unstained in the control treatment. Glt/0s00. PA-
sodium borohydride-TCH-SP. x36,400.
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Figures 94-99.

Figures 94 and

LECEND

Controls for the PA-TCH-SP treatments;
avenae.

P. coronata

95. Protrusion matrix (arrowheads) and membranes are
intensely stained in the control treatment. The
HMC septum is largely unstained. Glr/0sOu,. TCI{_Sp.
Figure 94, x57,100. Figure 95, x5O,OO0. 

T

The haustorial neck walr (arrows) is intensely stainedin the conrrol trearuenr. G1t/0s00. TCI{-Sp. x34,000.

The haustorial body wa11 (arrowhead) is intensely
stained in the control treatment, and is continuous
v¡ith rhe neck wal1 (arrow). Clti OsOO. TCH_Sp.
x68,600.

No silver deposits in the haustorial wall (arrows).
G1tl0s04. SP . x57,100.

Plastoglobuli and thylakoÍd membranes in a chloroplastof the Avena host are electron-dense due Ëo theirosroiophilia. GLt/0s04. Unsrained secrion. x26,BOO.

Figure 96.

Figure 97.

Figure 98.

Figure 99.
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Figures 100-101. Thiéry staining of fungal walls andfor the prorrusion
matrix in P. coronata avenas.

The protrusion matrix (arrowheads), fungal wal1 (arrows)
and HMC septum are stained. Glt. PA-TCH-SP. x44,900.

An oblique section of part of a ha¡¡storial neck (IÐ{).
The neck wal1 contains two layers (IL and OL); a rhin,
densely stained fL and a thick, lightly sËained OL.
G1r. PA-TCH-SP. x70,700.

Figure 100.

Figure 101.

Figures 102-103. The control treatment for the Thiéry stain of fungal
wal1s and/or the protrusíon matrix in P. coronata
avenae.

FÍgure 102. The protrusion matrix (arrowheads) and HMC septum are
uns tained. Glt . TCH- Sp. x42 ,900 .

Figure 103. The haustorial neck wa1l (arrows) is largely unsrained.
The neck ring (open arrow) is electron-opaque. Glt.
TCH-SP. x28,300.

Figures 104-105. Chloroplasts in the P. coronata-infected Avena host.

Figure 104. Plastoglobuli (arrowheads) unstained in the conrrol
treatment. Glt. TCH-SP. x50r000.

Figure 105. Plastoglobuli (arrowheads) unstained in the control
treatment, GIt. Ua/pb. x25,000.
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Figures 1-06-113. P. coronata avenae arrdfor Avena host cells after
lipid solvent extraction.

Figure 106. The haustorial neck wall (arrowheads) ís largely
unstained in the control treatment after extraction.
Glt-acetone-0s04. TCH-SP. x50,000.

Figure 107. The protrusion matrix (arrowheads) is largely unstained
in the control treatment after extraction. GlË-
acetone-0s04. TCH-SP. x60,000.

Figure 108. The plastoglobuli (arrowheads) are unstained in the
control treatment after extraction. GIt-acetone-0s04.
TCIl- SP . x50 , 000 .

Figure 109. The plastoglobuli are electron-lucent after extraction.
Glt-acetone-Os04, ua/Pb. x25,000.

Figure 110. The haustorial neck waIls (arrows) are lightly stained
after extraction as compared to that in Figure 32.
The neck ríng (open arrow) ís intensely stained. Glt-
ether/ethanol-0s04. ua/Pb. x38,900.

Figure 111. The protrusion matrix (arrowheads) and the HMC septum
are lighter stained after extraction as compared to
rhat in Figure 52. G1t-acetone-0so4. Ua/Pb. x47,500.

Figure 112. Thi6ry staining of the protrusion matrix (arrowheads)
after extraction. Staining intensity is reduced as
compared to that in Figure 88. Glt-acetone-OsO4.
PA-TCH-SP. x40,000.

Figure 113. Thí/ery staining of the haustorial neck wa1l (opposing
arrows) after extraction. Staining intensity is
reduced as compared to that in Figure 89. The host
wall (CW) and HMC wall appear to be unaffectéd. Glt-
chloroform/methanol-0s04. PA-TCH-SP. x45,700.
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Figures 114-118. The ¡þena- host ceIl (Fig. 114) and p. coronara avenae(rie;Jls-118) aÍter piot"""e tiurTr"Ëî:
Figure 114. The host cytoplasm is eroded after treatment. sËruc-

tural inregrÍty of the chloroplast (CH) is markedly
affected, but plastoglobuli remain electron_opaque,
The hosË walls (CI.I) appear to be lÍttle affected.
G1t-prorease-0s04. Ua/pb, x21,700.

Figure 115. The protrusion maËrix (arrowheads) is largely electron-
lucent after treatment wiËh I mg/mr conc. of protease
in buffer. Glr-prorease-Os04. Ua/pb. x34,000.

Fígure 116' Extensive disruption of the septal protrusion occurred
lrith 5 mg of protease,/ml of buffer, but membrane
structures delinniting the protrusions are sti11
visible (arrows). GIt-protease-Os0O. Ua/pb.
x55,400.

Fígure 117. The HMC wall (arrow) is more fibrillar and less dis-
crete after treatment than that in Figure 11. Glt_
prorease-0s04, Ua/pb, x66,4O0.

Figure 118. Thiéry staining of fungal wa11s (arrows) and the HMC
septum after treatment. Glt-protease-0s04. PA-TCH-sp.
x28,300.
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Figures Ll9-L23,

Figure 119.

Figure 120.

Figure 121

Fi-gure L22

Figure 123,

LEGEND

Tissue of ?. coronata avenae afËer Protease treatment

The haustorial neck wall (arrows) of a mature haus-
torium is electron-lucent after treatment, buË the
neck ring is unaffected, and is in its usual position
along the haustorial neck. The neck vrall (arrowhead)
distal to the neck ring is more resistant to Protease.
Note separation of the HMC from its haustorium. Inset
shows the presence of both bands (arrowheads) of the
neck ring, A thín layer of fungal wall material still
renains on the neck (arrow). Glt-protease-0s04.
ua/pa. x31 , 100 .

The haustorial body wall of a young haustorium is
largely extracted, leaving a thin layer (arrow) which
ís continuous with that along the neck. G1t-
protease-0s04. Ua/Pb. x58,900.

The haustorial body wall (arrow) of a mature hausLorium
is more resistant to proLease than a young haustorium
as shown in Fígure 120. Glt-protease-0s00. Ua/Pb.
x29, 100.

Thi6ry staining of Ëhe reuraining wal1 material (arrow)
of a young haustorium after protease treaLment. Glt-
protease-0s04. PA-TCH-SP. x42,900,

The TCII-SP type of staining is absent in the haustorial
neck wal1 (arrows) after treatment. Note separation
of the IIMC from its haustorium, and leakage of cyto-
plasm from haustorial neck into the intercellular space
(arrowhead) . Glt-protease-0s04. TCH-SP . x27,100.
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Figures L24'729

Fígure L24.

Figure 125.

Figure 126.

Figure 127

Figure 128.

TLgure 129.

LEGEND

Concanavalin A bindíng to starch granules (Fig. L24)
and fungal structures of P. coronata avenae (Figs.
L25-L29) .

Con A bínding to starch granules (SG). GIt. Con A-
go1d. Ua. x72,900.

Con A binding to glycogen granules (c). Glt. Con A-
gold. Ua. x72,900.

Con A binding of the protrusion matrÍx (arrowheads).
There is some binding to fungal wall (arrorv), IIMC

septum, and cytoplasm. G1t. Con A-gold. Ua.
x 50,000.

An oblique section of a haustorial neck through the
neck ring region. There is Con A binding to the haus-
toría1 neck wall (arrow), but little to no binding to
both bands of the neck ring. Glt. Con A-gold. Ua.
x77 ,L00.

Con A binding to the haustorial wa11s (arrows).
Con A-gold. Ua. x72,000.

Glr.

Con A binding to Ëhe protrusion matrix (arrow) and l{MC

septurr was inhibited by the presence of methyl-o(-D-
mânnopyranoside in the Con A-gold preparation. GIt.
Con A-gold * methyl-{-D-m¡nn6pyranoside. Ua. x77,I00,
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LEGEND

Figures 130-135. Avena host ce1ls (Figs. 130 and 131) and P. coronaÈâ
avenae (Figs . L32-135) after ce1lulase treatment.

Figure 130. The host wall (Cï) is electron-lucent after treat-
ment. Glt-cellulase-Os04. ua/pb. x23,100.

Figure 131. The thick outer layer (OL) of the host wall is largely
electron-lucent after treatmenË. Inner layer (IL)
of the host rvall and starch granules (SG) are unaffec-
ted. Glt-cellulase-0s04. PA-TCH-SP. x28,900.

Figure 132. The protrusion m¡trix (arrowheads), fungal wall (arrow)
and HMC septum are unaffected by the treatment. Glt-
cellulase-0s04. ua/Pb. xl8,600.

