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Lbstract
Hapstorial coﬁplexes (he) were isolated from five
plant species infecteﬁ with powdery mildews (including

Hordeum vulgare - Egjﬁiphe;graminis). Special attention has

been given to Pisum sativum infected with Erysiphe pisi where
fractions of isolated he's were obtained in sufficient

quantity and purity to permit physiological studies of the

haustorium and its host interface bhoth in vivo and in vitro.
To study the nutritional physiology in vivo , he's
vwere isolated from leaves exposed to 1400? where the

mycelium was either left attached or separated from the leaves

14

prior to the exposure. In each case 'C assimilates werev
detected in the isolated hc fraction, Light microscope
autoradiography and control fractions from uninfected plants
indicated that approximately 892 of the 14C in the fraction was
in fhe he's and 14002 was released from he's subsequently
incubated in vitro jﬁdicating assimilation into the haustorial.
cytOplasm; Haustorial complex, mycelial and host fractions were
also obtained from infected leaves either immediately following

14

a 30 min 'pulse' CO_ exposure or after a further 20h 'chase!

2
period in 002; fractions were then analysed. After the 'pulse!
labelled soluble sugars (glucose, fructose, sucrose) and mannitol

predominated in the host and mycelial fractions respectively and

lipids (mainly triglyéerides) and an ethanol insoluble glucan
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)
in hes

(not o 1-4 linked) predominated  The neutral sugar fraction

. 14, . o
constituted only % of the total C in the he's with sucrose
and glycerol as the major components. After the 'chase!

the total 14

C in host and mycelium had declined but the

proportions in starch, glycogen, protein, cell wall and
. . s . 14, . R

micleic acid fractions had increased; total 'C in he's.

.14 .
increased but a decrease in 4C in sucrose and glycerol and an

increase in mannitol were the only changes in biochemical

14 14,

“distribution, In all 002 exposures the quantity of

resident in the he's was small compared with that in the mycelial and
. , . 14 .

host fractions from the same area of leaf, By sampling C.in

the mycelium and estimating he frequency and surface area by

light microscopy, carbohydrate fluxes of 2.4 ng cm—2 sec_1 and

0.75 mg cm—2 sec—1 were calculated for the extrahaustorial
membrane and haustorial neck region respectively., These
indicate specialised transport proéesses.

Lthancl soluble carbohydrates were quantitatively
analysed and constituted approiimately 4, 14 and 1% of the host
(mainly, glucose, sucrose; fructose), mycelial (mainly, mannitol,
arabitol, erythritol)'and he (mainly, sucrose, glucose) fractions
respectively., Infection did not alter host invertase activity.
but the mycelium and hc's contained significant activity. The

enzyme was soluble in water after extraction involving

homogenization.
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Isolated he's in vitro showed oxygen upteke which
was unaffected by exogenous glucose, sucrose or mannitol.
No significant uptgké of glucose, sucrose, glycine inulin,
UDPG or SCN~ was Qetected. However, in vitro, the systemic
fungicide ethirimol (I.C.I. Ltd) was sbsorbed rapidly
reaching equilibrium in less than 30 min. The final
concentration attained was directly proportional to, and 20
fold higher than the ambient concentration (5—400/4N).
Rates of influx were similar at pH 4.2 and 6.2 but at o° only
half that at 25°, Efflux kinetics comprised two superimposed
logarithmic phases, indicating penetration inte two
compartments in he's. Ethjrimol also entered pea mesophyll
protoplasts but was not significantly accumulated against a
concentration gradient.

Results are discussed in relation to the role of the
haustorium in the tfaHSport of nutrient snd fungicides from host

to parasite.
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Introduction.

Haustoria are characteristic of mény biotrophic
fungi. Eushnéll (1972) has defined the haustorium as 'a
specialised organ which is formed inside a 1iving host cell
as a branch of an extracellular or intercellular hyphe or
thallus, which tefminates in that hostﬁcell and which
probably has a role in the interchange of substances between
host and fungus‘. However despite their discovery by
Visiani over one hundred years ago'(Smith, 1900) there has
been no direct demonstration of the function of haustoria.

The superficial orgénisation of a powdery mildew
colony indicates a dependance upon haustoria which is less
obvious in biofrOphic fungi with an intercellular mycelium.
Powdery mildew hyphae are %eparated from the host cells by a
cuticle which is a considerable bafrier to the movement of

most nutrients and in Erysiphe graminis, Bushnell (1967) has

shown that-in a colony with one haustorium, when that

haustorium is e*éised, the rate of hyphal extension immediately
declines. However, in 1975 wheh the present investigation was
~ commenced, the best evidence in any fungus that haustoria

absorb nutrients from the host was from studies ‘of primary
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infection of_Erysiphe graminis by Ellingboe and co-workers

(Masri & Ellingboe, 1966; Mount & Ellingboe, 1969;
Slesinski & Bllingboe, 1971)., They had shown that both

development of hyphae and transfer of 32? and 35

S'from the
host to superficial fungal structures depended on-the
successful establishment of the primary haustorium.

Despite the dearth of information on the function
of haustoria there have been numerous investigations of
their ultrastructure and that of the host interface.  These
héve been reviewed and discussed in detail by Ehrlich &
Ehrlich (1971) and Bracker & Littlefield (1973). These
reviews, particularly the latter have concluded that knowledge
of the ﬁltrastructure of haustoria has not yielded any
information on their function, However, they have revealed
that haustoria have highly specialised interfaces with their
hosts. The host plasmamembrane is not penetrated but is
invaginated by the intruding ﬁaustofium and structures not
normslly formed outside the host plasmalemma are [ormed be{ween
theﬁ. Various terms, some with ambiguity, have been appliéd
to the interfacial structures but Bushnell (1972) has simplified.
nomenclature by defining the invaginated host plasmalemma as the

extrahaustorial membrane and the region between it snd the



haustorium, the ext?ahaustorial matrix, ,
Fractibnatio§ of infected tissue has facilitated

structural and some‘physiologiéai studies of the interface.

Dekhuijzen (1966) developed a technique to isolate

haustorial spructures from cucumbér infected with powdery

mildew and this was improved by Gil & Gay (1977) for pea

powdery mildew. The latter termed the isolated structure

the haustorial complex which comprises "the haustorium with

its cytoplasm, the exirahaustorial membrane around it and

the materials and structures between them", This approach

has shown hausforia to have significant respiration in vitro

(Dekhuijzen, 1966) and pefmitted a thorough examination of

the structure of the interface (Gil & Gay, 1977). Freeze

fracture studies and various enzyme and chemical treatments of

isolated haustorial complexes have shown that the extré—

haustorial membrane is quite distinct from the host plasmalemma

(¢ia, 1976; Gil & Gay, 1977) which is in ggreement with earlier

structural studies of flax rust (Bracker & Littlefield,1973).
The attachment of the extrahaustorial membrane to the

haustorial neck previously argued by Bushnell (1272) was clearly

visible in isolated haustorial complexes and furthermore the

volume of the extrahaustorial mntrix could be altered by

adjustments of the osmolarity of the ambient medium. These
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results agreed with observations by Bushnell (1971) who

dissected cells of Hordeum vulgare infected with haustoria

of E. graminis.. However, because Gil & Gay's (1977) studies
were coﬁbined with elestron microscopy, the unCeftainty of the
particﬁlar cell membfane or component involved was clarified
and they indicated that the extrahaustorial membrane or mdre
unlikely the neck wall, or both, were semipermeable and that
the extrahaustorial matrix was liquid and enclosed in an
interfacial compartment,

Concurrent with studies on the structure of haustoria
numerous papers have been published on the biochemisiry of
 biotrophic associations and with particular rcgarq to their
nutrition, Smith et al (1969) have discussed in detail the
~ carbohydrate nulrition of biotrophs. The role of carbohyidrates

is of prime importance in biotrophic associations of higher

plants and fungi, distinct features have been resolved (Smith ot
al, 1969; Lewis, 1970).> First, movement of carbohydrates to
affected arcas is stimulated apd sometimes this is.accompanied by
an increase in polysaccharide synthesis in nearby uninfected cells,
These carbohydrates with those synthesised in infected cells are“
then releassed, absorbed by the fungus and converted to fungal

it is .
storage products, O0f thece processes,Athose of nutrient release
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from host cells and uptake by the fungﬁs which are the mést
pertinent to studies of haustorial function and it is these
stages which are the least understood (Scott, 1972; Lewis,
1976) .

Lichens havg been used as model experimental systems
to study biotrophic transport pfocesses and the nature of the
translocate and mechanisms have been resolved using two
techniques in particular. The algal partner has been isoléted.
and the rates an@ nature of 14C - labelled photosynthates
released by these cells compared with those from free living
forms (Drew & Smith, 1967&). Secondly, transportvcan be
inhibited at the plasmamembranés of autotroph and fungus by
either competitive substrates or disruptive agents (Drew & Smith,
1967b; Chambers et al, 1976). The competiltive inhibition
technique has-also been used in studies éf intercellular tfansport
in rust infections and mycorrhiza (Lewis, 1976).

Haustoria are not ubiquitous in lichens and vhen
present they are often found in dégenerate host cells (Collins &
.Fafrar, 1978). Thus thev are not thoughf to have a significant
role in nutrient transport (Collins & Farrar, 1978). Further,
techniques used for lichens cannot.be applied difectly to study

biotrophic transport in haustorial associations of fungi where the

major interface is intracellular. There, release of photosynthate
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by the host cell cannot be studied directly by isolating

infecﬁed cells since thg haustorial interface is a localised

and intimate association between the fungus and hos# membranes

which is difficult to divide (Gil & Gay,.1977). Further, since

the extrahaustorial.matrix which bathgs tﬁe haustorium is not

in continuum with the leaf apoplast, the competiti&e inhibition

technique is not applicablé to the haustorial interface in

infected tissue, Thus, the problem for haustorial studies is

in obtaining experimental access fo the intrécellular interface,
In his review of the biology and distribution of

haustoria, Bushnell (1972) recognised that because of its intra-

cellular location and intimate relationship with the host cell,

new techniques combining structural and biochemical approaches

were necessary to study haustorial physiology. He listed

isolation.of héustoria, micrémanipulation, high resolution

autoradiography and in vitro inductioh of haustoria as the most

. promising systems. Some progress has been made using auto-

radiography and probable differences in the nutritional physiology

of intercellular and intracellular haustorial interfaces have been

demonstrated in rusts dénd downy mildews, _Andrews (1975) showed

that Bremia lactucae infecfing lettuce cotyledons fed withle-

glucose or 3H - leucine could utilize glucose prior to peneiration

and throughout its growth whilst utilization of leucine whs delayed



until haustoria were established. Similarly Onoe et al
(1973) have shown that whereas infecfion hyphae of Puccinia
coronata incorporated label when infected oat leaves were
3

H-glucose, pyrimidine nucleosides were

exposed to 14.002 or‘fed

not utilised until haustoria were formed. As yet, auto-

radiography has ﬁeen of limited value because the procedure

is both tedious and itime consuming and it does not routinely

detect soluble compounds. Thus ii is unclear whether the lack

of utilisation of compounds prior to haustorial development is

related tq the timing of their assimilation into inscluble

compounds or uptaﬁe by the haustofium. Also, although the nature

of the 1gbelled substrate is known, the composition of the cell

componenté into which it is incorporated cannot be determined.

Similarly micromanipulation studies do not readily lend themselves

to elucidation of biochemical or membrane transport processes.
Isoiation of haustorial complexesvfrom powdery mildew

“infections is potentially more valuable. It permits direct analysis

énd_ig.xiﬁgg stﬁdies of the haustorium and its host interflace

(¢i1 & Gay, 1977). This thééis describes experiments which apply

“this technique to stu&y the function gf powdery mildew haustoria

and in particular their role in transport of nutrients and

fungicides from host to parasite. Parts of the work are
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already publiched, (Ga.y & Mammers, 1977; MNanners & Gay, 1977;

Manners & Gay, 1978a; Manners & Gay, 1978b; Manners, 1978) .



MATERTIALS AND METHODS

I) Hosts and Fungi

The plants and’ pathogens used were as follows (The

nomenclature follows Blumér, 1967).

Plant

Pisum sativum

L, cv. Onward

Beta vulgaris

L. cv,. Bushmono

Malus pumila

L. cv, Jonathon

Vitis rebe

L. cv. Mullerthurgau

Hordeum vulgare

L. cv. Proctor

Common
name

Pea

Sugar beet

Apple

Grapevine

Barley

Fungus

Erysiphe pisi DC.

ex Saint-Amans.

Erysivhe polygoni DC.

ex Saint-Amans

Podosnhaefa leucotricha

(E11 & Everh.) Salm.

Uncinula necator

(Schw.) Burr.

Erysiphe graminis

DC. (Mérat) f. sp.

hordei

Except where indicated all experiments were carried

out on.Pishm sativum infected with Erysiphe pisi.

A) Cultivation

Pea plants were maintained in a greenhouse at i



approximately 25°C with a daylength of 17h, supplementary lighting
was supplied by mefcury vapour lamps (Philips Ltd), High quality

plants with 1argerlleaves were obtained in the summer months,

Four week o0ld plants were inoculated by shaking above them a
plant which had been infected similarly 15 days before. After
seven days, infected plants were removed for experiments, Uninfected

controls were maintained identically in a separate compartment,

Experiments on apple,-barléy, sugar beet and grépevine were
carried out at‘the research station of I. C. I. Ltd, Plant Protection,
Jealott;S'Hill. A1l plants there were maintained at 21° with a 16h
daylength. Apple anq barley were grown until the first‘true leaves
were fully formed and were then inocuiated by shaking over them plants
similarly inoculated 15-20 days before, Mature grapevine and sugar
beet were inocﬁlated—similarly when five to eighf fully expanded
leaves were formed and were taken for experiments after‘18 and 10 days

~respectively.

II) Isolation of Haustorial Complexes

A) Pisum sativum - Erysiphe pisi

The method of Gil (1976) with some amendﬁents, was employed.

vThe method is summarised in thé flow diagfam (fig. 1). “The composition
of the isolation medium was O.éM éucroée, 3mM MgSO4’and 0.1M phosphate
buffer pH. 6.8. The degree of comminution of infected leaves was

varied to improvevpurity. Starch grain and cell wall contamination was



23

Figure 1. Flow diagram for the isolation of haustorial complexes from

Pisum sativum infected with Ervsiphe pisi.

Pea plants removed 7 days after inoculation, kept in dark for 30 h.

Infected leaves ( 40-100 .g. )

Leaves brushed with an electric rotary cotton mop and mycelium discarded.

\

Leaves washed, 3 times in tap water at 4°, ‘ .
* 3 times in distilled water at 4 .

10g batches of leaves comminuted in 200 ml isolation medium, 4°.at 8,000 rpm
for 30 seconds in Sorvall Omnimixer. '

45rm filter

—Fiitrate 1.’{ ' \\\\\*‘ Brei resuspended in

medium, comminuted

16,000 fpm*for 30 sec.
45Fm filter

L Filtrate 2,./

Brei resus!;nded in
medium, comminuted

Filtrates 16,000 rpm,for 1 min.

combined 45rm filter

Brei resuspended in
medium, comminuted
16,000 rpm,for 1min.

‘ -Filtrate 3.

Centrifuged
3,000g, 5 min

a° . 45rm filter

‘ ' “Filtrate 4. Brei discalrded.
Supernate nt Pellet resuspendéed in S0 ml
discarded isolation;medium 4°,
3 x 1SIum filter \
10 ml 1ay§;ed over 15 ml Brei discarded

glycerol gradient,( B80%
v/v with isolation medium

at 4°.Centrifuged for 10
“min at 200g, 4 . .

Glycerol layer mixed with -5.\\ Upper layer removed by
30 ml isolation medium and ‘ aspiration and discarded.

centrifuged, 5,000g for S min
-‘§‘~“-‘-_"“~h- Supernatant discarded.

continued .



24

Figure 1. continued

\

Pellet washed 3 times by centrifugation
in 0.1 M phosphate buffer, pH 6.8, 4° .

at 3,000g for 5 min

i

Pellet resuspended in 1ml of buffer.
Haustorial complex (fraction=1).

\

Layered. over discontinuous sucrose gradient.

Centrifuged, 100g, 10 min, 4°

Haustorial complex ____— 9
(fraction 1 ). 0.2 ml.

50% (w/w) sucrose. 1ml, —%

70% (w/w) sucrose. 1ml, —%

/

Pellet resuspended in 0.5 ml
Haustorial complex (fraction-2

Yy

Haustorial complexes

and cell walls removed

by aspiration and
resuspended in 5ml buffer
centrifuged 3 times in
buffer, 3,000g at 4° .
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reduced to a minimum by using only filtrates 1 and 2 during the
isolation and this procedure was used routinely except where indicated;

in some instances, improved yields of haustorial complexes vere

obtained by using filtrates 3 and 4 also.

When contamination by starch grains was particularly important,
it was significantly reduced by a 30 h dark pretreatment of the plants
immediately prior to isolation of.haustorial compiexes or by the
additional discontinuous sucrose gfadient centrifugation of the
haustorial complex fraction 1. A fuller consideration of'contémination

is given in the results and discussion sections.

B)  Other host-parasite combinations

Comminution of whole infected barley leaves resulted in severe damége
to the haustoria. Therefore leaves were attached to the bench by
‘double sided sellotape by their upper surfaces, the lower epidermes were
then removed with forceps and a razor blade and comminuted at 5,000 rpm.
The glycerol‘gradient was not a necessary prerequisite for the simple

morphological observations to be made,

For all other hosts, whole leaves were comminuted. - In apple the
fraction from the final centrifugation was filtered through 19}4m mesh
which retained intact host cells. The final fraction from infected

sugar beet leaves was filtered through E)Jm mesh and the haustorial

complexes washed frdm fhe mesh after filtration, host intracellular
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in.clusions passing through the mesh. No satisfactory method was
found to totally separate the vine haustorial complexes from the
intracellular crystalline inclusions released from the host during

comminution.

IIi) Isolation of protoplasts of Pisum sativum‘

Fully expanded leaves (.10-153), were excised from 4-5 vweek'o.ld
plants which héd been kept in the dark for 3Oh. Y‘ounger plants give
. poorer ~yi_elds of protéplasts, (Von Arnoid & Eriksson, 1976).

The lower epidermes ﬁere removed with fordeps and the mesophyll cells
plasmolysed by floating the leaves on 0.7M sucrose for th. The
leaves were then washed in 2.5% (w/v) KC1 and 1 (w/v) }Ié5047H20.

A mixture of either Macerozyme R-10 (Onazuka) (0;1% w/v) and Cellulase
R-10 (Onazuka) (0.5% w/v) or Driselase (2.4 w/v)_with_either KC1
(2.9? w/v) ané MgS0 .7 H,0 (1 w/v),or;mannitol»(O.GM) were used to
digest the plant cell walls and releéase'the protoplasts,

Carbenicillin was Sometimes inciuded (109}Jg/m1) to limit bactérial
contamination.(Watts & King, 5973). The leaves were incubated for 2—3h
at_30° in 200-250 ml of the mixture. They were then gently agitated
and the liberated protoplasts removed by filtration throggh nyloh‘mesh
(7Zj&m). The filtrate was centrifuged at 100g for %min. and washed
twice by similar ‘centrifugation in KC1 (2.5% w/v) and MgSO4.7H2O

(1% w/v). The pellét_.'was suspended in 50 ml of 2(f» sucrose and
centrifuged ét 1,000g for 3 min., :Intact protoplasts formed a tand at

“the surface of the sucrose solution and were removed with a pasteur
Pipette. Proéolo(»st Nnumber and contamination 6\1 isolated vacuoles were
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estimated by mounting in 20 sucrose in a Fuchs-Rosenthal cell

counting chamber, depth 0.2mm.

IV) 'Hicroscogz
Simple observations of iselated haustoriél complexes or

stripped epidermes were made by means of phase contrast or Nomarski
interference contraét MicrosScoyy. Specimens were usually mounted in
water,'isolation medium or‘in ZQ% lactophenol after staining with

acid fuchsin (1% w/v) in lactophenol. Estimates of haustorial numbers
were made by means of a haemocytometer slide (0.1 mm depth).
Measurements were made with a micrometer eyepiece which had been

calibrated against a graduated slide,

A) Estimatioh of the frequency of haustoria

The frequency of haustoria on the leaveé was estimafed by peeling
upper. epidermes and mounting them‘;p water over a haemocytometer grid
and counting the number of haustoria per unit area. Total leaf areas
were estimated by photceopying detached leaves from 30g of trimmed plants
cutting out the paper images and weighing them. Areas weve then

calculated by proportional comparison,

B) Estimatﬁon of surface areas and volumes
i) Haustorial complexes
The volume of the haustorial complexes was calculated from

measurements of the average lengths and widths of complexes in the
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fraction, The 1idealised. shape of an haustorial complex was taken

to be as shown in fig. 2.

Fipgure 2 The idealised shape of an haustorial complex for volume and
surface area measurements,

S

-¢= hemisphere w = width
—N
““"f’““ 1 = length
- cylinder
]_ N ]." W = CYy

-¢= hemisphere

The average volume and surface area were thus calculated from

length and width measurements with the following formulae.

Volume

1

Ay (W ¥ )2
5 (2)3”(2) (1-w)

‘) (1.— w)

Surface area

It
S
A
o~
~ |
~
+
he
32
P
N |s

ii)  Plant Protoplasts
Isolated pea mesophyll protoplasts were spherical and their

surface area and volumes were estimated from measurdments of average

diameters.
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\' ) . Leaf disd experiments

14

A) Photosynthesis,dark 002 fixation and uptake by the mycelium.

Batches of discs (12mm diameter) were placed on a moisf filter
paper in small perspex chambers (volume 27 ml) and each chamber sealed

with a supaseal., Injection of 20/uCi of NaH14

CO3 (60 nCi/mmol) was
followed by 0.5 ml of 50% lactic acid. Chambers were then incubated at
25° and illuminated by an Atlas tungsten reflector lamp proviéing 10,000
lux at the chamber surface. After 5min, 1 ml of 2N KOH was

: . .

€O, was estimated

injected and the discs femoved. Dark fixation of 5

by light-proofing fhe chamberslwith aluminium foil! 4For photosynthesis
experiments discs were removed from the chambers and dropped directly into
boiling 805 éthanol. Uptake by the mycelium on infected discs was
estimated by gently brushing the discs with‘ﬁ camel hair brush, the
mycelial brushings and brushed discs were then also dropped into boiling
BQ%.ethanol. E thanol extraction was for 2h and thé insoluble material
fhen subjected to boiling 1.5 N H2504 for 2h. Tﬁe acid was neutralised
by ‘adding BaCOB‘(Lewis & Harley, 1965). | The ethanol an@ acig e#trécts

were then reduced to a known volume at 50°C and the radioactivity

estimated by liquid scintillation counting.

-

"¢ photosynthates

B) Leakage of
Discs (3 or 6 mm in diameter) were cut from uninfected leaves and
from infected leaves where the mycelium had been removed with a camel hair

brush. They were washed for 3 min in distilled water, blotted and placed

on moist filter paper in a perspex chamber (volume 420 ml) which was sealed.
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2 . 1
A quentity of NaH 4CO3 (60 mCi/mmol ) containing 100 0/Ci activity was

injected and followed by 1ml of 50% lactic acid. _ The chamber was
illuminated as above (VA). After the exposure the discs were removed;
10 were taken and their dry weight estimated after heating in an oven at
80° for 48h. The remainder were placed into 3 x 25 ml flasks (10 per

: or 15 '
flask) and incubated in 1Q(m1 of distilled water at 25° on a shaking
waterbath. At hourly intervals discs from successive flasks were removed

by filtration with sintered glass. The discs were then extracted in 80%

ethanol and 1.5 N H2SO4

as above, Radioactivity in the extracts -and
incubation medium was estimated by scintillation counting. The ion
content of the incubation medium was also estimated with a conductivity

bridge.

VI) In Vivo uptake of 140 photosynthates by haustorial complexes

14

To study uptake kinetics ~ 'CO, was fed to infected leaves,

2
haustorial complexes were subsequently isolated and radiocactivity estimated.

Two experimental procedures were used and will be described separately

both here and in outline in the results section.

Aj Short exposure procedure
Detached infected and healthy leaves were used for these
experiments. For‘infecfedbleaves the mycelium was eithe? left attached
or removed'by gentle brushing witﬂ an electrically rétated cotton mop prior
. to exposure. Seven gram quantities of leaves were arranged on a

rectangular perspex rack which was placed in a modified McIntosh and
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Fildes glass container (31) normally used for ipcubation of bacterial
cultures., A high humidity was maintained b& moist tissue paper.

After closing,CO2 - free ‘air was passed through the céntainer for 5 min.
' Both taps were then closed and 1mCi of NaH14C03 (60 mci/mmol) injected
through-a rubber supaseal so that it collected in a shallow dish.

This was followed'by‘1m1 of 50+ ldctic acid to liberate the ' CO,.
The vessel was then illuminated by 2 Atlas tungsten reflector lamps
(each 1504) which provided 13,000 lux at its surface. A perspex tray
of cold yater was placed immediqtely beneath the lamps to prevent

overheating.. For some experiments (dark controls) the vessel was

light-proofed by enveloping it in black plastic.

Exposures to 14002 were ended by injecting 1ml of 4M KOH and
blowing air through the vessel fn¥.1.min. The leaves were removed,
briefly washed in cold water and haustorial complexes isolated. If the
mycelia were.attached during the equsdre,'they were removed by brushing
immediately before haustorial comélex isolation. ‘Haustorial complex

fraction - 2 (IIA) was isolated to minimize contamination by the

starch grains.

B) Long exposure pfocedure

Whole plants were used. The stems were trimmed with a razor blade
to remove all leaves without confluent mildew colonies on their upper
surfaces, and thése showing etiolation or browning. For the experiments

vhere the mycelia were to be sepsrated from the leaves before 14CO2

.
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feeding, extreme care ﬁaé taken not‘to damage or detach the leaves
during brushing. The stems of these plants were theﬁ cut at-the

base using a wet razor:blade, The plants were arranged on a perspex
plate over a preweighed tray of water. The stems projected through
perforations so that their cut ends vwere immersed in water. Batches
of 130g of brebrushed plants or uninfected plants were arranged in

this manner. (Preliminary experiments had shown that 138g of

infected plants would yield approximately 130g after removal of the
mycelium). ’ The tray assémbly was then placed in a rectangular perspex

exposure chamber (551) and the apparatus sealed. A solution of

14

NaH' “CO. (1m1, 2mCi, 60 mCi/mmol) was injected through a rubber

1400 released by subsequent

supaseal into a shallow container and 5

injection of 2 ml of 5 lactic acid. Air was circulated in the
chamber by a small electric fan. Illumination was by two Atlas
tungsten reflector lamps (each 15(M) providing 13,000 lux at the
surface of the chamber, Temperature within the chamber was 25° 1 1°,
At the end of exposure, 4 ml of 2N KOH was injected énd air passed
through‘the‘chamber for 1 min, . The plants were removed and the leaves
detached and.placed in a mixfure of ice and water., The unbrushed leaves
were placed in a cold room at 4° and small quantities removed for
brushing. Afterwards these leaves also were immersed in an jce-water

. mixture untii the brushing was completed.