Figure 133. The haustorial wal1 (arrow) is unaffected by the
treatment. Glt-cellu1ase-0s04. Ua/Pb. x25,700.

Figure 134. Positive Thi6ry staining of the protrusion matrix
(arrowheads), fungal waIl (arrow) and frfC septum
after treatment. Glt-cellu1ase-0s04. PA-TCH-SP.
x42,900.

Figure 135. Positive Thi6ry staining of the haustorial wall (arrow)
after treatment. Glt-cellulase-0s04. PA-TCH-SP.
x53,600.
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LEGEND

Figures 136-141. I,Jheat germ lectin bi-nding to fungal structures in P.
coronata avenae (Figs. 136, 138-141) and !. graminis
tritici (Fie. L37).

Figure 136. I^IGL binding to the fungal wal1 (arrow) and HMC sep-
tum, but not to lhe protrusion matríx (arrowheads).
Glt. I^IGL-gold. 'uJa. x70,700.

Figure 137. WGL binding to the HMC walt (arrows) but not to the
haustorial neck wa11 (arrowhead s) . G1t. I{GL-goId.
Ua. x47 ,L00.

Figure 138. No I,iGL binding to Ehe haustorial body wall (arrow)
of a young haustorium. Glt. WGL-gold. Ua.
x5 8, 900.

Figure 139. WGL binding to Ehe body wall (arrow) of a mature
haustorium, but not to the lll. GIt. WGL-gold. Ua.
x5 8, 900.

Figure 140. No WGL binding to the neck wall (arrows) of a mature
haustorium, or to both bands of the neck ring. Glt.
I{GL-gold . Ua . x7 9, 300.

Figure 141. An ad jacent section to that in Figure 139. l,iGL bind-
ing to the body wall (arrows) is inhibited by Ëhe pre-
sence of chitin oligomers ín the I^IGL-gold preparaËion.
clË. WGL-gold. Ua. x52,900.
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Figures L42-L48.

Figure 142.

Figure 143.

Figure 144

Figure 145.

Figure 146.

Figure L47.

Figure 148.

LEGEND

The extrahaustorial matrix of P. graminis tritici
(Fig. 143) and P. coronara avenae (FÍgs. L42 and
L44-r48).

^, ./Thiêry sËainíng of the extrahaustorial matrix (EM)
of a haustorium during early expansion phase. The
EM is not clearly dífferenriared from the body wall
(arrow ). clr/Os04. pA-TCH-sp. x52,900.

Thiéry staining of the EM of a haustoríum during the
early expansion phase. Stained material is locaÈed
in Ísolated patches, and the body wall (arrow) is in-
tensely stained. Glt/0s04. PA-TCH-Sp. x52,900.

ña .¿threry staining of the EM of a mature haustorÍum.
The body wall is intensely stained, and the stained
material of EM appears frayed. Contents of adjacent,
host cytoplasmic tubules (arrowheads) are stained,
and membranes of these tubules are continuous (arrows)
with the IPL. c1tl0s04. PA-TCH-SP. x64,300.

The EM is unstained in control treatment.
PA-sodir:m borohydride-TCH-SP. x42,900,

The EM is unstained in control treatment.
TCH-SP. x30,900.

GIt/0s04.

Glt/0s04.

Much of electron-opaque material is extracted from the
EM and tubules (arrowheads) after cellulase treatment
as compared to those untreated¡ eg. Figure 39. GIt-
cellulase-0s04 , Ua/pb. x35 ,7OO -

Much of the stained material is extracted from the Elt
and tubules (arrowheads) after ce1lulase treatment as
compared to those untreated, èg, Figure 149. GIt-
ceLLulase-0s04. PA-TCH-SP. x40,100.
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Fígures 149-L53.

Figure 149.

Figure 150.

Figure 151

Figure 152

Figure 153

LEGEND

The extrahaustorial m:¡¡1¡ of P. coronata avenae.

Both the extrahaustorial matrix (EM) ana the haus_
torial body wa11 (arrow) are electron-lucent after
lipid solvent treatment. G1t-chloroform/methanol_
0s04. ua/pb. x47,100.

Positive Thiáry sraining of rhe EM after lipid sol-
vent treatment. The haustorial body wall (arrow)
is more lightly stained but rhe staining of EM is
unaffected, as compared to those in Figure 144.
Gl t- chloroform/mer hanol- Os04 . PA-TCH- Sp . x4O, 000.

The EM is electron-lucent and rhe body wa1l (arrow)
of a young haustorium is largely extracted after pro_
tease treatment. Glt-protease-OsO4. Ua/pb,
x36 , 100.

Much of stained m¡terial in EM is removed afËer pro-
tease treatment as compared to that in Figure 144.
Haustorial body wall (arrow) is staÍned, Glt-protease-
0s04, PA-TCH-SP. x51,400.

Heavy Con A binding to the EM (arrows) which is nor
clearly differentiated from the haustorial body wal1.
c1t. Con A-gold. Ua. x62,500.
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Figures I54-L59

Figure 154

Figure 155,

Figure 156,

Figure 157

Figure 158.

Figure 159.

LEGEND

Cytochemistry of septal pore structures. Figure 155,
!. graminis tlitici. Figures 154, 156-159, P.
coronata avenae.

The plug (arrow) of the pore of a young HMC septum
is electron-lucent, and glycogen granules (arrowheads)
are electron- opaque . Gl t/OsO4-tÇrFe (CN) 

U 
. UnsËained

section. x62, 100.

The plug (arrow) of the pore of a Hì'tC septum is un-
stained by the Thiáry method. Glt/0s04. PA-TCH-SP.
x2O ,7 00 .

The plug (arrow) of a hyphal septum is unaffected by
lipid solvent treatment. Glt-chloroform/methanol-
0s04. ua/Pb. x35 ,200.

Thi'ery staining of a hyphal septum of the perforate
type. The diaphragm (arrowheads) delimiting the sep-
ta1 pore structure is lightly stained. Glt/0s04.
PA-TCH-SP. x57,900.

The diaphragm (arrowhead) del-imiting the hyphal septal
pore structure is unaffected by lipid solvent treat-
ment, while other membranes have been extracted. Glt-
chloroform/methanol-0s04. Ua/Pb, x43,900.

A hyphal septum with an open pore (arrowhead) seen
after protease treatment. It is probable thaË the
diaphragm delimiting the sepËa1 pore has been extracted.
Membranes (arrow) still remained in place on the septum.
G1Ë-protease-0s04 . Ua/Pb. x47, 100.



: .,a¿iíì,'''&'
''.:..,'. :

I
*,

158



T20

Figures 160-168.

Figure 160.

Figure 161.

Figure 162.

Figure 163.

Fígure 164.

Figure 165.

Fígure 166.

Figure 167.

Figure 168

LEGEND

Cytochemistry of neck ring of P. coronata avenae

An oblique, tangential section of a haustorial neck.
A narrow strip of wall material (opposing arrows)
separates the two bands of the neck ring. The larger
band, closer to the haustorial mother cell, is desig-
nated as Ëhe c{ (alpha) band,. and Ëhe smaller band,
closer to the haustorial body, the B (beta) band.
Glt/0s04. The section had been treated with H202
before sraining wirh ua/Pb. x73,300.

The haustorial neck wíth an electron-dense cf band
(large arrow) and an electron-lucent p band (arrowhead)
clr/oso4. PACP . x37,100.

An oblique cross-section of a haustorial neck with a
densel-y sËained region (d band, dark arrows) and an
unstained region (open arrow), The neck wal1 (arrow-
head) ís moderately stained. Serial sectíons of the
haustorial neck sho¡,¡ed the unstained region to be the
p band. Glt/0s04. PACP. x46,400.

An oblique cross-section from a serial set showing an
electron-opaque c{ band and an unstained p band (open
arrow). G1t/0s04. 3% periodic acid for I hour.
x31 , 200.

An oblique section of a mature haustorium containing
both bands (arrows) of the neck ring. G1t/0s04.
PA-TCH-SP. x51,400.

The haustorial neck of a young haustorium with only
the d band (arrow) presenL, Glt/0s04. PA-TCH-SP.
x5B, 900.

The haustorial neck with electron-opague neck ring in
a control treatnent. Glt/0s04. TCH-SP. x40,100.

An oblique section of a haustorial neck rvith electron-
opaque neck ring in a control treatment. Glt/0s04.
PA-sodium borohydride-TCH-SP. x47,L00,

A semithin (blue interference colour) unstaíned sec-
tion of a haust.orial neck with two distinct electron
bands in the neck ring. Thís section had been sub-
jected to EDX analysis. The halos surrounding the Ëwo
bands are due Ëo carbonaceous contau.ination during anaL-
ysís. The c( anð þ bands an the top side of the neck
appear Lo be separated from one another to a greater
extent than on the bottom side. The proximity of these
bands to one another affected the EDX analysis. Other
areas anaLyzed were the haustoríal neck waI1 (asterisk)
and also Ëhe host cytoplasm adjacent to Ëhe neck ring,
GLr. x41,300.
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Figures L69-174.

Figures 169 and L70

Figures L7L and L72

Figure 173.

Fí-gure 174.

EDX spectra obtained
(except Fig. 173).

are spectra of the C(

sÍdes, respectively.
present.

LEGEND

from the section in Figure 168

band from the botËom and top
Silicon ís the major element

are spectra of the B band from the bottom and top
sides, respectively. Phosphorous, iron and possibly
chlorine are the major elements presenE. The small
amount of silicon, particularly in Figure 171, is
probably due to interference by the cX band.

EDX spectrum from a section with a different haus-
torium than that in Figure 168. Spectrr:m from the
host cytoplasm near the neck ríng showing traces of
silicon, phosphorous, and chlorine.

EDX spectrum from the section in Figure 168 of the
host cytoplasm near the neck ring. Traces of sili-
con and chlorine were detected.
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LEGEND

Figures 175-178. EDX spectra,

Fígure 175. EDX spectrum obtained from the section in Figure
168 from the haustorial wa1l near the c( band. Traces
of sÍ1Ícon and chlorine were detected.

Figures 176 and L77. EDX spectra from a sectíon with a different haus-
torium than that in Figure 168. Fígure 176 is from
the haustorial neck wall near the p band, showing
traces of silicon and chlorine. Figure 177 is from
the fungal cytoplasm inside the haustorial neck near
the neck ríng. A trace of sil-icon T^7as detected.

Figure 178. EDX spectrum from an area of the Formvar-carbon
support film on a copper grid free of any sections
of tissue. There were silicon and copper present in
amounts sufficient to account for silicon in the con-
trol analysis of non-neck band tissue, and for the
copper in all analyses.
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Figures L79-L84.

Figure 179

Figure 180,

Figure 181.

Figure 182.

Figure 183.

Figure 184.

LEGEND

Electron-opaque deposits in the D-haustorial apparatus
Figures 180 and 181, P. graminis tritíci. Figures
L79 and LB2-L84, P. coronata avenae.

A near median section of the HMC septum. Electron-
opaque deposits are found in the protrusion matrix
(arrowheads), HMC septum, and HMC wal1 (arrows). A
small portion of the HMC septum around the septal
pore (open arrow) is free of these deposits. Glt/0s04
ualPb . x47,.100.

An oblique section through the penetration regíon.
Granular electron-opaque deposits are found at the
thickened region of the IIMC wal1 (arrows). Glt/0s04.
ua/Pb. x35 ,7o0.

Heavy accumulation of electron-opaque deposits in the
thickened region of the HMC wall (arrows) and in the
rest of the HMC wall. Glt/0s04. Ua/pb. x22,900.

Electron-opaque deposits found in protrusion matrix
are indicated by arro$Js. The rest of the protrusion
matrix is largely electron-lucent (arrowheads). The
HMC septum and wall are free of electron-dense
deposits at this stage. Glt. Ua/Pb. x40,700.

Electron-opaque deposits (arrows) in Lhe protrusion
matrix, but not in the HMC septum and wall, Glt.
Unstained section. x46,100,

Electron-opaque deposits (arrows) accumulated mainly
in the thickened region of the I{MC v¡all aË the site
of host penetration. G1E/0s04. The section had been
treated wiLh 1% periodic acid for 30 minutes, and
was not stained. x40,700.
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Figures 185-193

Figure 185.

Figure 186

Figure 187.

Figure 1BB.

Figure 189

Figure 190.

Figure 191

Figure 192.

LEGEND

Electron-opaque deposits in the D-haustorial apparatus
of P. coronata avenae, but not in the spore wall
(Fie. 1e3).

Heavy accumulation of electron-opaque deposits in the
protrusion matrix (arrowheads), and some amounts of
the deposits appeared in the liMC septum (arrow) and
HMC wal1. Glt. Unstained section. x46,100.

Heavy accumulation of electron-opaque'deposits in
protrusion matrix (arrowheads), HMC septum (arrow)
and iûIC wall. Glt. Unstained secËion. x50,000.

Electron-opaque deposits (arrow) in the HMC wal1 after
lipíd solvent extraction. Glt-ether/ethanol-0s0¿.
Unstained section. x20,000.

Electron-opaque deposits in the protrusion matrix
(arrowheads) and HMC septum (arrow) and HMC waI1 after
protease treatment. Glt-protease-0s04. Unstained
section. x30,000.

Heavy accumulation of electron-opaque deposits in the
HMC wall from a colony center. This HMC had collapsed.
Glt/0s04. This section had been treated vrith 3%
periodic acid for t hour, and v¡as not stained. x24,300.

A semithin (blue ínterference colour) section showing
heavy accumulation of electron-opaque deposits in the
protrusion Eatrix (arrowheads), but not in the HMC

septum and wa1l at this stage. Round electron-opaque
deposits (arrow) are also found in the HMC protoplast.
This section had been subjected to EDX analysis. G1t.
Unstained section. x15,000.

A semithin (b1ue interference colour) section showing
heavy accumulation of electron-opaque deposits (arrows)
only in the thickened region of the HMC wall ac the
site of host penetration. Thís sectíon had been sub-
jected Ëo EDX analysis. Glt. Unstained section.
x45,000.

A sernithin (bl-ue interference colour) section showing
heawy accumulation of electron-opaque deposits in the
HMC wal1 and round electron-opaque deposits in the
vacuole. This secËion had been subjected to EDX
analysis. Glt. Unstained section. x26 ,700,

A section of a urediospore wall of P. coronata avenae.
No electron-opaque deposits are observed. G1t.
Unstained section. x18,000.

Figure 193.
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Figures 194-199.

Figure 194.

Fígure 195.

Figure 196.

Figure 197

Figure 198.

Figure 199.

LEGEND

Electron-opaque deposits Ín p. graminis tritici(Fig. 199) and p. coronara """gr"fr-Ç.-Tffiur.
A semithin (blue interference colour) sectÍon of partof a D-haustorium. Large electron_opaque depositsare found in rhe protoplast. This såciion had beensubjected to EDX analysis. Glt. unstained section.
x12 , 600.

Large electron-opaque deposit (arrowhead) found invacuole of a hyphal cet1. Glt/0s04. Ua'/pb.
x8,900.

Electron-opaque deposits (arrowheads) in a vacuoleof a young Iü{C. Note the long membrane protrusions(op9n arrow) on rhe hyphal siãe of the l*lC seprum.clr/oso4, ua/pa. xts,+oo.

Electron-opaque deposits (arrowheads) in vacuolesof a HMC after a young haustorium had formed. Notethe angular membrane protrusions (open 
"rrorj on thehyphal side of rhe HMC seprum. ef tTOsOO. 

- -uâñf 
.

x2O ,7 0O.

Electron-opague deposits (arrowheads) Ín vacuoles ofa hyphal cel1 in the sporogenous tÍssue. GIt/0s04.ua/pa, xL2,500.

Electron-opaque deposiË (arrowhead) in a vacuole ofa tûfc. GIE/0s04. ua/pa. x25,000.
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Figures 200-205.

Figure 200.

Figure 201.

Figure 202

Figure 203

Figure 204

Figure 205.

LEGEND

EDX spectra.

EDX spectrum from the section in Figure 190 of theelectron-opaque deposits in the membrane protrusion.Silicon is the major_element present, The peakrepresenting copper in this spectrum and in thefollowing spectra, is assumed to have originated fromthe copper support grid.

EDX spectrum of the hyphal wall adjacent to the mem_brane protrusÍons shown i., figrrre I90. OnIy a smallpeak of silicon_was detected, the amounts of whichcan be accounted for in the åontrol analysis of theFormvar-carbon support film shown in Figure 17g,

EDX spectrum from the section in Figure 191 of the
:1""_!I?"-opaque deposirs in rhe thickened region ofthe IIMC wall at the site of host penetration. Si1Íconis the major element present in these opaque deposits.
EDX spectrum of the electron_opaque wal1 of an olderHl"lC located near the center of an infection colony.Silicon is the major elemenÈ present.

EDX spectrum of 1 Iil{C septum r,¡ith electron_opaquedeposits. Significant amounts of sí1icon weredetected.

EDX spss¡rum of the wall of a HMC located at the edgeof an infection colony. The wall of this HMC containsno.electron-opaque deposits, and only 
" "*rîi ieak orsilicon was detected, the amounts of which can beaccounted for in the control analysis of the Formvar_carbon support film shor¿n in Figure l7B.

:

l
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Figures 206-209.

Figure 206.

Figure 207.

Figure 208

Figure 209.

LEGEND

EDX spectra.

EDX spsç¿rum of a IIMC septum
an infection colony. A trace

located aË the edge of
of sÍlicon was detected.

EDX specÈrum of the wall of an air dried ungeruinatedurediospore of p. co_rona_ta avenae. The.rnajãr peakswere of magnesium, phosphorous aãd potassiirn.