Further treatﬁent of all leaves was then identical,

i) Twenty 7 mm discs were punched out of leaves

chosen at random and placed in 95% ethanol.
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ii) The mycelium was recovered by means of a suction
trap consisting of a funnel attached to a vacuum cleaner. Mycelia
were collected from a 4%}gm nylon mesh fixed in the narrow orifice of

the funnel. Samples of these were placed in 959 ethanol.

iii) The leaves were washed 5 times in an ice-water
mixture and twice in distilled water at 4°C and haustorial complexes
(fraction - 1) then isolated asAdeécribed previously. No additional

gradient was used to reduce starch contamination.

VII) In vitro uptake of solutes.
A) Haustorial complexes
Although the concentrations of the solutes varied with
experiments (see results section)‘the mefhod used for detecting uptake
was similar. Haustorial complexés (fraction - 1) were isolated by the
method described above (IIA) and suspended in 0.1M phosphate buffer

pH 6.8, Uptake was then measured by the folloﬁing two methods,

i) Frgctions of 0.2 ml of the haustorial complex susPehsion were
: ‘ 14 .
placed in 5 ml centrifuge tubes. 0.1 ml of the C labelled solution
was added to give the final required concentration. Tubes were then
incubated at 250 on a shaking water bath, To end the uptake process 4 ml
of cold buffer was then added and the haustorial complexes separated from

| (4,000g)
the medium by 3 centrifugations in cold buffer at 4%,
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ii) To study uptake kineticsof single compounds, the
haustoriael complex fraction (1.5 ml) was added to a 50 ml tube and

0.5 ml of the 14

c - 1abe11ed solution added. The tube was incubated
on a shaking water bath as above and at various time intervals 0.2 - 0.4 ml

were removed and haustorial complexes separated from the medium by

centrifugation as above (VII, A, i).

B) Protoplasts
For protOplastS; a suspension was added to a known volume of
radiocactive solution to give the required final concentration. This was

incubated at 25° in a shaking water bath and 0.5 ml eliquots removed at
i , w/v
intervals. These were added to 20 ml of solution of KC1 (2.5ﬁ%)and

v/ v
MgSO4 7H20 (1%A)in 50 mM phosphate buffer pH 6.8 and washed twice by

centrifugation at 500g for 2 min, The pellet wes then resuspended in
(w/v)
2Q%Asucrose and centrifuged at 1,000 g for 3 min, The intact

protoplasts were recovered from the surface of the sucrose solution by a
pasteur pipette. Their cell density was estimated and the radioactivity
of the protoplast suspension and the supernataent from the final

centrifugation was estimated by scintillation counting.

-XI1T ) Oxyeen uptake by isolated hausforial complexes

Oxygen uptake by haustorial complexes (fraction 1) isolated from
two batches of 80g of brushed leaves was measured by suspending them in
0.5 ml of 0.1M phosphate buffer pH. 6.8, and 0.1 - 0.4 mannitol, sucrose

and glucose in buffer in a Clark oxygen electrode chamber at 250_



After 20 min measurements were begun and continued over the subsequent
15 min incubation. Cell deﬁsitiés were estimated after each
incubation. The electrode was calibrated against distilled water

( oxygen concentration 240 nmoles Q2 /nﬂ) and water containing crystalé

of sodium dithionite.

IX) ' Autoradiography

The stripping film technique of Berriman et 21 (1950)

and Domiack and Pelc (1950) as described by Rogers (1973) wes employed,

A) Preparation of slides

Glass slides were prewashed by the following

- procedure,
~12h - in 100 g of potassium chromate,
100 ml of H2'SO4 (conc)_and
850 ml of H20a
4h- ~ in running tap water
3 x 1h - in distilled water

2x 1h ~ in double glass distilled water

.The& were then allowed to dry in a dust free atmosphere. One drop of
a suspension of labelled or unlabelled haustorial complexes (105/m1) in
double distilled water or 7@f(V/v) ethanol was then placed at one end
of the slide and allowed to spread over a.400 mm length of}the aslide.

A 1abel was then attached at the other end and the slide dricd,
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Aﬁplication ofiemﬂlsion
AR-10 (Kodak L1) stripping film was used. -
Darkroom conditions wgre critical; humidity was 607, temperature>
249- 25O and a Kodak No 1 (red) safelight filter with a 25¥ bulb
was placed & distance of 14m from the workbench and dimmed to a

minimum,.

Glass plates'with the film attached were held at their
edges and, with a scalpel biade, the emulsion slides were scored 10 mm
from the edge. The central rectangle of film was then scoréd into
6 smaller rectangles, each 80 x 40 mm. The films became détached
at their edges and were then taken by forceps and gently peeled from
the glass. Flashes of_étatic electricity were avoided by breathing

on the film during the strirping process,

The plates were stripped just above a trough filled‘with
double distilled water at 250. As @ach film left the plate it was
laid on the water surface with the emulsion ;ide down and left to
imbibe water and expand for 2 - 3 min. The film was then picked up
by holding the slide at the endvfurthest from the smgar with the
épeéimen uppermost and dipping it into the water undef the film and
was lifted so that the film's ends wrapped around the slide and
sﬁoothly covered the specimen. The slide was dried in a vertical
position for 1 h at low humidity (30¢:) and then overnight in a

desiccator. Slides were stored in light proof boxes at 4° for 5 days

after applyvineg the emulsion.
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Development and Fixation

The slides were immersed for 5 min in Kodak_D—19
developer at 160, rinsed for 30 - 60 sec in distilled water
(1}4° ) and fixed in 30% (w/v) sodium thiosulphate at 12° -~ 14°
for 5 min, They were finally.washed in 4 changes of
double distilled water at 12° and dried in a desiccator for
12 h,
Experimental Controls

The following controls were used,

i) An unlabelled suspension of haustorial

complexes to detect positive chemography (Rogers,1973) was

treated similarly,

3i) A slide of labelled complexes was exposed to

the light prior to development and fixation, this permits detectionj

of negative chemography (Rogers/1973),

Analytical Techniques

Homogenisation of samples
Prior to all anaLysiS)samples of haustorial coﬁplexes,
leaves and mycelia were homogenised. ‘The following two
techniques were employed.
i) Sonication
Haus torial complex fractioné'only were sSubjected to

5 periods each of 10 sec with a Sonicator (MSE - Mullard 7685/ 2),
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The temperature was maintained at 4° by immersing the sample tube in an
ice bath during sonication. Microscopic examination showed this

completely disrupted all the complexes in the fraction.

ii) Potter homogenisation
Suspension of leaf discs, mycelia and haustorial complexes were

disintegrated by 30 strokes in a light fittiing glass Potter homogeniser

at 4° .

B) Assay of Radioactivity
i) Scintillant mixtures
Two scintillant mixtures (S1 and S2) were used in this study.
81), This was adofted from Spencer and Banerji (1971), The

dimethyl sulphoxide necessary to solubilize blood plasma was omitted .
The composiion>of the scintillant mixture was as follows. All reagents

were of scintillation grade.

10 g Fumed silica (Gab - 0 - Sil)
S‘gk Naphthalene
0.25 g _2i5 - Diphenylozazole.
0.015 g 1,4 - Di ~ 2 - (5—phenyloxézoly1) - benzene.

These were then made up to 50ml in 1,4 Dioxan.
This scintillant miﬁtufe forms a gel and was particularly wvaluable for
" counting particulaté su3pensiphs, e.g. sonicated cells and ethanol
insoluble residues. Since it has a meximum water capacity of 5 - &h,

aqueous and ethanolic solutions were also counted with it. Aliquots of
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0.2 - 0.5 ml of sample were incorporated into 10 ml of scintillant.

The efficiency of counting.was usually between 65 and T%%.

52) This scintillant ﬁixturevwas adapted from Patterson and
éreene(1965) and includes the-non—ionic detergent Triton X-100 which
permits the counting of larger proportions of aqueous samples by
emulsifying them in the scintillant mixture, The composition of this

mixture was:

34 ml Toluene
16 ml Triton X-100
0.2 g 2,5 - Diphenyloxazole

0.005 g 1,4 - Di - 2 - (5-phenyloxazolyl) — benzene

This had a water capacity of up to 19% and at that level there was
little loss of counting efficiency. 'Aqueous and ethanolic samples of
0.2 - 1 ml were added to 10 ml of séintillant. Efficiency of counting was -
usually between 70 - 8.

CA11 countingbwas carried out in polypropylene counting vials
(Packard Ltd) excépf where dry weight estimates were made prior to counting,
when glass vials were used, The polypropylene vials have the advantége
of -very low background counts, (20 - 24 cpm). Counting was done in a
Traéerlab Cofumatig -~ Spectromatic Scintillation‘counter.
ii) Internal Standardisation

To estimate the efficiency of counting, the experimental vial

containing the scintillant nixture and sample were weighed after counting

X 1O6

and 0.1 ml of (U - 14C) hexadecane (1.1%<dpm/g') was added and the vial
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reweighed. The hexadecane is completely miscible in the solvent and
permits estimatioﬁ of the efficiency of both the counter and
scintillant and the degreé of quenching by chemicals in the sample.
This system was preferable to the channels ratio method (Bush,1963)

which gave inconsistent results with the S1 scintillant mixture.

C) Assay of Protein

Protein was determined by the method of Lowry et al
(1951). Samples containing 60 - 159/4g protein were measured into
test tupes with a microlitre syringe and made.up to 109/$1 with water.
If the sample contained insoluble protein (e.g. membrane components),
0.4 mi of 10% (w/v) sodium deoxycholate was added to solubilize,it;
otherwise 0.4 ml of water was added. Then 5 ml of Na2003 (¢ w/v) in

0.1N NaOH, 50 p1 CuS0,. 5H.0 (1% w/v) and 50 J sodium-potassium tartrate

4°
(o w/v) was added, ﬁixed thoroughly and left to stand for 10 min at room
temperature., A 0.5 ml quantity of a mixture of 1 part Folin.-
'Ciolcalteaulphenol reagent with 2 parts water was added whilst mixing
vigéuroﬁsly with a vortex.mixer (Whirlimix, Fisons), VWhen the tubes had
stood for 30 min at room temperature, optical densities were estimated at
600.nm. Bovine serum albumin was used as a standard.
»D) Assay of Carbohydrate

i) Anthrone assay for total carbohydrate,( Dische,1962.

Up to SOQ/Jg of carbohydfate in 1 ml of water was added to a tube and

followed by 4 ml of ‘anthrone reagént (0.2%) in concentrated sulphuric acid,
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The tube was heated to 100° for 10 min. When cool, " the optical
density was estimated at 620 nm and compared to that of glucose

standards.

ii) Nelson - Somogyi method for reducing sugars (Nelson)1944).
This is a sensitive assay and requires careful'preparation of the
following reagents.

Copper reagent A.

25 g anhydroué sodium carbonate
25 g ~°  8odium-potassium tartrate
20 g sodium bicarbonate

200 g sodium’ sulphate.

These were dissolved in 800 ml of water and then diluted to 1 1

filtered and stored at room temperature.

Cbpper reagent B.

15 g of CuSO 5vH20 and one or two drops of concentrated H280

4 4

were dissolved in 100 ml of water.

Arsenomolybdate reagent

Ammonium molybdate (25 g) was dissolved in 450 ml water and 21'ml
of conCentrated»H2$O4; 3 g of Na2HA§%f7H2O in 25 ml water ﬁere added
sequentially and the solution incubated at 37°'for 48 h., The reagent

was then stored at room tempefature in a brown glass bottle in thedark.



42

Assay procedure:

Copper reagents A '& B were mixed on the day of use in the
proportions of 25 parts A to 1 part B. The test sample (0.2 ml,
| containing up to SQ}Jg/ﬁl reducing-Sugar) was added to 0.8 ml water'
'land 1 mi of cﬁpper reagent, this was‘heated at 100° for 30 min,
After cooling, 1'mi of arsenomolybdate reagent was added and thoroughly
mizxed with a 'Whirlimix' until CQ2 evolution had ceased. The blue
colour produéed was estimated by spectrophotometry at 660 mm against
a water blank. Glucose solutions (between 5 and SQ/Jg/ml) were used

as standards,

iii) Dinitrosalycilic acid assay for reducing sugars,
(Broderson and Ricketts, 1949).
To make up the reagent, 1 g of dinitrosalycilic acid was dissolved
in 5 ml of water with constant stirring and heating. Dropwise ad@itions
of 20 ml of 2N NaOH were followed by 30 g of sodium-potassium tartrate and
‘the volume made up to 100 ml.
One ml of this reagent was added to 1.5 ml of sample and boiled for
5 min. When cool the optical density of the solution was measured at
540 nm. Glucose (50—500/1g/m1) solutions were used as standards.
iv) Thiobarbituric acid assay for uronic acids,
(Preiss and'Ashwell,1963).
A 1 ml sample was added to 5 ml §f thiobarbituric acid (0.01M)
and 2.5 ml HC1 (O.BM) in a test tube and mixed well. The tube was capped

and heated in a boilins water bath for 30 min. After cooling the optical



43
density was measured at 515 nm and compared to that of galacturonic

acid standards (209}Jg/ml).

Ion exchange chromatography:was carried out on some samples prior
to assays. To separate basic and acidic compounds, aqueous

solutions were passed through the following ion-exchange resins.

i)  Amberlite IR - 120(:H+)
This cation exchange resin was regenerated by washing in
4 bed volumes of 2N HC1l and washing with double distilled water until a
constant pll was attained,
ii) Amberlite IR ; 45 (OH‘).
.This anion exchange resin was regenerated by washing in 4
volumes of 4% NaOH followed by double diétilled water until constant pH

was attained.

iii) Dowex - 50 ( x 8 mesh H')
This was regenerated with 4 volumes of’2N HC1 and 10

volumes of deionised water.

i¢) Dowex — 1 (x 10 mesh CH C00 form)
This was regenerated frnm the chloride form by flgshing
vwith 4 vélumes of 0.5 M NaOH,>8 ;olumes deionised water, and washing
overnight in 4 volumes of O.5N acetic acid and then with deionised water to

.a constant pH.-
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Columns of the above resins (2-3g) were made up in rasteur

pipettes and aqueous extracts passed through.