EDX spsq¡rum from the section in Figure 194 of thelarge electron-opaque deposits in tñ" protopi""a oran older haustorium located near the center of aninfection colony. phosphorous !üas detected as themajor element present, with sone amounts of sulphur,iron and chlorine.

EDX spectrum from the section Ín Figure 192 of theround electron-opaque deposits in tñe protãpi"", ofan older HMC locaÈed near ,the center of an infectioncolony, Phosphorous was deLected as an" ,"¡o, elementpresent, with some amounts of sulphur and iion.
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LEGEND

Figures 2LO-215. Host cytoplasmic tubules adjacent to D-haustoria
Figure 2L5, P, graminis tritici; Figures 2LO'214,
P. coronatg avenae.

Figure 210. Proliferation of host cytoplasmic tubules and mem-

branous whorls in the vicinity of a hausÈorium.
The tubules contain an electron-dense matrix and
a thread of denser staining material at their centers.
The inset shows the continuity of a tubule (arrow)
with the membranes of a whorl. G1t/0s04. Ua/Pb.
x65,700. Inset , x46r 100,

Figure 211. Tubules are distinct from host ER. G1t/0s07,. Ua/Pb.
x43,800 +

FLgure 2L2. Membranes of cytoplasmic tubules (arrow) are lighter
stained than the invaginated host plasmalemma (IPL).
G1tl0s04. PACP . x37,500.

Figure 213. A secËion through the distal end of a haustorium.
The IPL is intensely stained, whereas membranes of
the cytoplasmic tubules (arrowheads) are lightly
srained. G1Ë/0s04. PACP. x38,600.

Fígure 2I4, Host cytoplasmic tubules (arrowheads) in the vicinity
of a haustorium, the contents of which are stained
wirh rhe Thi6ry merhod. Glr/Os04. PA-TCH-sP. x42,900.

Figure 215. Thiáry staining of the cytoplasmic Ëubules (arrow-
heads). The membranes of the Ëubule are continuous
wiËh IPL. GLr/OsO4. PA-TCH-SP. x36,400.
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Figures 216-218,

Figure 216.

Figure 217.

Figure 218.

Haustoríum-host
avenae.

LEGEND

nucleus association in P. coronata

A host nucleus (N) indenËed by a haustorial lobe (H).
Grr/oso4. PA-TCH-sP. x16, ooo.

Cytoplasmic tubules found in the cytoplasmic region
(asterisk) between the host nucleus (N) and a
haustorium (H). Two lobes of the nucleus are seen.
GIr/0s04-K3Fe (CN)u. UalPb. x32,800.

Three lobes of a nucleus (N) indented by a haustorium
are visibl-e, and cytoplasmic Ëubules present in the
cytoplasmic regions (asterisks) occur between the
haustoriun (H) and the nucleus. G1t/0s04-K3Fe(CN)0.
ua/pb. x31, 600.
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Figures 2L9-22L

Figure 219.

Fígure 220.

Fígure 22I

LEGEND

Haustorium'host nucleus association in ?. coronata
avenae.

Close association between a haustorium (H) and the
host nucleus (N). Cytoplasmic tubules are found in
the region (asterísk) between haustorium and host
nucleus. The nucleus is 1obed. Glt/0s04-K3Fe(CN)0.
ua/Pb. x8, 300.

A general view of the association of a mature haus-
torium (H) with the lobed portion of the host nucleus
(N). Cytoplasmic tubules (arrows) are found in the
regíon between the haustorium and nucleus, and not
in other areas around chloroplasts (CH) and mito-
chondrÍa. Gltl0s00-K3fe(CN)0. ualPb. xl0,300.

Occasional association of cytoplasmic tubules with
a chloroplast. It is 1ike1y that the host nucleus
is located just out of the plane of sectioning.
GlrlOs04-K3Fe(CN)u. Ua/Pb, x42,500.
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Figures 222-224.

Figures 222 and

FLgure 224,

Figures 225-227.

Tígure 225.

Figure 226.

Fígure 227.

LEGEND

HosË Golgí bodies and D-haustoria of ?.
avenae.

coronata

223 are tvJo adjacenË sections of the same young haustorium.
Only the d band is present in the neck ring. Golgi
bodies (arrows) are found around the haustorial neck
region. Vesicles with densely stained contents (open
arrow) appeared to have budded off from the Golgi
bodies. G1tl0sOa. PA-TCH-SP. FLgure 222, x27,100.
Figure 223, x45,000.

Host Golgi bodies (arrows) found in the vicinity of
a nature haustorial body. They appeared to be active
in budding off vesicles. Glt/0s04-KgFe(CN)U. ua/Pb.
x41, 000.

Collars in dikaryotic infections of coronata avenae

A sma1I collar (C) around the haustorial neck of a
haustorium. It is mainly electron-translucent,
especially in the area around the neck. There are
some electron-opaque patches in Ëhe collar. The
collar is separated from the neck by both the hosË
plasmalenura (arrow) and invaginated host plasmalemra
(IPL). Glt/OsO4. Ua/Pb. x60,700,

A large collar around the haustorial neck which is
mainly elecrron-opaque. G1t/0s04. Ua/Pb. x29,100.

A section of part of a large collar with membranous
material and electron-opague patches. Glt/0s04,
ua/Pb. x26,800.

P.
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Figures 228-23I

Figure 228.

Eígure 229.

Figure 230,

Figure 231

LEGEND

Collars in dikaryotic infections of B.
avenae.

coronata

A sma1l collar (C) around a haustorial neck. Except
for the imrnediate area around the neck, the material
making up most of the collar is intensely stained,
and it is contínuous with the inner layer (IL) of
rhe hosr wal1. Gltl0s04. PA-TCH-SP. x31,000.

A large co1lar around a haustorial neck. llaterial
making up most of the collar is intensely stained
except for the snall area immediately adjacent to
the neck. The co11ar material is continuous with
the ínner layer (IL) of the host wall. G1t/0s04.
PA-TCH-SP. x30,000.

An oblique cross-section of a haustorial neck
surrounded by a well-developed collar (C), the
material- of which is intensely stained. Deposition
of collar maËerial is intense, and the inner layer of
the host r¡all (IL) is very much thicker than the
outer layer (OL). Wall appositÍons are observed at
some distance ar¡ray from the penetration site. GLt/
0s 04 . PA-TCH- SP . x20 , 700 .

An oblíque section through Ëhe penetratíon region.
Dense staining material (arrowheads) has been
deposited against the haustorial neck and inner
layer (IL) of the hosE wall. The IL is thinner than
the OL. GLr/0s04. PA-TCH-SP. x50,000.
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LEGEND

Figures 232-235. Collars in dikaryotic infections. Figure 232,
!. graminig triËici; Figures 233-235, P. coronata
avenae.

Eigure 232. A near tangential section through the penetration
region, A well-developed col1ar has formed around
the haustorial neck. Collar material is stained but
is more diffuse and granular in appearance than that
of P. coronata avenae. Glt/0s04. PA-TCH-SP.
x26, 800.

Figure 233. Small membrane-bound vesicles, some containing
electron-opaque material (arrow s ) attached to
the IPL along the hausÈorial neck. GIt/0s00-K3Fe(CN)U.
ua/Pb. x4o, 000 .

FLgure 234. An increased aggregation of vesícles (arrowheads)
occurring around the haustoríal neck. G1t/0s04-Iç,Fe
(cN).. ltalPb. x34,ooo. - r

Figure 235, A small collar with projections (arrowheads) radiating
inro rhe host cyroplasm. G1r/Os04. ua/Pb. x44,900.
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Figures 236'239

Fígure 236.

Figure 237,

Figure 238.

Eigure 239.

LEGEND

Collars in dikaryoËic infections of
avenae.

p coronata

A developing col1ar (C) with a projection (arrow).
Serial sections showed that the nearby large vesicles
(arrowheads) containíng densely staining material
rÁ7ere cross-sections of projections radiating out from
the col1ar. Profiles of host endoplasmic reticulum
(open arrows) and Golgi bodies (GB) are assocÍated
¡¿irh Ëhese projections, Glt/0s04. PA-TCH-SP. x37,100.

An adjacent section to that in Figure 236. Projec-
tíons of the collar are indícated by arrows. Note
the close association of host endoplasmic reticulum
(open arrows) with Ëhe collar. Glt/0s04. PA-TCH-SP.
x31,400.

Intense Thiáry staining of co1lar material fíxed with
Glt alone. GlË. PA-TCH-SP. x18,600.

Collar (C) material unstained in a control treatment.
Glt. PA-sodium borohydríde-TCH-SP , x26,400,
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LEGEND

Fígures 240-246. Collars in dikaryotic infections of P. cogonata
âVêfrâê.

Figure 240. Co11ar unstained in a control treatment. Glt.
TCH-SP. x40,000.

Figure 24L. Thiáry staining of the collar material after cellu-
lase treatment. Glt-cellulase-0s04. PA-TCH-SP.
x20 , 000.

Fígure 242. The collar is electron-lucent afËer the de Bruijn
staÍning method. GlË/0s04-K3Fe(CN)0. Unstained
section. x40,000.

Figure 243. The collar (C) is unaffected by protease treatment,
but the haustorial neck waI1 (arrow) is extracted.
Glt-prorease-0s04. ua/pb. x40,000.

Figure 244. Thiáry staining of a collar after protease treatment.
G1t-protease-0s04. PA-TCH-SP. x30,000.

Fígure 245. The collar appears to be unaffected by lipid solvent
extracËion. The haustorial neck is out of the plane
of sectioning. Glt-ether/ethanol-0s04. Ua/pA,
x30,000.

FLgure 246. Thi6ry stainíng of a collar after lipid solvent
extraction. G1t-ether/ethanol-0s00. PA-TCH-SP.
x34, 000.
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Figures 247'251.

TLgure 247.

Figure 248.

FLgure 249.

Figure 250.

Fígure 251.

LEGEND

Monokaryotic infections of P. coronata avenae

Development of a protuberance (arrow) from a terminal
ce11 (TC) during host-peneËration. The fungal wal1
at the Ëip (arrow) of the protuberance is slightly
thinner than Ëhat around the rest of the cell. Dense
granules and membranous material are seen in the cyto-
plasm of the protuberance. There is no localized
thickening of the fungal wall aË the penetration site.
A moderately-stained layer of extracellular substance
is seen outside the terminal cell, which fi1ls part
of the angle of contact between host and fungus
(arrowheads). Glt/0s00. PA-TCI{-sp. x41,100.

The layer of extracellular substance (arrowhead) is
moderately electron-lucent after staining vriËh Ua/Pb,
and the boundary between this layer and the fibrillar
hosr wa11 is indistÍnct. Glt/0s04. Ua/Pb. x31,000.

The last fungal septum (arrow) deliniting the terminal
cel1 (TC) found ouËsíde the host, which is located at
some distance from the penetration region (asterisk),
during early haustorium developmenË. The septum
contains two electron-opaque layers separated by an
electron-lucenÈ rniddle layer. Glt/0s00. lJa/Pb.
x30,000.

The last fungal septum (arrow) occurring close to the
site of peneËration (asterisk), after the haustorium
T¡7as more rnature . Glt/0s04. Ua/Pb . x32, 100.

A septum (arrow) in an older tLaustorium with normal
appearing cytoplasm. Aberrant haustoría (arrowheads) are
located in Ëhe same host cel1, It is not known if these
are different lobes of the sarne hausËorium. G1t/0s04.
ua/Pb, x12,900.
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Figures 252-251.

FLgure 252.

Figure 253.

Figure 254.

Figure 255.

Fígure 256

Figure 257,

LEGEND

Þlonokaryotic infections of p. coronata avenae.

A hyphal septum (arrow) containing two electron_
opaque layers separated by an electron-lucent middteIayer. Glrl0s04. TCH-Sp, x42,900.

Fungal walls are intensely stained, and they aresimilar in thíckness throughout the penetr"-tio'regÍon,
Apart from a slight constríction of th. frrng,-r" 

"tËhe penetration region, penetration. occurreã r,¡ithoutcausing any disËortion in the host r¿all. Glt/OsO/..
PA-TCH-SP. x23,600. +-

An adjacent section to that in Figure 253 showingthe same haustorium (pftI). The fungal wa11s areintensely stained. The MI{ is filanentous in shape,there is no clearly differentiated neck regionin this MH, and there is no neck ring. The constric_tion of the fungus seen in the host v¡all is due tothe plane of sectioning. The nucleus of the terminalcelI (TC) is seen as two lobes (N) at the penetration
_region, and migration óf the nucleus into i4H appears tobe Laking pIace. -Note the separation of the ínvaginatedhost plasmelenma (arrows) especially at the distalregion of the M-haustorium to form an EM. Glt/0s04.
TCH-SP. xL2,000,

A collar assocíaËed vJith an older haustorium (¡tri),
which is largely vacuolated. collar material is hetero-
genous with elecLron-opaque patches, and is fibrillar.G1rl0s04. ua/pb. x35,700.

A cross-sectíon of a MH near the proximal region. Theextrahaustorial matrix (EM) is electror,-op"qJ", but
can be dífferentÍaËed from the fungal wali iarrowhead).Host endoplasmic reticulum (arrow) is seen associated
wiËh rhe MH. clr/0s04 . Ua/pb. x44,600.

Cross-secËion of a haustorium (MH) in the mid_region.
The extrahaustoríal rnatrix (EM) is moderatery electron-
opaque, but not as dense as that in Figure 2!6. srnall
membrane-bound electron-translucent structures (arrow-
heads) are present in the cytoplasm of the haustorium.GlËl0s04. ua/Pb. x34,000.
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Figures 258-263

Figure 258.

Figure 259.

Figure 260.

Fígure 26L.

Fígure 262

Figure 263.

LEæND

Cytochemistry of I'l-haustorÍa of P. cororlata avenae.

A cross-section of a M-haustoriurn (MI) near Lhe
proximal end of the haustorium. The extrahaustorial
matrix (EM) is electron-opaque but not as dense as
the fungal wall (arrowhead). Note the presence of
hosË endoplasmíc reticulum (arrow) associated with
the haustorium. G1t/0s04. PA-TCH-SP. x40,000.

A section of a haustorium (MI) through its distal
end, showing a densely stained extrahaustorial matrix
(EM), The fungal wall is indicated by an arrowhead.
G1rl0s04. PA-TCII-SP. x41,000.

A closely adjacent secËion to that in Figure 258.
Both fungal wal1 (arrowhead) and the extrahaustorial
maËrix (EM) are stained Êo the same extent in this
control rreatment. GlÈ/0s04. TCH-SP. x40,000.

A section of a haustorium (EM) through its distal end.
The extrahausËoria1 matrix (MH) is more electron-
lucent than Ëhe fungal wall (arrowhead) in this con-
rrol rreatment. Glt/0s04, TCH-SP, x43,000.

The extrahaustorÍal matrix (EM) of a hausLoriurn (MH)

and fungal wal1 (arrowhead) are 1-argely unstained.
G1r/0s04. PACP. x64,000.

The extrahaustorial matrix (EM) of a haustorium (ÞlH)

near its distal region is intensely stained. The
fungal wal1 (arrowhead) is unstained, and the ínvagi-
nated host plasmalemma (arrow) is lightly stained.
Glrl0s04. PACP. x77,000.
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Figures 264-265.

Tigure 264.

Figure 265.

LEGEND

Aberrant M-haustoría.

Haustoria (arrows) with sharply contoured outlines
and dense cytoplasm found in some mesophyll ce11s.
Intercellular hyphal cel1s (arrowheads) are stilI
healthy looking. Host cells show some sign of dis-
organLzation in the protoplasts. Glt/0s04. Ua/pA.
x6,600.

A M-haustorium in a sieve element (SE). This haus-
torium contains dense cytoplasm. The fungal struc-
tures (arrowheads) found in a mature xylem vessel
(X) are more íntercellular hypha-like and they
lack an extrahaustoríal matrix around them. G1t/0s04
Ua/Pb. x6, 600.
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GENERAI, DISCUSSION AND CONCLUSIONS

The strucËure of rusË fungal hausËoria has been extensively

reviewed (see reviews by Bracker and Littlefield, L973; BushneLl, L972;

Ehrlich and Ehrlich, L97I; Littlefield and Heath, L979). Hovrever, a

number of points of structure of the haustorial apparatus have remained

unresolved, and very little is known of the chemical composiËion of com-

ponent parts of Ë.he haustorial apparatus. trIith some excepËions, most

sËudies Ëo date have relied on conventional processing methods for elec-

tron microscopy, vihich may limit structural differentiation. By using

more varied and more elaborate histochemical methods, iË is possible to

reveal structure in greater deËai1 due to chemical differentiation of

structural components.

In this thesis further details of structure, particularly during

D-haustorium formaËion, have been presenËed. Although the D-haustorial

aPparatus in dikaryotic rust infections has often been referred to as

a special-ized structure, the structural and cytochemical details in the

PresenË study have indicated a much higher level of specialization and

differentiation from the hyphal cel1s than has been previously indi-

cated. This specialization ís first apparent in the haustorial mother

cell and its septum. The young haustorial mother ce1ls of both p.

coronata avenae and P. graminis tritici had a distinctive pattern of

distribution of mitochondria around the periphery of their protoplasts,

which was not found. in the hyphal celI proËoplasts. This paËtern of

miËochondrion disËribuËion was later retained in the proËoplasts of
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mâture D-haustoria' The haustoríal mother cell wa1ls also differed
from the hyphal celr walls in terms of nr:mber of wall layers. This
indicates that haustorial mother cel1 specLarLzation begins with its
formr¡i.tr, and it is not formed by mere extension of the hyphal tip.
The septa thaË delimited the haustorial mother cells from the hyphal
cells also differed structurally from those found in the rest of the
mycelium. The haustorial moËher cel1 septa contained uore layers and
the septal pore apparently v/as s-aller than in Ëhe other septa.
Light microscopists (Allen, L923a; Ruttle and Fraser, LgzT) remarked
that certain hyphal tips that were about to form haustorial mother cells
became sworlen with their ends closely adpressed to the host cerr warl.
This suggesËs that induction of haustorial mother ce11 differentiation
occurs prior to septun formation, and is probably brought about by host
wall contact' Another significant difference between Ëhe haustorial
mother cell septa and other hyphal septa was the characteristic devel_
opment of 10ng membrane protrusions on the hyphal side of the haustor_
ia1 mother cell septum after its form¡tion and during early stages of
haustorium formation' No such structures r,Jere ever found in associaËion
wiËh other hyphal septa.