E) Qualitative analysis of neutral sugars and polyols
Sugérs and polyols were separated from extracts and

identified by paper chromatography.

i)  Extraction of ethanol soluble compounds.

Mycelial, leaf and hauétorial cnmplexvfractions were homogenised
in 80t ethanol and the homogenate refluxed for 2 - 3 h. Insoluble
material was separated and yashed twice in 80% (v/v) ethanol by
centrifugaﬁion at 12,000 g. The supernatants were combined and reduced
at 40° on a rotary evaporator to near d;yhess in a preweighed flask.

If the dry weight was to be estimated the flask wés then dried under
vacuum for 30h at 50° and then reweighed. The dry weight of the
insoluble residue was estimated similarly. VThe samples were then

dissolved in water,

ii) Cleafing
To remove from the extracts, coloured materials which may interfere
with'chrématography, a technique modified from that of Yemm (1935) was
ﬁsed. The exiracts after solution in water, were mechanically shaken
with equal volumes of 207 aluminium hydroxide suspension in a conical

flask for 15 min and then filtered,
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iii) Deionization
When cleared extracts werebto be deionised, a 10 g
resin mixture consisting of Amberlite IR - 120 (§") and Amberlite
IR - 45 (0H7)in equal proportions to 10 ml of the extract (Lewis and
Smith,1967b). The extracts and resin were shaken for 30 min and then
filtered through glass wool leaving solutions of neutral compounds

only.

iv)  Chromatography
a) Chromatography papers
Large sheets (46 x 57 em) of Whatman No 1 and No 4 unwashed
chromatography papers weré used.
b) Spotting chromatograms
Extfacts vwere reduced to small volumes (0.2 -1 ml).
Aliquots containing 30 - 109))g of standard or of carbohydrate previously
estimated by Anthrone assay, were then spotted on tc the origin with a
microsyringe. Individual additions were limited to 2 - 3)u1 so that the
spot was no larger than 5 mm in diameter.
¢) Development of chromatograoms
Single dimensional desceﬁding chromategraphy wos employed
essentially as describgd by Smith (1960). The end of the paper was
serrated to allow the solvent to drip evently off the paper. All
chromatograms were run in deep glass chromatography tanks atvroom
femperature. Tﬁe solvents used are listed in table ] which includes their

abbreviations used throughout this text.



Table 1 Solvent systems used in paver chromatozravhy for sugars & volyols

Solvent system Abbreviation Compounds sSevparated Pavper used Duration of - Reference
(composition by volume) . & conmments. run
n - propanol - 7 ‘ | T Best for disaccharides, myo- No 1 24 - 30n Smith (1960)
inositol. Some value for '
ethyl acetate - 1 PEW hexoses, pentoses,
water -2
. ethyl-methyl ketone - 9 MAB Will separate isomeric polyols; No 1 V 24 - 30h Rees and
good separation of hexzoses & - ‘ Reymolds
acetic acid - -1 polyols. (1958)
sat. boric acid -1

ethyl acetate - 14 Baw Best generzl solvent, separates No 1 ' 24 - 30h Smith (1960)
, hexoses/polyols and of some

acetic acid - 3 . value for disacchorides. No 4 18h

water - 3

éthyl acetate - 50 - BAPY General solvent, separates No 1 30 - 36h Jarvis and
most sugars but especially up to T72h Duncan (1974)

acetic acid - 12 useful for separating glucose ' for uronic

. and galactose,and uronic acids. ' acids.
pyridine - 18

water - 10

9v
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d) Detection reagents
Several reagents were used’ to detect sugars and their
specific reactions are listed on table 2 . They were prepared and used

as follows.

Silver Nitrate:

Saturated aqueous AgNO solution was added to acetone in the

3

proportion of 0.5 ml to 100 ﬁl._ Water was then added in drops until all
the silver nitrate-dissolved. Chromatograms were cut into strips, dipped
ihto this solution and dried for 5 min before spraying with ethanolic
NaOH (2% w/v). When dry, t6 permanently fix the spots, chromatograms
were dipped in sodium thiosulphate solution (10ﬁ,w/v) and washed for 30 min
in cold water.

When the MAB sclvent was used chroma£ograms were dipped into i (v/v)

hydrofluoric acid in acetone to remove residual borate prior to applying

the silver nitrate reagent (Britton,1959).

P - Anisidine hydrpchloride:

A 100 ml quantity of a 3% (w/v) solution of p — anisidine - HC1l was
prepared in moist butanol, .2 ml of acetic acid was added. Chromatograms
were sprayed, dried for 8 min and then heated initially at 600, inspected
and then heated ét 100° for 3 - > min. Spots were not permapent and weré

marked immediately.’



Table 2

Chromatogzrachic detection reagents employed for sugars & polyols

Detection Reagent Aldo-pentoses Aldo-hexoses Keto-hexoses Polyols . References
3ilver nitrate brown brown brown brown Trevelyan et al (1950)
p-Anisidine (HCl),+ acetic acid red brown yellow no reaction Hough et al (1950)

Bromocreseol purple

no reaction

no reaction

no reaction

yellow on blue

background. Bradfield & Flood (1950)

gy
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Bromocresol purple:

Bromacresol purple (40 mg) and boric acid (100 mg) were
dissolved in a mixture of:100 mlr of 99% methanol and 7.5 ml of 1%
(w/v) aquéqus sodium tetraborate,. This reagent could only be used
with the neutral PEW solvent as it is very sensitive to pH. Spots

were ephemeral and were marked immediately after detection.

e) Radioactive carbohydrates:

To detect radiocactive compounds on the chromatograms, X-ray
film (Kodak Ltd) was placed against the chromatogram and stored at - 20°
for periods of up to eight weeks. After develomment areas corresponding
to silver grains.were cut from the chromatqgrams and eluted by cutting the
paper into fine slivers‘and heating at 100° in each of two changes of
water for 1 h the paper was remqved bj filtration and the eluates
reduced to known volumes and counted iﬁ scintillant mixture S2.

However, in some instances, particularly for the extracts from haustorial
complexes, insufficient counts wére present in each éample for detection
by X-ray film and in théSe cases the chromatogram was cut inte strips 10

or 5 mm wide and their radiocactivities counted by dropping them directly
into scintillant mixture (Boffey & Northcote,1975). Peaks from these
scans and spotsvfrom X-ray film vere identified by comparison with standard

sugars developed siﬁultaneously on the chromatogranms.
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F) Quantitative analysis of neutral sugars and polyols
Sugars and polycls vere analysed as their

trimethylsilyl derivatives by gas - liquid chromatography (G.L.C.).

i) Extraction and preparation of fractions,

Sugars were extracted and leaf and mycelial fractions
were cleared and deionised"as‘described above. = Haustorial complex
fractions were deionised by passing through columns (each of 2 g) of
Dowex 50 (H') and Dowex - 1 (CH; C00T).  This was a necessary
alternative to Amferlite IR - 120 and IR.— 45 resins used in
preparation of samples for paper chromatography, because they
contaminated fthe sample with substances which interfered with the
estimation of myo-inositol. This was especially important for the
haustorial complex fraction since only small quantities of sugars were

exfractedo

ii) Preparation of trimethylsilyl derivgtives.
A methéd adapted from Sveeley et al (1963) was employed,
Samples containiﬁg up to 1 mg of carbohydrate were dried

in Eppendorf tubes in a vacuum desic¢cator. Anhydrous pyridine (1 m1)
was then added to tubes containing standards, mycelial and leaf extracts
and 0.2 ml for exiracts of haustorial complexes, The tubes were then
capped and heated at 80° for 4 h with occasional stirring. Extreme care
was taken tQ ensure water did not contaminate the mixture (Holliggn & Drew,
1971). Then, depending on the sample volumes,.O.Z or 0.05 ml of

hexamethyldisilazane and 0.1 or 0.025 ml of trimethylchlorosilane were added.
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The tubes were then capped and left overnight at room temperature.
The following morning, the tubes were centrifuged at 3,000 g to remove

the precipitates and the supernatants kept for analysis,

iii) Gas - liquid chromatography.

Glass columns (1.5 m long and 6 mm internal diameter)
containing a stationéry phase of %% methyl phenyl silicone gum, SE52,
were used. The supporting material was Chromasoyb W. (80 - 100 mesh)f
A Pye 'Series 104' dual cblumn gas chrbmatograph with flame ionisation

‘detectors was used with argon as a carrier gas at a flow rate of 50 ml
min —1. A temperature programme of 4 min at 1320 increasing to 260°
at a rate of 40 or 6° per min, was employed. Samples (up to 10/ul) were

injected into the columns by a Terumo micro syringe with a bent needle,

iv) Identification of compounds.
.Compounds were identified by comparison of retention times and
elution temperatures with those for known polyolsand sugars. This was

verified by simoultaneous injection of standards and samples.

G) Thin layer chromatography of lipids

Lipid extracts were analyéed by ascending‘thin layer chromatography
by the methoa of Skipski et al (1965). Preprepared silica gel plétes
were used, (Schleicher and Schull, T. L. C. plastic sheets, F1500. L5254,
Silica with luminescer) and samples wgre stresked orISpotted 20 mm from one
edge of each plate, Platesvwere developed initially in isopropyl ether -

acetic acid (96: 4IV/v) until the front had moved up the plate. The plate

wna dried for 45 min and then redeveloped in the same direction in
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petrqleum ether (40o - 60o boiliﬁg point) - ethyl ether - acetic acid
(90: 10: 1jv/v) which was allowed to run to 195 mm from the bottom of ?he
plate. |

Plates were rehoved and after drying lipids ﬁere detected by
iightly spraying with éhlorosulphonic acid (Martin~& Juniper,1970) and
heating at 150° for 10 min. To detect radiocactive lipids the
chromatogfam which was usuélly 2 mm wide was cgt across into 20 x 10 mm.
segments and each was dropped directly into 10 ml of scintillant mixture
82 and the radioactivity counted. The peaks of radioactivity along the
chromatogram were identified by comparison of their position with the

standards,

X1) Enzyme assays

A)  Invertase
BEnzyme extracts (soluble and insoluble) of the mycelium and

haustorial cocmplexes were assayed for invertase activity as follows.

A mixture containing 0.2 ml enzyme solution or suspension
0.3 ml H20.
0.5 ml 0.5 M sucrose
1.5 ml buffer (citrate

- phosphate or

phosphate buffers

0.1 M)

was incubated for 30 min at 32°. The reaction was stopped by adding 1.5 ml

of dinitrosalycilic acid and boiling for 10 mnin,
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Host (plant) invertase was estimated by the method of
Bacon ct al (1965) as édaptéd by Long et al (1975). Discs were made from
" infected leaves and healthy leaves and were washed in cold water and then
shaken gently with cold ethyl acetate for 30 min. ‘ The discs were then
washed again in cold distilléd water, Thev were then resusPendgd in 10 ml
-of 0.1 M sucrose in 0.08 M citrate-~phosphate buffer in a 25 ml conical
flask. - Thé flasks were then sealed and shaken for 3h at 32°.
Afterwards, 2.5 ml aliquots were removed and assayed for reducing sugafs.
The discs were retained, blotted and their dry weight estimated after

drying at 80° for 40 h.

B) Pectic enzymes

Enzyme extracts wvere éssayed for the following three classes of
pectic enzymes,

i) Pectin methyl esterase.

A cup-plate assay method was used (Mann, 1962); 2.5 g of
citrus pectin was added to 245 ml of‘water and the pH adjusted to 6.0,
methyl red solution (5.0 ml), salicylaniiide (0.025 g) and agar (5.0 g) were
added andythe mixture sterilized by autoclaving for 15 min at 120°,
Aliquots (25 mlj were pipetted into 90 mm diameter petri—diShes and when set,
9 mm diameter wells were cut in the agar with a No. 5 cork borer. Then 0.1 -
0.2 ml of enzyme sample v& pipetted into each well and the plates incubated
forAup to 70 h. Acid liberated from pectin by‘thé action of pectin methyl

esterase is detected as a red zone around the well.
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ii) <Polygalacturonase_and pectin transeliminase,

‘The reaction mixtures for this assay were as follows,

Polygalacturonase - Pectin transeliminase
Subtrate 4 ml 1% citrus pectin 4 ml 1% citrus pectin
or sodium polypectat or sodium polypectate
in buffer : in buffer.
Buffer 0.1M sodium citrate 0.1M tris- HC1
P 5.0.. i 9
CaCl, none (0.5 ml H,0) 0.5 ml 10 oM
CaCl2
Enzyme sample 0.5 ml 0.5ml

Reaction tubes were incubated for up to 5 h at 30°. At intervals,
0.5 ml samples were removed from both séts and assayed for reducing sugars
by the Nelson - Somogyi method. Galacturonic acid was assayed by the

thiobarbituric acid assay,

C) Glucan synthetase
This enzyme was assayed by a method modified from Ray et al

(1969). A 0.1 ml sample was added to O.1 ml of uridine diphosphate

14

C-glucose (312 mci/mmol) with an activity of 106 dpm/ml. It was incubated
for 30 min at 25° and then 5 ml_bf 70 alcohol added and the pellet washed
three times by centrifugation at 10,000 g. Glucan synthetase was

- L1
assayed as dpm ethanol insoluble 2 x 10 > haustorial complexes 307m1n .
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Results

I).

The isclation and some light microscopic observations of

haustorial complexes from apple, barley, beet, pea and vine.

The develomment of a satisfactory experimental system
for mechanically isolating haustorial structures from the host

plant has proved invaluable for investigating both structural

_(Gil, 1976; Gil & Gay, 1977; Dekhuijzen & Van der Scheer,

1969) and physiological aspects, (Gil & Gay, 1977 ;
Dekhuijzen,1966) of the host haustorium interface. 1t is now
clear that for the powdery mildews investigated so far

(Erysiphe pisi by Gil & Gay, 1977; and Sphaerotheca fuliginea

by Dekhuijzen, 1966) that other interfacial pomponents are
released from the host ‘and retained in assoriation with the
haustorium. The composite isolated structure has been termed
the haustorial complex (Gil & Gay, 1977).

This section describes attempts.to obtain purified
fractions of haustorial complexes from other powdery mildews

and in particular from Erysiphe graminis infections. It also

compares structural and physiological features of haustoria of

powdery mildews of gramineous and non-gramineous hosts,
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Experimental ?rocedures.

For host-parasite combinations other than pea mildew,
15 - 20 g fresh weigpt of infected leaves ;;;e used in each
experiment. For pea up to 150g of leaves were used,.
Haustorial complexes were isolated andvobsefved as outlined in
the methods (IIf.A & B)

The osmotic potential of the extrahaustorial matrix
vwas estimated for haustorial complexes isolated from pea.
Isolated haustorial complexes were suspended in distilled water-
for 40h at 4° to‘permit the matrix to swell to its meximum size.
Thé widths of haustorial complexes were then measured midway
along their length with a micrometer eyepiece. The fraction
was then divided into four batches which were each washed three
times by centrifugation (2,000 g)‘in either, 0.5M sucrose,
0.1M sucrose, 0.05M sucrose or water. They were then each
resuspended in one of these media and incubated at 4° for 24h
and their widths remeasured.

The retention of semi-permeability after ireatiment

with detergent was also studied, Complexes were transferred to

2 Triton X-100 at 40 for 1 min and then suspended in water and their

widths measured after 2h. They were then transferred to 0,5M
sucrose and the average width re-estimated. The effect of EDTA
on swelling was estimated by suspending complexes for 5h in a

5mM solution and subsequently transferring them to water for -
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i)‘

a7
24h and measuring their widths. For each'averége width

estimation 100 haustorial complexes were measured.

The presence of oxido-reductive reactions within
haus torial complexes was monitored by suspending them in
1.5% (w/v) nitroblue tetrazolium; the presence of crystals

within the complexes indicated reduction of the salt.

Results

Barley infected with Erysiphe graminis f. sp. hordei '

Collection of intact haustorial complexes from bafley leaves

was virtually impossible unless the epidermis was first

detached and then comminuted for a short périod at low speeds.

Even'then, the long appendages 6f the mature haustoria were

usual;y broken (plate 1) and in attempts when the whole leaf

was comminuted, only fragments of the haustoria were obtained.

Young haustoria and complexes whose lobes had not developed

fully were released intact from epidermes (plates 2‘to 7) bﬁt

only smali numbers of these were recovered in the final fraction.
In isolation medium the extrahaustorial membrane was usually

not visible but when the fraction was suspended in water, the

membrane quickly Qistended and separated from the central body

in a small proportion of the haustorial complexes (p1ate 5).

Treatment with acid fuchéin in lactophenol also caused di§tension

of the extrahaustorial membrane (plates 1 to 4) and occasionally

the collapse of the haustorial cytoplasm (plate 4). However,



Plates 1 to 9, E graminis f. 8p. horde1
Plates 10 to 12, E. polygoni,

Plate 1. Mature isolated haustorial complex‘“4 h after isolation
from the epidermis. ‘The:lobe appendages at one pole of the haustorium
are broken (bl) while those of the‘opposite appear intact. The
‘extrahaustorial membrane (m) surrounds the central body of the
haustorium but seems to‘be attached to the appendages. Mounted in 1%
acid fuchsin in 2% aqueous lactophenol. Interference contrast optics.

x 1100.

Plates 2 and 3. Young isolated haustorial complex, 4 h after

isolation. The lobes are not yet developed and the membrane (m) can
be seen around the haustorium. Mounted in 1% acid fuchsin in 2%
aqueous lactophenol, Plate 2. Interference contrast optics. Plate 3.
Phase contrast 0ptiés. x 950.

Plate 4. Isolgted haustorial complex showing the extrahaustorial
membrane (m) surrounding - the haustorial body. The haustorial wall is
shown clearly due to contraction of the haustorial cyt0p1§5m. ' Mounted
in 1%Aécid fuchsin in 2(0% aqueous lactophenol. Phase contrast
optics. x1200.

Plafe 5. ~Living isolated haustorial complex in water immediately
following extraction., The extrahaustorial membrane (m) has distended
away from the haustorial body. Phase contrast Opticg. x1150.

Plate 6. Living isolated haustorium in water., The extrahaustorial
membrane is not visible having begn daméged orblost during the isolation,
The neck of the haustorium shows two opaque bands (n). The septum (s)

is located close to the haustorial body. Phase contrast optics. x1100.
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' Plate 7. Living,isolated haustorium showing the neck without
dense Bands But a umi.form thickéning along almést the whole of
length, As in Plate 6, although the specimen is in water, the
extrahaustorial membrane cannot be seen and is presumed to have been
lost during thé isolation procedure. Phase contrast optics. x1200.

Plate'8. Young haustorium developing in the epidermal cell of
barley (cv. Proctor) showing that even at this early stage of
de%elopment at least one band.(n) can be discerned on the haustorial
neck between the sgbtum (s) and the host wall. Mounted in 1%;acid
fuchsin in 2% aqueous lactophenol. Phase contrast optics. =x950.

Plate 9. Isolated haustorium after 16 h incubation at 4%¢ in
0.%m sucrose, 0;1 n phosphage buffer, pH 6.8. The cytoplasm has
'becbme very granular and the haustorium appears to be degenerate,
'Phase contrast optics. x1100,

Plate 10, ~ Haustorium of E. polygoni in the epidermal cell of beet.
The extrahaustorial membrane (m) surrounds the haustorium and the
séptum (s) and th dense bands can be discerned in the neck (n) of the
haustorium._. Mounted in 1% acid fuchsin in 2058 aqueous lactophenol,
Phase contrast optics, x950.

Plate 11. . Living isolatea'haustorial complex after 24 h in water,
The complex is swollen and many lobes can be discerned within the
eitrahaustorial mgmbrane (m). ‘ The neck of the haustorium (n) is
overlaid by a collar'of refractile material (c). Phase contrast

opties., =x1000,
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Plate 12.’ Living isolated haustorium immediately éfter
isolation and mounted in 0.3 M sucrose, phoéphate buffer 0.1 m, pH 6.8.
The extrahaustoriél membrane (m) is in a coliapsed‘state around the
haustorium and an extensive amorphous collar surrounds the neck.

Phase contrast optics, x1000.
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host of the structures isolated did not reveal an
extrghaustoriai membrane following'thése treatments and

it is most.likely that it was damaged or removed completely
during the isolation procedure.

Isélation of haustoria and haustorial complexes
facilitates a thorough examination of the haustorial neck
where it is difficult to resolve detail in the intact
infected cell, The neck is atltached té one pole of the
| elliptical haustorial body adjacept to the‘origin of oné
group of lobes (plates, 6, 7 and 9). ~ Two forms of heck
could be distinguished in haustoria with lobes. The neck
was either uniform in width (plate 7) or had two distinctly
thickened bands (pla@e 6) and in each type a septum was
located close to the haustorial body (plates 6 and 7).
Observation of haﬁstoria developing in epidermal cells showed
that.at least one band‘(pfobab1y that near the septum and
equivalent to the B band (Gi1 & Gay,1977) developed before 10 h
after inoculation (plate 8);

When freshly isolated young haustorial complexes (as
plate 5) were suspended in nitro-bluevtetrazolium, opaque
crystals formed in the cytoplasm in the bodies and lobes of
intact complexes after incubatioﬁ for 1 to 2 h, Vhen similar

haustorial complexes were incubated at 4° for-16 h, the haustoria .
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seemed to degenerate and the cytoplasm became granular
(plate_9)._ Although the granularity made observation
difficult, these haustoria probably did not reduce

tetrazolium salt, indicating that they had ceased

. respiratory activity.:

Sugar beet infected with Erysiphe polygoni

fhe method of Gil & Ghy)(1§77) was applied without
modification since hgustoria of beet and pea &re simi1ar in
form and size. Comminution of the brushed infected leaves
also released large quantities of intracellulaf crystalline
inclusions. These were present in such large numbers that
they interfered with the separation of haustoria from
chloroplasts in the glycerol gradient and, despite their small
gize (1 to 2 Vm), they were only partially removed by
filtration. The additional filtration which waé necessary

to remove the inclusions also allowed many of the smaller young
haustoria to pass through the 5,1m mesh and thus only large
well-developed haustoria (10 to 20 x 15 ym) were recovered in
the final fraction. The haustorigl compleXes were similar to

those isolated from pea (Gil & Gay,1977) with a compact rounded

form and many lobes investing the central body. Complexes were

always released.with the extrahaustorial membrane intact and this

" distended slowly when placed in water (plate 11). Attachment

of the membrane to the haustorial neck was visible. In many of

the isolated haustorial COmpleies the collar persisted as an
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amorphousvrefractile subatance overlying the extrahaustorial
membrane in the region of the neck (plate 12). Observation
of the neck~was confused by this material, but two neck
bands were. discerned and examination of younger haustoria

in epidermal cells confirmed their presence (plate 10).
Incubation in nitro-blue tetrazolium indicated that
reSpiratioﬁ,of these isolated complexes continued after

incubation up to 16 h at 4°.

Apple infected with Podosphaera Jeucotricha

As for swugar beet; haustorial complexes were easily rcleased,

'HowéVer, the thick-walled mesophyli cells of anple were not

disrupted by the comminution and were also released intact.
Since they are larger than the haustoria they could be
removed by filtration under pressure through 10 ym mesh,

However, they eventually blocked the filter and reduced the

yield of haustorial complexes. Thus the numbers of haustorial

complexes finally obtained were low (103 to 104-from 20 g of
1eaf). The haustorial cémplexes were small (4 to 10’Am wide)
and were of the coﬁpact.type. ' The extrahaustorial membrane was
always retained infact, and swelling in wafer showed that if

was Jjoined to the fungus at fhe neck. However, the small

size of the haustoria did not permit a detailed examination of

the neck region.
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Vine infected with Uncinula necator

Haustorial complexes were released from vine leaves by -

comminution but further purification was not possible

. because of the presence of needle-shaped intracellular

~raphides (crystals of calcium oxalate) which wvere released

simul taneously, Their slender shape (15 to 20 x 1 to
2/ﬂm) made it impossible to remove them by filtration
and attempted separation by centrifugation proved fruitless

because they were in such large numbers that they did not

all come to rest at one interface of the gradient. The

size of the haustorial complexes (10x 5 m) observed amongst
| , M

these contaminants was similar to those from apple and

‘smaller than those from beet or pea (Gil & Gay,1977).

The complexes were of the compact type and always had the

membrane intact around the body and lobes.

~

Pea infected with Erysiphe pisi

The haustorial complexes have been fﬁlly described by
Gil (1976). These were isolated with a greater degree of
purily than from the other combinations described above
( plate 13 ). The haugtorial complexes usually

constituted 25 - 657 of the total particles isolated.

Fragments of host cell walls and starch grains were the

majof contaminants but rhombohedral crystals, up to-15}1m

in length, were also often observed in the fractions.
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These have a characteristic shape of crystals of calcium
oxalate (Esau,.1965),but since they were not observed in
sectioné of leaves, they were most probably formed during
.comminution, Chloroplasts could be completély removed
from the fraction by careful aspiration of the glycerol
gradient,'but when some persisted, it could be easily éeen
byvphase contrast microscopy that‘they were broken and
thus probably consisted of thylakoid membranes (Valker,
1965). ﬁo intact host cells were observedand fungal
spores and hyphae were extremely rare.

The complexes were similar.to those from other
non-gramineous plants infected with powdery mildews. The
bipolar arrangement of the lobes, similar to that

Erysiphe graminis haustoria was clearly observed when

the extfahaustorial membrane was disrupted during isolation
(plate 15 ). Since the membrane was usually attached this
wes a rare observation. The haustoria did not have any
refractile material obscuring the neck region and two neck
bands could clearly be distinguished both in isolated

complexes (plate 14 ) and in leaf epidermal cells (plate 16

S~
.
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Plate 13. Isclated haustorial complexes of Erysiphe pisi - Fisum

sativum suspended in isolation medium. The haustorial complexes

(he) are‘intact and there are few contaminants of host origin e.g.
cell wall material (w) and chloroplasts (cp). Phase contrast

optics, x 450,

Plate 14. Isolated haustorial complex of Brysiphe pisi — Pisum
sativum suspended in isolation medium. The neck region shows one

of the neck bands (n). The haustorium is mature and many lobes (1)

surrounded by the extrahaustorial membrane (m) can be seen. Phase

contrast optics, x 1300.

Plate 15. Isolated haustorium of Erysiphe pisi stained with acid

fuchsin and susPendéd in 206 (m/v) lactophenol. -The bipolar origin
of the lobes (1) from the hausterial body are clearly visible.