The present ultrastructural study presented a detailed account
of the devel0pment of D-haustoria of p. coronata avenae in their host
cells' The results r¡rere generally similar Ëo Ëhose reported. for rJ.
phaseoli vignae (Heath and Heath, Lg75) and for M. lini (Littlefield,
L972). The haustoria of p. coronata avenae immediately after host wa1l
penetration firsË appeared as finger_like projections. This projec_
Ëion subsequently becpme the haustorial neck after the haustorial body
formed aË the disËal end. Ir !. phaseoli vignae (Heath and Heath,
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L975), a thin fungal wall occurred through Ëhe penetration region, thus

demonstrating continuity between the haustorial neck wal1 and. haustoría1

mother celI v¡alI. In the present study and as reported earlier (Harder,

L978), a thin fungal wall also occurred through the penetration region

of the host wall, but it was so thin that it appeared to be absent in

some cases. rn P. graminis tritici, however, the fungal wall through

the penetration region \,,/as thicker than that in P. coronaËa avenae and

\"74s revealed by the PACP or conventional Ua/Pb staíns. Continuity was

observed between the lens-shaped middle Layer of the haustorial mother

cell wall and the haustorial neck wall at the penetration site. SirnÍ-

1ar continuity was demonstrated in M. lini using the same pACp method

(LiËtlefield and Bracker, rg72). rn p. coronata avenae, although fun-

ga1 wal1 material can be demonstrated to occur through the host wall in

the penetration zone, the continuity of the fungal walls in this region

is tenuous. The hausËorial mother cel1s became detached from the

haustoria by protease treatment.

The present histochemical studies showed that walls of young

D-haustoria of P. coronata avenae had a unique composition not found in

the haustorial mother cell or hyphal walls (Table 1). The walls of

young haustoria characteristically contained protein as a major compo-

nenL, as indicated by their extraction with protease. They also con-

tained an unsaturated lipid extractable with lipid solven¡s. This lipid

componenË was also extractable with protease, suggesting that the lipid

T¡ias a lipo-protein. Periodic acid-Ëhiocarbohydrazide-silver protein-

ate (PA-TCI{-SP) positive material was also abund,ant in walls of young

haustoria. However, much of this PA-TCH-SP m¡terial in the haustorial

wal1s was extractable with eÍËher protease or lipid solvents, suggesting



L43

that iÈ is also protein

components of fungi and

lipid bound. As glucans are common wall

PA-TCH-SP is a-general stain for poly-

saccharides, it is likely that some, if not all of the positive stain-

ing material seen in the haustorial wa1ls was a polysaccharíde(s),

although it is known that some fatty acids and polypeptides are stained

by this method (HaIl, L978). The presence of certain carbohydrate compo-

nent(s) was confirmed by the presence of many Concanavalin A recepEor

sites on the haustorial wa11s. Thus, as with Ehe lipíds, the carbohydrate

component likely occurs as a glycoprotein. The mycelial and haustorial

mother cell walIs also contained a lipid component, and histochemical

reactions indicated that it r{as a saturated type. In contrast to the

lipíd found in walls of young haustoria, the lipid in mycelial walls was

unaffected by protease treatment. Mycelial walls also contained PA-TCH-SP

positive material but unlÍke that in walls of young haustoria, this

material vras resistant to boEh protease or lipid solvent treatments.

Enz¡rme digestible protein thus I^/as not a major component in the mycelial

walls. Apart from the observation that these walls became more fibrillar

in appearance after protease treatment, their staining .characteristics

remained essentially the same as the untreated ones. hlheat germ lectin

receptor sites were found in all mycelial walls and septa, but not in

waIIs of young haustoria. As haustoria matured, hor,vever, wheaË germ lectin

recePtor sites were detected in the body walls but the neck wa11s were always

free of wheat germ receptor sites. The detecEion of wheat germ lectin recep-

tor sites in fungal walls indicates the presence of chitín (Horisberger and

Vonlanthan, L977; Molano et al, 19BO). The above comparison studies

therefore revealed a sharp contrast in chemical composition between

or

d5
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walls of haustorial mother cel-ls and walls of young haustoria. EvÍ-

dently, the thin fungal wal1 of Ëhe penetration peg marks the transi-

tion in chemical composition between Ëhe wall of the haustorial mother

ce11 and that of the hausËorial neck. Haustorium differentiaËion thus

involves synthesis of nev¿ and unique maËerials, and iË is not the result

of a ttsimpl-e" extension of the hausËoría1 mother cell.

It is significant thaË the walls of young D-hausËoria, parËi-

cularly of Ëhe neck of P. coronata avenae had a unique composition noË

found in the mycelial walls, and available evidence suggests that the

polysaccharíde and protein componenËs in Ëhe young haustorial waLls are

most likely present in more complex forms as glycoproteins. It is weLl

established that race specificity in some plant - fungal systems is

determined by specific planË recognitÍon of fungus surface glycoproËeins

(Callow, L977; Dow and Callow, L978; Keen and Legrand, L980; trIade and

Albersheim, L979). The finding of glycoproËeins in the haustorial wal1s

would suggest that the specificity factors rnay reside in these glyco-

proteins. This is in accordance with the results of previous studies

(samborski et al, L977) which indicate thaË incompaËibiliry beËween

wheat and stem rust may be determined at the interface between hosÈ

cells and newLy forraed haustoria. The invagination of Ëhe host plasma-

lenma and contact wiËh Ëhe nascent neck wall may Ëhus be one crucial

step in Ëhe establishmenË of Ëhe host - parasite interaction. This

view is consisËent vrith the results of the !. lini - flax system

(Littlefield and Bracker, L972) which show that the invaginated hosr

plasmalemma pos6esses disËinctive features not present in the non-

invaginated portion of invaded host cells. change in staining prop-

erties of the invaginated host plasmaleÍrmá \¡ras also demonstrated in
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the present study of the P. coronatg avenae - oat system.

The characteristic membrane protrusions associated wiËh Ëhe

haustorial mother ce1-1 septa observed in the present study were also

previously reported for U. phaseoli vignae (Heath and Heath,1975), P.

hordei (Reynolds , L975) and possibly for M. líq¡ (ciËed in Littlefield

and Heath, L979). HeaËh and Heath (L975) suggested that the occurr-

ence of these membrane protrusions during early haustorium-formation is

Ëo provide additional membrane area needed at this time to facilitate

energy-requiring transport of materials across the septum. This would

explain why Ëhere was a large accumulatíon of mitochondria in close

association with the membrane protrusions during the rnximum develop-

ment as seen in Ëhe present study and in U. phaseoli vignae (Heath and

Heath, L975). However, there has been no information on their chemi-

ca1 composition to determine how they relate physiologically Ëo the

developing haustoria. The membrane protrusions in P. coronatC avenae

and P. graminis tritici were long flatËened cisternae, closed at the

end furthest from Ëhe haustorial mother cell septum. In plants and

animals, membrane structures of similar shape have been regarded as

functional sites where intensive secretion or absorption may take place

(Berridge and Oschrnn, 19721, Gunning, L977). However, as the rnaximum

development of these protrusions coincided with the peneËration of the

host wall before Ëhe formation of the haustorium it is more likely

Ëhat materials were being secreted ínto the haustorial mother ce11,

rather than out of it. The rnatrix of the septal prot,rusions rtas

shown to contain unsaturated lipid, protein and PA-TCH-SP positive

uaterial as major constiËuents (Tab1-e 1) and it is of interest Ëhat the

maËrix of septal prbtrusions and the composite materials of Ëhe haus-
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Ëorial neck wal1s reacted sÍnilarly chemically, indicating a similar

composition. Since the m¡ximr:m development of the proËrusions occurred

during penetration of the host wa1l and a marked reduction in size of

these proËrusions occurred coincidentally with haustorial neck formá-

Ëion, it ís possíble Ëhat components of Ëhe membrane protrusions are

used for the synthesis of the neck wa1l. Certain stages of early haus-

torium formation are ephemeral (Littlefield, L972) suggesting that young

haustoria are formed rapidly. To meet this requírement, Large amounts

of material woul-d be needed quickly to synthesize the young h¿ustorial

necks.