Fhase contrast optics, x 450.
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Plate 13,

Plate 14,
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Plate 16, Three living haustorial complexes (hec) in a

stripped epidermis of Pisum sativum infected with Erysirvhe

pisi and mounted in water. The a and b bands (nL septum

(s) and éxtrahaustorial_membrane are clearly visible on one

complex. Phase contrast optics, X 950.
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‘Estimation of the osmotic. potential of the extrahaustorial

matrix.
Swollen haustorial complexes slowly contracted
in sucrose solutions of 50 mM (table 3) concentration which

sugrests that the extrahaustorial matrix has an osmotic

potential higher than this solution. These results contrast

with the conclusions of Hoskin (1969) who estimated the
osmotic pressure of the matrix in incised cells of barley
coleoptile epidermis infected with B. graminis and concluded
that it was equal to that of 0;3 M sucrose, These
discrepancies may be exPléined by the techniques employed.
In the present study the complexes were swollen prior to

estimation and this would dilute the matrical constituents.

In contrast, the extrahaustorial membrane in E, graminis is

thought to be adpressed closely to the haustorial surface

in vivo (Bushnell, 1971) and thus the mairix would not suffer

any such dilution prior to Hoskin's experiment. Moreover

the indision of epidermal cells by Hoskin (1969) and the

'rapid volume changes recorded in the matrix around E. graminis

haustoria permitted determination of the osmotic potential

in situ whereas it is possible that solutes may have leaked

from the matrix during the isolation of haustorial complexes

of E. pisi - P. sativum. The results also suggest that the
8low swelling response in these haustorial complexes may be.

due to small osmotic forces rather than low permeability to
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Table 3

The widths of isolated haustorial complexes of Brysiphe pisi —

. Pisum sativum previously swollen in HZO for 40h then transferred
to either H2O or sucrose solutions for a further 24h, all

. . ‘ o] e . . '
incubations were at 4 . Results are divisions of a micrometer

eyepiece and are the mean of 100 measurements,

Medium - Hidth
H,0 © 8.08 L 0.32
0.05 M sucrose 7.07 £ 0.21
0.1 M sucrOSé 7.04 p 0.14

0.5 M sucrose 6.85 = 0.29
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water or rigidity of the exfrahaustorial membrane (Gil, 1976).

Effect of Triton X - 100‘and EDTA on the extrahaustorial
membrane,

isolated haustorial complexes were suSpended'in

2% Triton X - 100 and replaced in water for 2h, This

induced a significant increase in mean width from 8.01
micrometer units to 8,36 (éignificant/p=A<O.O§) Two hours
after being resuspended in 0.5M sucrose the mean width was
reduced to 7.11 units, which indicates that the detergent
freafment had not destroyed the semipermeability of the
extrahaustorial membrane, Voluﬁe chgnges wvere induced more
rapidly after detergent treatment indicating that the
permeability of tﬁe membrane may have been altered,
However the treatment may have also affected the solute
concentration of the matrix by solubilising the cytoplasmic
menbranes of the haustorium or the rigidity of the membrane
by removing components from it.

Gil & Gay (1977) proposed that pectins may be
incofporatod into the membrane since treaiment with
pectinase and cellulase femoVed polysaccharides from the

membrane and this induced rapid swelling of the complexes.
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Cell wall pectins are labile in solutions of the
chelating agent EDTA and at a concentration of 5mM it has
been>USed to totglly remove galacturonic acid residues

from the outer membrane of plant mitochondria

" (Mannella & Bonner, 1975). Similar treatment for 5h

did not increase the swelling rate of the complexes and

. the final average width was 7.89 unité which was not

significantiy different from thbse‘in water (8.01).
Whenicomplexes were further treated for 24h at 40 with 50mM
EDTA and examined by electron microscopy (Dr. C. Sargent,
unpublished), the membrane was still intact with no
observable reduction in thickness. These results suggest

that the membrane does not have & large pectic component.

‘Tts composition should be investigated further using more

purified enzymes than those used by Gil & Gay (1977).

Effect of infection on photosynthesis by the host,

Pisum sativum,

The assimilation of 14CO by the host is used

2

routinely in this study and thus experiments were designed

" to quantify the effect of the pathogen on photosynthesis.

A) BExperimental procedures
Infected pea leaves (7 days after inoculation) and
healthy leaves were detached from the 5th node of four week

old plants and discs (12 mm) cut from them. Four batches of

4 discs were exposed for 5 min periods in the light to an
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14

atmosphere containing = CO, (ZOI.ACi, 60 nCi/mmol).
They were subsequently treated in 80 ethanol and 1.5 N
‘and the radioactivity of the extracts estimated by

H2504

liquid scintillation counting,

Results
Table 4 shows that at 7 days after inoculation the
. R 14
mildew reduced photoassimilation of CO2 by the leaf discs
to 3%% that of uninfected controls. These results are in
direct agreement with those of Ayres (1976) for pea infected

with E. pisi and with other studies of powdery mildew infections

viz. Beta vulgaris — E. polygoni (Magyarosy et al 1976),

Triticum aestivum - E. graminis (Allen}1942), Hordeum vulgare -
E. graminis (Last,1963; Paulech 1966; Edwards, 1970), Quercus

robur - Microsphaera alphitoides (Hewitt & Ayres,1975).

Compared with infected leaves, healthy discs incorporated
a significantly greater (probability =£0.02) proportion of

labhel into compounds insoluble in ethanol. The ratios of label

in ethanol soluble %to insoluble fractions were 1: 0.14 for

healthy discs and 1: 0.10 for infected discs. Exposures in the

4CO assimilated in

dark showed little difference in the 1 >

infected and healthy discs, but since assimilation was lower in
infected discs in the light dark fixation was proportionally
higher in infected discs 1.5/ of the amount in the light for

infected and 0.5% for healthy discs). Mirocha & Rick (1967)



Table 4.

! 1 )
Pisum sativum - Erysiphe pisi, Assimilation of 4002 by uninfected

" and infected leaf discs in the light and dark. The mydeliumvwas left:
attached or separated by brushing prior to some exposureﬁin the light.

Results are the means of 4 replicate éxperiments each with 4 x 12 mn

discs exposed to 23ﬂCi.14CO2 for 5 min and are expressed as dpm X 103

- .=
mm 2 leaf 5 min . Standard deviations are also shown.

light = ' dark
ethanol ' ethanol
ethanol insoluble, ethanol insoluble,
soluble soluble in  soluble soluble in
1.5N 1.5N
H. SO0 .,
st°4 . 274

Uninfected, unbrushed, 20.9453.40 2.8950.11  0.105.055 o.o12’io.o_o7

Uninfected, brushed. -  10.7052.15  1.30%0,21 - -

Infected, unbrushed. -  8.4020.98 0.83%0.13 0.1220.03  0.014%0.004

" Infected, brushed. 4.66Y0.91  0.40%0.06 - -
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have shown that the mycelium of E. graminis is responsible

14CO in the dark but

for fixation of"a sgsubstantial amount" of 5

the present experiments suggest that this does not occur in

E, pisi.

Removal of the mycelium by brushing is a routine

procedure in experiments to estimate the uptake of 140

photosynthates by haustorial complexes in leaves and the effect

on 14CO2 assimilation of brushing wiith a camel hair brush prior

to 14002 exposure are shown in table 4. These results show

that in both uninfected and infedted discs, brushing reduced

14

the ~ 'CO assimilated by 45%. Thus removal of the mycelium by

2
brushing has an effect on leaf physiology. No visible damage

is inflicted by this treatment but closing of stomata may be

partly responsible,

Assimilation of 140 photosynthates by the mycelium

The nutritional dependance of biotrophic fungi upon
their autotrophic hosts is most easily studied by supplying
C0,, which is assimilated by the autotrorh, subsequent
separation of the fungus then permits the uptake process to be
followed and quantifiai(Smith_gj_g;,1969). Experiments were
aesigned to compare the kineties of aséjmilation in the mycelium

and host. Bthirimol (5 - n - butyl - 2 - ethylamine - 4 -

hydrdxy‘— 6 - methyl pyrimidine) is a systemic fungicide
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(1.c.I. Plant Protection Lt3) éctive only against powdery
mildews (Bebbington et 81,1969) and its effect on the

14C pﬁotosynthates by the mycelium was also

assimilation of
studied.
Kinetics of'assimilation.

.i) .Experimental procedures.
Leaf disc eXperimentsvsimilar to those for stddying the effect of
dinfection on photosynthesis (Results II).weré set up. Discs

were exposed to 14

CO2 for periods up to 1h and immediately after
their removal frbm the cﬁambers, the mycelia were rémoved with a
camel hair brush and it and the disc were dropped into separate
lota of boiling 80 éthanol. Affcr refluxing for 2h the
insoluble material was separated and washed twice in 80« alcohol
by éentrifugation (12,000 g for 10 min). _The insoluble pellet
was then similarly extracted in 1.5 N sulphuric acid. The
supernatants were made up to known volumes and their radicactivities
estimated by liquid scintillation counting (seintillant S1).

ii) Resuits.
Assimilation of 14C per unit leaf area by the hoét exceeded that of
the overlying'mycelium as shown by ethanol and H2504 extracts
respectively (fig. %2). Assimilation by the host was initially
rapid with ethanol soluble compounds predominant, but the rate

declined after 30 min. ~Ethanol soluble compounds were also

predominant in the mycelium but the accumulation rate remained



Figures % .and 4. Erysiphe pisi - Pisum sativum. Assimilation of

140 compounds by the mycelium and host after exposure of infected

leaf discs to 14CO in the light. Each point is the mean of 4

2

replicate experiments, each with 4 x 12mm discs exposed'to 20 rCi

14

of Cco

0"
Figure 3) Assimilation of 14C per‘unit area of infected leaf;
14C compcunds were fraqtionated into compounds soluble in 8"
ethanol.(host.—A-q myéelium -m-) and\insoluble in ethanol but

~soluble in 1. 5N H, S0, (host -a-, myceliun -O-).

Figure 4) Total_14C-assimilated by leaf and mycélium per unit

dry wt. Key (host -O~, mycelium -m ).
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steady until the experiment ended at 60 min.
The meandry weight of 4 infected disecs (530 mm?) was

12.22 ¥ 1.8% ng and of 4 discs from which the mycelia had been

* removed by brushing was 9.50 pa 0.91. The mean dry weight of the

B).

mycelia was thus determined to be 2.72 mg and thus only 29¢ of the
weight of unit area of the underlying host.‘ When the data of fig. 3
is recalculated and the total assimilate plotted against dry weight

(fig. 4) it is evident that the leaf and myéelium accumulate
at the same rate for the first 30 min but thereafter accumulation
by the mycelium exceeded that of the host.

The results agreé with those of Edwards and Allen (1966)
for E, graminis f. sp. hordei on barley except that 140 assimilation
by the mycelium on a dry weight basis in their experiments exceeded
that éf fhe-host throughout the exposure period. It should be noted
that in the present experiments and those of Edﬁards & Allen,(1966)
brushed leaf discs still contain haustoria and thus thevuptake by the
myceliun described doeé not reflect the full extent of upteke by the
parasite,

Effect of ethirimol on assimilation of 140 photosynthates by the
mycelium,
i) Bxperimental procedgres

Thirty discs (8 mm) were removed from infected leaves and

batches of 10 were incubafed in 25 ml of distilled water or distilled

water with the addition of ethirimql'at 10 or 50 ppm for 16 h with



Table 5.

Brysiphe pisi - Pisum sativum,

The effect of ethirimol on assimilation of 1

4C photosynthates by the mycelium,

Infected discs were incubated in water and water with 10 ppm or 50 ppm ethirimol for 16h at 250 and subsequently

exposed to 5

1
400 for 2h.

The radioactivity in ethanol soluble and insoluble compounds in the mycelium was determined

from the differences in activity of intact discs and those sevarated from the mycelium by brushing immediately after

14002 exposure, The results are expressed at 10 6dpm

disc ~

Leaf Discs

and each result is the mean of 5 discs.