The ext,rahaustorial matrix, ie. the interface between the

invaginated host plasmalemma and the hausËorial wa1l, has long been a

subject of debate (Bracker and Littlefield, L973; Lirtlefield and

Heath, L979). This is because the structural appearance of the exËra-

haustorial matrix may vary under different condiËions of fixing and

staining. This was demonstrated in the present study in that the

exËrahaustoriaL matrix in specimens fixed with glutaraldehyde alone

was elecLron-lucent after conventional Ua/Pb sÈaining, buË sËaÍned

intensely after PA-TCH-SP ËreaËment for polysaccharides. For unknown

reasons also, Ëhe extrahaustorial matrix in specimens fixed with g1u-

taraldehyde alone stained more intensely after PA-TCH-SP treatment than

those in specimens fixed with Ëhe conventÍonal glutaraldehyde/Os04 pro-

cess. The ttelectron-lucenLrt extrahaustorial m¡trix has been considered

as an arËifact of preparaËion (Allen et a1, L979). Holever, in the

present study materials in this region could be demonsËrated histo-

chemically and these Í/ere removable with enzyme treatments. One possi-

bility is Ëhat prepàrative procedures sol-ubLLi.ze materials and these
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become re-disËributed in Ëhe m¡trix region, resulting in positive

staining. This possibilíty was noL disproven in the present study,

although it is consídered unlikely because free or soluble materials

are usually washed out of the Ëissue during preparatÍon, as indicated

by the enzyme digestion results. It is concluded that the extra-

hausËorial matfix is an integral structural component of Ëhe haustorial-

host interface.

It is of significance that the composition of Ëhe extrahausËorial

matrix of Ëhe D-haustorium of P. coronaËa avenae differed from thaË of

the wall of the maLure haustoriàl body. The present histochemical

studies showed th.at iË contained mainly PA-TCH-SP positive material,

proËein and some lipids but no wheaË germ lectin receptor siËes. It

was probably free of chitin. Histochemical reactions suggested that the

lipid in the extrahaustorial m¡trix was of the saturated type. The

walls of mature haustoria on the other hand, were ch¿racterized by the

Presence of wheat germ lectin receptor sites and unsaturaËed lipid in

addition to proLein and PA-TCH-SP positive material. Thus the uratrix

does not appear to be a ruodification of the haustorial body vrall.

The development of the exËrahausËorial matrix of D-haustoria of

P. coronata avenae was acconpanied by a marked proliferation of Ëubules

in the hosË cyEoplasm between the D-haustoria and Ëhe host nuclei, and

direct continuity between the tubules and the extrahaustorial matrix

was frequenËly observed. Both the tubules and the extrahaustorial

matrix lost electron-opaque maËeriaL afËer cellulase treatment, índi-'

cating that celluLose \^7as present in these structures. A1 though Ëhe

cellulase preparation was free from measurable proteolytic activiËy,

it may have conËained other polymer-degrading enzymes besides celLulase
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Using simil-ar enzyrtne preparations, Scannerini and Bonfante-Fasolo (L979)

and Hickey and Coffey (f978) reported cellulose as a conponent of Ëhe

éxËrahaustorial matrix in oËher plant/fungal interactions. The pre-

sence of cellulose in the extrahausËorial maËrix of P. corogaËa avenae

suggests th¿Ë Lhis component is of hosË origin since it has not been

detecËed an¡rwhere else in the fungus, and provides further evidence

that the extrahausËorial matrix is an integral sËrucËural component of

the haustorial-host interface. It is possible that deposition of ce1lu-

lose in the extrahaust.orial matrix is a response of the host to build

a cellulosic wal1 at this interface.

In P. coronata avenae iË is also significanË Ëhat there vTas a

close associaËion of the host cytoplasmic tubule complexes with the'

host nuclei. Those portions of the hosË nuclei thaË were adjacent t,o

these Ëubules were highLy irregular in outline. Striking alterations

in form and size of host nuclei of infecLed cells and the close cont.act

of these nuclei with hausËoria of P. pojtrum r¡rere reported in a recent

study (41-I{resraji and Läsel, 1980). Such nuclear alterations observed

were interpreted as changes in nuclear content, or in the properties

of the nuclear membrane, and a direct involvement of nucleic acid meta-

bolism of the host during host-parasite inËeractions r¡Jas thus impli-

caLed (Al-IGresraji and Lösel, 19BO). The change in shape of the host

nuclei and t.he occurrence of tubules mainly in the host cytoplasm

between D-hausËoria and host nuclei observed in P. coronata avenae may

be of-significance in this connection.

Although Ëhe tubule complexes differed

mother cell septal protrusions cytochemically,

scrnewhaL similar in being membrane-bound rviEh a

from the haustorial

they were strucËurally

dense core. As indi-
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cated above, this type of structure indicates intense secretory or

absorptive activíty. This presenËs the íntriguing possibilíty of a

high level of exchange between host and fungus, including products of

nuclear metabolism. Direct connections r¡7ere only seen betr^leen the

tubules and the invaginated hosË plasuraleunra, thus it is mosË likely

that the flow of materials is in the direcËion of the hausLorium.

Using energy dispersive X-ray (EDX) analysis, the neck ring of

P. coronata avenae was shown conclusively to consist of Ëwo cyLindrical

bands, designated the d and p bands. The d band contained mainly sili-

con whereas the B band contained roainly iron and phosphorous. The EDX

analysis also showed silicon to be present in large amounts in Ëhe

walls of haustorial mother cells that were locaËed mainly at or near

the centers of the infection colonies. As menËioned earlier, the

occurrence of silicon in fungal tissue is rare. It is, however, a

rather coûtrnon constituent of planË tissue particularly in gramineous

plants, including oats (Jones and Handreck, L965; Jones and l"filne,

1963). The silicon in oat plants is taken up passively from the soil

solution as monosilicic acid, and is distributed throuþh the plant

mainly via the transpiraEion sËream (Jones and Handreck, 1965). How-

ever, the route of silicon uptake by Ëhe fungus needs to be ascertained

as this m¡y províde useful information on Ëhe physiologic role of haus-

Ëoria. Assuming that a source of silicon is available to the fungus

from the host, deposition or an active polymerizaËion process must

occur specifically in the membrane proËrusions, hausÈorial rnother ce11

and septal walls, and in theC( band of the neck ring, and noË an¡rwhere

else in the fungus. The roech¿nisms of silícon deposition in higher

plants are still not clear, although many hypotheses, mainLy attributing
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deposition to the impedance of the evapotranspiration stream, have been

puË forward (Scurfield eË al, L974; Sargent and Gay, L977; Sangster and

Perry, L976). However, recent evidence indicates that metabolic acti-

vity of some kind may also be involved in Ëhe formation of silicon

deposits (Heath, L979). A1so, a metabolic role for silicon in Ëhe ger-

mination of g. graminis hordei was indicated (Kunoh et a1, 1978). The

specificity of the occurrence of silicon in the haustorial apparatus

in the presenL study further indicates a controlled metabolic deposi-

Ëion of silicon.

Heath (1976) provided evidence that the neck ríng of P. sorshi

is capable of prevenËing apoplastic flow of substances along the haus-

torial neck and accordingly, the silicon deposits found in the neck

ring of P. coronata avenae could very well function as a form of per-

rneability barrier. The heavy silicification of haustorial moËher ce11

walls and septa located at or near the infection colony centers ís more

difficult to explain. As mentioned earlier, structural changes in wal1s

of haustorial mother cells located at the centers of older infection

colonies have been reported in the sa.ure fungus by early light micro-

scopists (Ruttle and Fraser, Lg27). These hausËorial mother ce1ls were

distorted and the appearance of their walls was described as glassy and

swollen. In extreme cases, the lumen of the haustorial mother cells was

almost obliterated. Significantly, the haust.oria formed from these

haustorial mother cells vrere also abnormal in appearance (Ruttle and

Fraser, L927). In the present study, the haustorial mother cells of

P. coronata avenae showing heavy silicification in their wal1s even-

tually collapsed, and frequently they were found to be associated with

aberrant, necrotic haustoria which r{ere conmon in host ce11s at the
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cenËers of older infect.ion colonies. Necrosis of hausËoria in these

host ce1ls would indicate incompatibility and would result in the pro-

duction of deleterious interaction producËs. It is possible then

Ëhat the heawy silicificaËion seen in Lhe above haustorial mother ce11

walls is a protective mechanism of the fungus and acts as a form of

permeability barrier to prevent or minimize tlne passage of unwanted

products from reaching the rest of the mycelium.