~ Incubation H2O 10ppm ethirimol 50 pom ethirimol
- redia _
Brushed Intact Brushed - Intact Brushed Intact
discs discs discs discs discs discs
sol insol sol insol sol .insol sol insol sol insol sol insol
4. 1 2. 6 7.9 2.3 6.7 3.3 6.6 2.9 7.2 4.0 8.7 3.8
Total Total Total Total Total Total
5.7 1.2 10.2 £ 1.5 10,0 £ 2.7 9.5 & 1.3 112 Y 1.6 12.5 £ 2.1
1 [ . 1 l R | L |
Hycelium ) .
(vy difference) 3,5 (p= €0.01) 1.3 (o= >0.1)

19
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gentle agitation in a shaking water bath at 25°. The discs were
then removed and dried by gentle blotting between sheets of Whatman
No 1 filter paper. Each batch of discs was then exposed for 2h in

14CO2 (0.833 ymol) after the exposure periods

the light to 50 pCi of
the discs were removgd and five from each were immediately dropped
into boiling 80k ethaﬁol; The remaining five were first bfushgd
ﬁith a camel hair brush to remove the mycelium and before being
dropped into boiling 8% etﬁanol. The ethanol was allowed to cool
- and all discs were left in it for threé days and then the extract was
separated by filtration through a sintered glass filtér. The
radioactivity of the ethanol extract was estimated by scintillation
counting (scintillant mixture S2). The insoluble material was
transferred to 1ml of PCS solubiliser (Amersham-Searle) in a
scintillation Yial and left overnight. On the following day 10 ml
of scintillant (s2) was added and the.activity estimated.

ii) Results

The results of thése experiments are shown on table 5.
The activity calculated for the mycelium from discs incubated in
water was significant (p =<0.01) and indicated the transfer of
3.5 x 106 dpm disc ~ ! to the mycelium, This was 21% of the total |
assimilated by the infected discs., The differences between the
mean activities of brushed and intact discs incubated in ethirimol
(10 and 50 ppm) were not significant indicating that very little or

no uptake by the mycelium had occuired. The results thus show
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that ethirimol has an effect on the assimilation of

nutrients by the mycelium. This may be due to an

impairment of haustorial function,

1
Uptake of 4C photosynthates by haustorial complexes in vivo.

To study in vivo uptake by haustorial compleXes

14CO and the complexes

infected leaves were exposed to 5

subsequently separated from the levels by the isolation
technique described in Methods (11,A). Two procedures were
used and are considered separately.‘
‘ 14
A) Short term exposure to C02.
i) Experimental procedures.
Detached infected leaves { Tg fresh wt) were exposed

14

to 1 mCi of CO2‘by the short exposure procedure described iﬁ

the methods (VI,A). Haustorial complexes (fraction - 2) were

‘isolated immediately after the exposure and were suspended in

0.5 ml of fhosPhate buffer‘(O.1M) pH 6.8 at 4°, They were
subsequently washed for 30 sec iﬁ 4 ml of 1% Triton X;1OO and
washed twice by centrifugation (3,000 g). The isolation and
all subsequent treatments up to this stage were carried out at
4°,  The supernatants were combined and an 0.2 ml aliquot
femoved to estimate the radiocactive components solubilised by
Triton X-100. The pellet was resﬁspended in 0.5 ml of buffer,

sonicated and 0.1 ml aliquots removed for liquid scintillation

counting (mixture S1) and protein estimation,
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Mycelia were colleéted, homqgenised in a Potter homogeniser.
The radioactivity and protein content of the hompgenate were
egstimated as for the haustorial complexes.

ii) Results
The isolation of haustorial complexes necessitates |
brushing to remove the mycelium which for 7g of leaves requires
10 - 15 min to complete., As the yield of isolated complexes from
& smaller quantity of leaves would have been insufficient for
analysis, it was thus not possible to investigate with precision
the very early evenis in uptake by hauétorial complexes; To
partially bvercome this deficiency experiménté‘weré carried out
using infected leaves séparated from the mycelium prior to the
14002 exposure, When isolations were méde from such prebrushed
leaves, radioactivity was detécted in the haustorial complex
. Lo

002.

fractions (table 6) from 5 min and 20 min exposures to
Although a sucrose gradient was used to reduce starch grain
contamination, microscopic examinatibn.showed fhat some starch
grains and cell wall material persisted and it seemed likely that
these had become labelled and would therefore interferg with the
results; As a control on contamination, equivalent fractions

14

were isolated from uninfected leaves similarly exposed to 'CO

5
Per unit prdtein, radioactivity. in these fractions was only 125 of

the haustorial complex fraction (table 6).



Table 6

1 : .
Brysivhe pisi - Pisum sativum. Assimilation of 4C by haustorial complexes and mycelia from detached infected leaves

14

exp osed to 002 (1mCi) in the light. The mycelium was either removed by brushing prior to 14C02 exposure or left

attached. Control fractiors (equivalent to the haustorial corplex fraction) were isolated from uninfected leaves,

Results are exzypressed as dpnm 100}1g proteinf1.,
Infected leaves 7 Uninfected leaves
Mycelium rewoved Mycelium attached
Haustorial complex Haustorial complex Mycelium H. €. - Bquivalent fraction
fraction fraction ' ' '
Exposure to 14 (m1 )
5 | 1,691 1,936 11,232 207

20 4,210 - . - ” 521

68
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When the mycelium was left aftached for a five min
the
exposurev(quantity of radioactivity detected in the haustorial
complex fraction was similar to that where the leaves were

separated from the mycelium prior to the @

CQ2 exposure.
However, again it should be noted thaf 10 - 15 miﬁ is required -
to remove the mycelium and thus these two fractions are not
directly comparable. Despite the rapid uptake of 140 by the
haustorial cémpléxes the quantity of label per unit protein in
the mycelium was 5.8 times.greater than that of the haustorial
complex fraction.

" The haustorial complex and control fractions were all
treated with cold 1% Triton X-100 prior to the estimation of
protein and radioactivity. The purpose of this was to

proportionatly reduce the effect of host contamination, Itvhas

béen shown previously by swelling experiments with haustorial

complexes (Gi1,1976; Results I,B,V,) that the semipermeability of the

extrahaustoriai‘membrane is retained after such detergent treatments.

Further evidence for this was obtained by determining the proportions

of label solubilised by Triton X-100 treatment of the fractions

(table 7 ). . Triton X-100 solubilised a greater propértion of the

total label from the control fraction obtained from uninfected leaves

"than from the haustorial complex fraction. A full consideration of

contamination is made in the discussion,
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Table 7

Brysiphe pigi - Pisum sativum. The proportionsof radioactivity
Solubilised by cold 16 Triton X-100 treatment of haustorial
complex fractions isolated from Tg of prebrushed infected leaves

14

exposed to CO2 and an equivalent fraction from uninfected leaves,
(radioactivity is expressed as a percentage of total isotope in

the fraction).

Haustorial complex Uninfected
fraction control
Exposure to
14co2 (min).
5 27 !

20 21 82
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14C0

B) Long term exposure to 5

i) Experimental procedures

Since detached leaves are unsuitable for exposures which
exceed 45-60 min 25 they desiccate rapidly, whole triméed plants .
with their stems immersed in water were used for expﬁsures'to
1_4002 up to 12h in duration. Plants (130g of prebrushed or
unihfected ‘planta»or‘the equivalent weight (178g) of unkrushed
ihfected plants) were ex.posed to 2 mCi of 14002 in theilight and
dark as described in the methods (sectiqn VI,B) Afterwards, 20 leafl discs
mycelial brushings and haﬁstqrial'complexes (fraction 1) were
obtained from the leaves, and the discs and mycelia were dropped
immediately into boiling 95% ethanol. The haustorial complex
fraction was suspended in 1.5 ml of 0.1M phosphate buffer pH 6.8
and their number estimated, The fraction was then divided into 3
equal parts each'of approximately 0.5 ml. | One part was resusPendea
in co;d 1% Triton X-100 and washed 3 times-in buffer by
: centrifugatioﬁ (B,OOOg) at 40. The supernaténtswere combined and
the quantity of radioactivity solubilised by the Triton X-100
estimated by scintillation counting (scintillant mixture S1).v The
final pellet was suspended in §5¢»ethanol. The remaining two
fractions‘were placed in 5 ml tubes, a disc of filter paper (Whatman

No. 1) soaked in 2N KOH waslsuSpended above each fraction and the

. tubes stoppered and sealed with Vaseline, One fraction was incubated

in a shaking water bath at 200 for 12 h, The other was stored
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overnight at 4° and incubated for 6 h at 20° during the following
day. After these in vitro incubations each paper disc.was removed
and dropped into 10 ml'of:scintillant (mixture S1) and the
' haustorial complex fraction was treated with 1% Triton X-100,
washed as described above and finally suspended in 95" (v/v) ethanol.

All samples were homogenised in a Potter homogenisef and
then refluxed in boiling 95% ethanol for 3 h.‘ The insoluble -
material was separated by centrifugation (fZ,OOO g) followed by
three washings in cold 95% ethénol. The supernatants were
combined end reduced to a known volume at 60°’under vacuum and
0.2 - 0.5 ml samples counted in scin£illant miﬁture 51, The
insoluble residues of the haustorial complexes, mycelia and leaf
discs were dried at 80° to a_constant weight in a preweighed
scintillation vial and 0.4 ml of 95 (v/v) ethanol and 10 ml of
scintillant mixture S1 added. The susPenéions vere thoroughly
mixed-and the activity estimated,

i) Results
'a) Isolation of haus torial complexes

The mean number of haustorial complexes isolated from
130 g of leaves and petioles was 2.14 : 0.91 xv106. Since the
leaf surface area of a 30 g'sample was 658 sq, cm. (upper infected
surface only) and microscopic counting of haustoria in detached

epidermes showed fhat there were 16,400 : 4,100 haustoria / cm2
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of leaf surface, the total number of haustoria in each

7

experiment was thus 4,7 x 10'., The efficiency of

extraction was therefore usually betweeh 4 and 5%. This

is lower than obtained by Dekhuijzen (1966) froﬁ infected

cucumber leaves and is probably due to milder comminution
oflthe leaves employed here. The degreg of comminution
used (see;Methods II,A)was selected because it minimized
both the period of extraction and tbe level of host
cbntamination in the finallfraction. The time required to
cdmplete isolation from 130g of leaves and stem segrents was

2-5 "’ 3h.

| 1 o
Assimilation of 4002 by the host and uptake by the mycelium.

14

The assimilation of 002 by illuminated infected

leaves separated from the mycelium and spores before exposure

14

to 002 is shown in fig 5. Assimilation was immediate and

proceeded rapidly for the first 2h but then decreased,

probably because the 14CO2 became depleted. When the mycelium

14

was attached during exposure to CO there was considerable

o1
incorporation of label into it (30 - 50% per unit area, table 8 ),
and (40-707%) of this wes insoluble in ethanol. The total
quantity of label assimilated when the mycelium was attached was
1éss‘than when the mycelium had been previously removed.

However, it cannot be ascertained whether the difference was

directly due to the presence or absence of the mycelium or to
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Firure 5. Brysiphe pisi - Pisum sativum. Assimilation of
 total 140 compounds (ethanol soluble and jnsoluble) by infected
. leaves separated from the mycelium prior to exposure to 14COZ.



Table 8

ErysibheApisi -’Pisum sativur, The distribution of ethanol soluble and insoluble label in the mycelial,

host and haustorial complex fractions obtained from infected leaves exposed to 14002, (104 dem 100_mm—2

leaf).

Mycelium removed before

exposure
Exposure to )
Fraction sol insol sol insol
Mycelium - - - -
Haustorial

complex 0.017 €.019 ©.020 0.035
Leaf 54.80 49,03 48.79 38.72
Total 103.8 87.5

Mycelium attached during

2
N
exoposure
2 4
sol insol sol insol
8.86 10,20 10,00 22.20
0.028 0.048 0.024 0.031-
30.19 12.03 23,08 12.91

61.3 1 68.2
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losses incurred during the neriod of brushing. It contrasts

with data on photosynthesis of infected leaf discs where,
during 5 min brushed discs assimilated less isotope than discs

with the mycelium left intact (table 4 ). This indicates

that the reduction in photosynthesis noted there was short

lived and that brushed infected leaves quickly recover their
full photosynthetic potential.
Uptake of 140 éssimila£es by haustoriél complexes and haustoria
in leaves,

;solated haustorial compléxes obtained from leaves
separated from the mycelium before exposure to 1400 were treated

2

to obtain three fraétions, soluble in cold Triton X-100, boiling

,BOﬁ ethanol and insolﬁble material respectively and the uptake

of 140 assimilates in total and into these is shown in fig. 6.

Isotope was present in all fractions after only 1h exposure when

14

insoluble 1abel was predominant.l In contrast to C assimilation
by the host, 1abei in ethanol soluble fractions increased
continuousiy and after 12h amounted to 625 of the total label in
the fraction. In the Triton X-100 soluble and insoluble

fracfions label did not continue to increase after 1h and each

censtituted only 19%¢ of the total label after a 12h exposure.

Subsequent incubation of haustorial complexes in phosphate buffer

had little effect on the quantity of ethanol soluble label per

complex, (table 9) and this indicates that losses in soluble



14

Figure 6, .. Brysithe pisi - Pisum sativum. - Uptake of 'C assimilates ( —a— soluble in
1</ Triton X-100, — ®— soluble in 95 ethanol, -—m— insoluble in 957 ethanol, —— O —
total) : ’ .by haustorial complexes isolated from infected leaves, separated

from the mycelium prior.to exposure to 14CO

o*

4
g-}
dpmxIO

106
haustorial
complexes

48

[
w
"

' n
4
Exposure to : COz(h).

148



Table 9

- ' _ 14
Erysiohe pisi - Pisum sativum. .The effect of in wvitro incubation on ethanol soluble C assimilates

in haustorial complexes isclated frbm infected plants exposed to 14002 (Radiocactivity as a perce‘ntage of

activity in the samvple immediately af ter isclation).

Mycelium removed prior to lycelium attached during
. ,
14002 exvosure ! ‘002 exposure
Expcsure to
Yoo, () 1 2 3 4 12 4
Incubation 6h 88 T - 107 - 102

invitro 12n| 97 8 97 115 o 88

G6
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label are not incurred during the in viiro treatments of the
isoiation procedure, This is especially likely to.be-true since
the latter were at 4° and the leaching eXpefimént at 20°. It is
thus likely that the quantities of label detected in the
isolated complexes accurately represent that of complexes in the
leaf.

In other experiments where the mycelium was left

14

attachéd during 2 and 4h exposures to = CO the quantity of

2!
ethanol soluble and insoluble label detected in thé isolated
complexes only slightly exceeded that in haustorial complexes
‘isolated from leaves separated from the mycelium prior to 14002
feeding (table 8 ). 1nsolub1ellabel predominated throughout
these exéosure periods (table 8 ) but it was not determined
whether the amount of ethanol soluble igotope increased with
extended exposure times as it did in haustorial complexes from

leaves separated from the mycelium prior to 14CO exposure.

2
The contributions due to host contaminants and possible

14

vdirect fixation of CO2 by the fuﬁgus were also con;idered. As
in the previous experiment, host contamination was reduced to a
minimuﬁ 5y pretreatment of the haustorial complex fractions with
1% Triton X-100, As for the short térm‘experiments, this
solubilised a greater propgrtidn (847) of total soluble label

from an equivalent fraction isolated from uninfected leaves than

from an haustorial complex fraction isolated from prebrushed
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14(:02 for 4h (fig. 7 ), This

infected leaves (48%) exposed *o
difference in loss is again probably due to the stability of the
‘extrahaustorial membrané and normal membrane bounded structures
in détergents (Gil & Gay,1977 and Results 1,B,v above). In
fractions isélated from infected‘prgbrushed 1eaves; a progressively
‘smaller pr0portiop'of the total soluble (ethanol aﬁd‘triton - X100)
isotope was extracted by Triton X-100 treatment as the period of

14

exposure to 'C0, increased (fig,” ) and indicates a proportionate

2
increase of the aﬁount of label in the haustorial comp}exes (fig.6).