In Ëhe present sLudy, phosphorous-rích iron-containing deposits

rvere detecËed by EDX analysis in the proËoplasts of haustorial mother

cells and oLder D-haustoria of P. coronata avenae. These phosphorous-

rich deposits were electron-opaque in unsËained sections of glutaralde-

hyde fixed, unosmicated tissue. They were typically found within vacu-

oles, similar to the polyphosphates reported in other fungi (l^Ihite and

Brown, L979; Bullock et al, 1980). Nishi (196f) has reporred rhar

large :mounts of polyphosphate accumulated Ín spores of Aspergillus niger

and was uËilized during germination. A similar observation r¡/as made in

Ëhe case of germinating urediospores of P. graminis tritici, as poly-

phosphates v¡ere found in almosË every germ tube in the early stages of

gernination but rùere rarely detected at later sËages (Bennett and. Scott,

LglL). Although at presenL there is insufficient information Ëo as-

cribe a specific role for polyphosphate, a nr:mber of functions have been

proposed (Harold, L966; Bennett and scoËt, L97L). polyphosphates are

thermodynamically high enerry phosphaÈe compounds and polyphosphate

accr¡mulation could. be an energy sËorage mechanism. Accr:mulation of

polyphosphate also al1ows large ámounts of phosphorous to be sËored in

a non-leakable form (Farrar, r976). PolyphosphaËe storage is also a

mechanism for regulating orthophosphate leve1s in the cells under
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fluctuating conditions. All of Ëhese possible roles are appi-icable

in P. coronaËa avenae.

In the vesicul-ar-arbuscular mycorrlnizal systen, it has been

suggested that phosphates were Ëaken up by Ëhe fungus from the soi1,

and after conversion, polyphosphates vlere LranslocaËed as vacuolar

granules Eo active arbuscules (Callow et al, LITB). By anaLogy, iË may

be Ëhat phosphates v/ere taken up by the hausËoria of P. coronata avenae

from the hosË cel1s and after conversion, polyphosphat,es were then

translocated to oËher parts of the mycelium. This is consistent with

the finding that much of the polyphosphaËe found in P. graminis tritici

was located in the urediospores (Bennett and ScoËt , L|TL), and Ëhe only

source of phosphates r.ias from the host.

In the present study electron-opaque deposits !'zere cormlon in

small vacuoles in young haustorial mother ce1ls of P. coronata averiae

during early stages of D-haustorium formaËion. As these electron-opaque

deposiËs were found in Ua/Pb stained sections of glutaraldehyde/0s04

fixed t.issue, it is not known if Ëhese deposits were equivalent Ëo the

phosphorous-rich iron-containing deposits found in unstained sections

of haustorial mother cells and haustoria that had been fixed with glu-

taraldehyde alone. However, if it could be determined through further

sLudies that the com.nonly obserr¡ed electron-opaque vacuolar deposits

in these young haustorial mother cells are indeed phosphorous-rich,

Ëhis would iinplicate the involvement of polyphosphates in haustorir¡m

formation. This is not unreasonable because large amounts of both

energy and phosphorous would be required for Ëhe synthesis of at least

phospholipids during haustorium formation.

The strucËural feaËures of M-haustoria of P. coronata avenae
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in Rhaurrus were similar to Ehose reported in oËher monokaryotic infec-

tions (see review in Littlefiel-d and Heath, L9793 Al-Khesraji et al,

1980; Al-I(resraji and Läsel, 1980). They showed little of Ëhe struc-

tural specialization of the D-haustorial apparatus of 3. coronata

avenae found in the Avena host. This lack of struct.ural speciaLizatíon

was first apparent in the mother ceLls. Unlike D-haustoria, the M-

haustoria of P. coronata avenae were noË associated with a distinct

haustorial mother ce1l. As far as couLd be deËermined from the present

study, no special structural differentiation occurred in Ëhe mother

ce1ls in producing the M-haustoria. Dikaryotic haustorium fornation

on Lhe oËher hand involves formation of a specialized penetration peg

in the Ëhickened region of the haustorial mother cell wall at the siËe

of host penetration, as shown in Ëhe present study and oth-ers (Heath

and Heath, L975; Littlefield and Bracker, I972). The characteristic

development of elaborate membrane proËrusions and their assocÍation

with a large mass of mitochondria in Ëhe haustorial mother cel1 septal

re$ion during early D-haustorium formaËion reported in the present

study and in others ciËed earlier further add to the evidence that D-

hausËorium formation involves ccrnplex physiological processes (HeaEh

and Heath, L975). As mentioned earlier, membrane structures of similar

shape have been regarded as functional sites where inËensive secretion

or absorption may take p1ace. Siurilar structural changes were not

observed during early M-hausEorir.m formation in P. coronata avenag.

The above findings suggest that in 3. coronata Enae, monokaryotic

haustoria differ from dikaryotic in Ëheir mode of formation in their

respective hosts. Resul-ts from the present histochemícal studies

supporË t,his view. WiËh D-hausËoria, the Ëhin fungal wall of the pene-
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Ëration peg marks an abrupË change in composition of the haustorial

mother cell walLs, but Lhe materíals in the protrusion matrix were

shown Ëo be similar in composiËion to Ëhe wal1s of the young hausËoria.

This provides further evidence that ner.l materials were being secreted

into Ëhe haustorial mother cell for formation of a young D-haustorium

with a unique wall composition. I.Ialls of the M-haustoria on the other

hand, were shown to be similar in composition and structure to those of

the intercellular hyphae" Apart from a slight constriction at the site

of host penetration, there T¡7as no clearly differentiated neck region,

and there vJas no structural differentiation at the site of hosË cel1

penetration. The position of Ëhe last septum during growth of the M-

haustoria also varied. As the haustorium conËinued to gro!ù the septum

was located nearer to the penetration site, and older haustoria them-

selves r^iere sepËate. A1 so no structural dif ferences could be found

between the last sepËum and other septa anywhere in the intercellular

n4ycelir:m. EvidenËly sepËation continued as though the M-haustorir¡m is

a normally growing hypha. The M-haustoria thus appear to be reLatively

undifferenËiated hyphae, and they are formed by simple extension, or

continued growth of thettmother celltr, which in Ëurn is also an

undifferentiated hyphal cell"

Sirnilar to that in D-haustoria, the host plasmalemmâ r¡Jas

invaginated by the M-haustoria, forming an extrahaustorial maËrix

between the invaginaËed plasmalerorna and the fungal wall. Unlike Ëhat

in D-haustoria, however, the extrahaustorial matrix was consistenËJy

electron-opaque, often staining with Ua/Pb and PA-TCH-SP, and it was

clearly differentiated from the similar staining, but more discrete

fungal walls. The question of wheLher the matrix is a fixation arËi-
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facË arises again. The presenË sËudy showed Ëhat PACP positive maËerial

was located in the extrahaustorial maËrix, but not in the host waL1 or

in Ëhe haustorial wall. It is therefore unlikely Ëhat the maËrix ú/as

an artifacË resulting from preparaËion or from modificaËion of the

haustorial wall, even though iË is possible that the Ëhickness of the

matrix has been accenËuated by fixation as suggested by LiÉt1efield and

Heath (ï979).

In general, the observations on 9. coronata avenae support

those on other rusts (see Gold eË al, L979; Littlefield and Heath,

L979), concerning the differences in structure between the M-haustoria

(or intracellular structures) of the monokaryon and Ëhe D-haustoria of

the dikaryon. In a more recenL study, there is evidence that the typi-

cal dikaryotic hausËoria and the monokaryoÊic inËracellular structures

of 3. p!êrum on its alternate hosËs aLso differed in other characteris-

tics such as frequency of penetraËion of host ce1ls, growth habit,

close association with host nuclei and ability Ëo infect vascular

tissue (AI-IGesraji and Läsel, 1980). These findings suggested ËhaË

the alternating phases of P. poarum differed in Ëheir nutrition and

physiology, Ëhus requiring t$ro types of inËracel1ular structures. WhiLe

there is no quanËiËative data on frequency of penetration of host cells

from the presenË study for comparison, the development of P. coronata

avenae in both of its hosts is similar to that of P. poarum in some

aspects. With both fungi, a close association occurred betr.¡een host

nuclei and hausËoria but only in the dikaryotic phases. A1so, the

growth of the monokaryotic intraceLlular structures of both fungi was

of lirnited extent and terminated wiËhin the host cells. They have noË

been observed to grow through and exit from Ëhe mesophyll ce1ls. Only
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the monokaryotic phases of either fungus invaded the vascular tissue of

the hosts. This is significant because not all monokaryons invade the

vascular tíssue. Such is Ëhe case with Ëhe monokaryon of P" recondíta

(Gold eE al, L979). The ability of a rust fungus to invade vascular

tissue uray have a nutriËional advantage. As poinËed out by AJ--i{:esraji

and LBsel (L980), the invasion of Ëhe hosË vascular tissue is likely to

conLribute substanËialIy to Ëhe nutriËion of the fungus, making it

less dependent on inËracellu1ar structures eLsewhere in the mesophyll.

The designation of M-haustoria as haustoria or as intracellular

hyphae will doubtless remâin conLroversial. However, as mentioned

earlier, the exiËing of the M-haustoria of P. coronata avenae from

invaded ce1ls has not been observed in the presenË study and in others

(Harder, L97B; Allen, L932b), as it has for some other rust fungi (see

LitËl-efield and Heath, I979), indicaËing at least some specialization

of the intracellular structures of P" coronata avenag. Evidently, the

M-haustoria of the rusË fungi vary in their degree of speciaLizaËion,

and it rviIl be difficult Ëo establish precise criteria by which to

designaËe Ëhem.
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