} The quantitj of contamination by soluble labelled compounds of

host origin was assessed by compérison with an equivalent fraction
isolated from uninfected leaveé.r The'activity in the ethanol

soluble label ffém the haustorial complex.fraction was approximately
7‘times greater than this control (table 10).‘ Althoughvthe control
value was not iﬁsignificaﬁt, its contribution has a negligible

effect on the kinefics of uptake of ethanol soluble label shown in
fig. 6 . However because of the-physidlogical and compositional
differepces bétwéen infected and uninfected plants e.g. Ayres (1976);‘
Allen (1942); Edwards & Allen (1966); Hewitt & Ayres (1976) and
Magyarésy_gﬁ_gl;(1976), this control is illustrative only and the

. true.contribution of coptaminafion canndt be exactly aésessed.

>Even smaller quantities of iabel were detected in haustorial complex

fractions from brushed leaves exposed to 14002';’111 the dark (table 11).

14

This shows that the incorporation of ~'C by the haustorial complexes



98

100

60

40

20

dpm solubilised &2

3\

{

| 2 3 4 12

Exposure to |4C021\Ch

FirFure 7. Brysiphe pisi - Pisum sativum. Radioactivity solubilized

by 15 Triton X-100 treatment of haustorial complex fractions

isolated from prebrushed infected leaves exposed to 14002. A
comparative value obtained from an equivalent fraction from
14

CO, for 4h is also given (u).

uninfected leaves exposed to 5
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was not solely due to 14CO2 fixation by the haustorium itself.

Release of assimilated 140 by isolated haustorial complexes,

When the haustorial complex fractions isolated from
prebrushed leaves illuminated in 14002 were incubated in vitro,

- 1
radioactive 4002.was produced (fig.8). After a lag of nearly
' ‘ % :
ig_qﬁér{/ I}f CO%
one hour the Y eleasa%%y the haustorial complexes was

directly reldted to the pericd during which the leaves were

exposed to 14C02' The proporticn of isofope which was respired

was small and only 0.23, 0.62, 1.4 and 1.35 of the initial total

in the fraction were released during 6h in vitro incubation by

14CO for

fractions isolated from leaves previously exposed to >

1, 2, 5 and 4h respectively. Almost identical amounts of 14002

were released from haustorial complexes isolated from leaves
where the mycelium was left attached and when it was separated
prior to the exposure (table 11). The se results suggest
relatively large quantities of endogenous nutrients in the
cbmpiexes and may partly expiain why the respiration rate of

isolated complexes is unaffected by exogenous substitutes

1400

(Dekhuijzenl1966 and table 36 ). The contribution to the 5

released by contaminants of host or microbial origin was

insignificant (table 11) and an haustorial complex fraction

14CO in the dark produced 1little

isolated from leaves exposed to >

14002 when incubated in vitro after isolation (table 11).



Table 10

Erysiphe pisi - Pisum sativum. 'Comparison of ethanol soluble 140 compounds in haustorial complex

fractions isclated from leaves separated frcm rycelia and exposed to 1400 in 1light or darkness with an

2
equivalent fractioﬁ isclated from uninfected leaves, .v(d;m 50 g—1 fresh weight of plant material
exposed to 14002 4h71).
Infected leaves o Uninfected leaves
lirht dark | | 1ight
In vitro
incubation (h)
0 7116 419 791
6 7094 - 1116

12 7654 372 | - %68

001



Table 11

14

Brysiphe pisi - Pisum sativum.

002 produced in vitro by an haustorial complex fraction isolated

2

from infected leaves separated from mycelia and exposed to 14CO for 4 h in the light and darkness;

an haustorial complex fraction isolated frem leaves separated from mycelia after exposure to 1400 in

the light; and an-equivalent fraction obtained from uninfected leaves, (dpm 50 g-1

of plant material 6 n

2

fresh weight

in vitro incubaticn).

Infected

leaves Uninfected leaves

mycelium removed prior

to 14002 exposure
light dark
382 59

mycelium attached during

14002 exposure
light ' light

385 | : 14

LOL
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14CO released was a result of

To test whether the 5

decarboxylation in glycolytic or citric acid cycle reactions,

haustorial complexes isolated from 3 replicate experiments with

14CO for 3h were

prebrushed leaves previously exposed to >

iﬁcubated aerobically or anacrabically in vitro. Anaerobic

conditions resulted in a 33.1% reduction in the quantity of

14002 released per complex in a 6h period. However, in such

long incubations it is possible thata'Pasteur effect‘ ﬁay have
;perated and increased glycolytic métabolism and thus the true '
difference between aerobic and ahaerobic decarboxylations may
be greater than this result indicates. However this demonstrates
that a part of the MCO2 released originates from mitochondriﬁ
(citric acid cycle) and is thus limifed to the haustorial
_cytoplasm where these organelles are 1ocated (Gil,1976).
The distfibution of 140 assimilates in,host,‘haustorial complex
and mycelial fractions.

As there were approximately 164 haustérig /mm2 6f
lenf in these experiments, the quantities of labelled assimilates
in the host, haustorial complexes and mycelia per unit area of
infected tissue can be calculated (table 8 ). The label in the

. haustorial complexes cbnstituted only a very small proportion of

that in the other two fractions.
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The distribution of label within the isolated haustorial

complex fraction.

The distribution of radioactivity in the haustorial

14

complex fraction after in vivo uptake of 'C photosynthates was
studied by light microscope autoradiography.
A) Experimental procedures

Plants were trimmed té provide 30g leaves. with the

14

mycelium attached, and prepared for 'CO, exposure as described

2
for long exposures (MethodS'Vl,B). 'Tﬁey were expdsed to 5nCi

of 14002 (60 mCi/mmol) for 2h in the light, removed from the
chamber and the mycelia removed and haustorial complexes
(fraction - 1) isolated. Fiitrates 1 ; 4 (see isolation
procedure, Mathods II ) were pooled during the isolation in

order to increase the yield of complexes. The final fraction

was divided into two approximately equal fractions, _The first
was washed twice with doubie distilled wéter by centrifugation
(3,000g) at 4° and finally suspended in double distilled water.
The density of haustorial complexes was estimated and adjusted

to 10?/ml. The second fraction was treated to remove low
‘molecular weight compounds and lipids, It ﬁas washed
succeséivelyAwith a series of ethanol concentrations, (once in
each Qf 1075, 20%, 30, 45%, 60% and twice in 7q$), then once with
chloroform - methanol (2:1 v/v) by centrifugation (3,000g) at 40,

"~ suspended iﬁ ethanol (7Qf) and the density adjusted to 105/m1.
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The two fractions were individually smeared on to microscope
slides and covered with photographic emulsion as described in
the methods, Contrqls included an_unlabelled hauéforial
coﬁplex frapfion.

Five days after applying thg emulsion the slides
were removéd and developed and when dry they were obéerved by
dark field microscopy with an anopteral lens.
Results

i) Labeiling of haustorial coﬁplexes

Haus torial complexes were not distinguishable on dry
emulsion - coaled slides, but'when water and a c¢over glass.were
added the ha@storial complexgs swelled and were easily recognised
by their characteristic shape with the extrahaustorial matrix
sﬁdllen.around the éentfal haustorial body (plate 17 ).

The annuli and septum in the neck region were also visible

(plates 17 and 21 ). Dark field microscopy permitted

simultaneous obsérvation of»silver grains and haustorial
complexes althouéh the silver grains in the emulsion were usually
viewed in a different focal place (platés 17 and 18).

Silver grains were 1ocatéd diréotly 6;er most haustoriai
complexes but no difference in counts (p= > 0.1) was observéd for
the complexes mounted directly and those pret?eafed with 70%
ethanol and 2:1 chlorofprﬁ - methanol to remove low molecular

weight compounas and lipids (table 12 ). However silver grains



106

Plates 17 ~ 23, 'Light microscope autoradiographs.of an haustoriaf

cpmplex fractiﬁn of Brysiphe pisi - .Pisum sativum, Conplexes were
isolated from infected leaves (30g) which vere exposed to 14002 (BmCi)
for 2h and autbradiographs’pfepared by the stripping film technigue.
Specimens werevobserved af ter méunting with watef with a.coverglass
and viewéd by dark field optics with an anopteral objective lens,

x 480.

Plate 17. A mature haustorial complex (hel, age group 3, see Results

V,B,i) with a well developed extrahaustorial matrix (ma) and clearly
distinguishable ceniral body (b). Two other complexes (hc 2& 3) are

present and neckbands (n) are evident on one (th).

Plate 18. The same field of view as plhte 17 but at the focal plane

of the emulsion, Many silver grains are visible over and around two

of the ccmplexes (hc 1 & 3) but he 2 is less labelled.
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"Plate 19, Isolated haustoriel complexes (HC) with numerous
silver grains directly over them and the surrounding areas,
A piece of host cell wall (w)Aand starch grains are also

present but few silver grains associated with them,

Plate 20. A group of contaminant particles (starch grains and
xylem cell walls). The absence of silver grains indicates

that these had not incorporated photosynthate,
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Plate 21. | A yéung haustorial complex (gci, age group 1, see
Results V, B, i) with the neck pegion clearly visible.v
Incorporation of 140 is shown by the numerous silvgr grains
over it and the surrounding area. A second haustorial
complex (HC11) of intermediate age (group 2, RéSultS V;B,i)

is virtually unlabelled with few grains present; the extra-
haustorial matrix (ma) is distinéuishable. :Very few grains
are associated with the highly refractile cryétalline

contaninants,

Plate 22. A young haustorial complex from a fraction treated
with 70ﬁ_ethanol and.chloroforﬁ—mefhanol (2:1) prior to auto—
radiography. The neck (n) is cléarly‘visible but no mat?ix or
lobes can be seen, Silver grains are evident over the complex
but few are present over the surrounding area indicating that

.soluble compounds had been removed by the solvent treatment,

Plat912§. Haustorial complexes with few silver grains over them

1%; The neck (n) and

indicating very 1little incorporation of
. the attachment of the extrahaustorial membrane (m) to it, are

clearly evident, A starch grain and cell wall fragment also

show little incorporation of label,



Plates 2|1-23




Table 12.

Brysiphe pisi - Pisum sativum, The distribution of radiocactivity between haustorial complexes and

contaminant pvarticles in an haustorial complex fraction isolated from infected leaves previously exposed

4CO for 2h shown by autoradiograms prepared by the stripping film technique. Silver grains were

2

counted directly over haustorizl complexes and within the 10r1m zone surrounding them, Results are

to L

. . . . -1 . -1 .
expressed 2s mean numbers of silver grains  haustorial complex ' or particle = and each value is

derived from at least 100 hes or particles.

Fraction washed with Untreated fraction

7C: etharol & chloroform/methancl (2:1)

Haustorial comblexes : Contaminants ‘ Haustorial complexes Contaminants
Directly abcve 22.4 T 15,9 2.8 4.5 | 21,7t 22,9 3.2 1 4.3
subject. ' : '
Over 10 px perigheral 15.0 T 13.5 .75 2.7 22.1 15,5 2.7% 3.5
band zone.: s
Total 37.2 L 28.1 * 4.5 £ 6.1 43.8 = 27.6 5.9 6.7

eli



13
were not confined to the area immediately over each haustorial
complex and were also found in the surrounding zone about 10}Jm wide.
The number of grains coun?ed in the zones surrounding the untreated
complexes was significantly greater'(Pz < 0.02) than around the
solyent treated complexes {table 12, plates 21 and 22  ) and
' suggests that they were due to water soluﬁle compounds diffuéing-out
of the complexes into the emulsion. The emulsion is also knownkto
swell to 1.38 times its original area when hydrated (Rogersl1973).
Such an increase in area results in only a smali increase in radius
but it is possible that some grains which were originally directly
' abqve haustorial complexes may have become diSplaced by mountihg in
water, However, the width of the zone observed is greater than could
be accounted for by diSplaCemént alone and some diffusion of compounds
had most probably occurred.

.Avgreat deal of variation was observed in the number of
silver grains associated with individual haustorial complexes and this
is shown by thg large stdandard deviations of the mean counts for the
icomplexes (table 12)., Some héustorial complexes had &ery few or no
silver grains associatgd vith them (piﬂte 273 ). The variation -
.could not be correlated with the morpﬁology qf the haustoria as
observed by light microscopy. The complexes'were divided into 3
classes accﬁrding to fheir age as indexed by the degree of lobe and

matrix development (see plates 17, 21 and 22 ).
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The mean numbers of counts per complex for these classes were

1)  Young haustoria - 41.9 ¥

26.2
2) Intermediate " - 471 p 27.6
I 261

. 3) Mature " - 43.7

The differences between these means were not significant,

Confrols Tor positive and negative chemography
(see Methods IX,D)shoWed that these phenomena were not responsible
for the labelling observed, Haustorial complexes isolated from
unlaﬁelled_plants'and not treated with the solvents had a mean
number of 2.8 % 2.1 éilver grains per complex. Thié is only 6% of
the vélue for the 1§be11ed fraction. Areas 1acﬁing silver grains
were_not detected on slideé exposed to the light prior to development
vand fixation,

ii) Contaminants

Starch grains and cell wall debris were easily recognised
but'there were very few silver grains detected . over and around these
and unidentified contaminant parficles (table 12 and plates 19 and 20 ).
:The ratio of the total number of si]&er grains counted for haustorial
complexes and contaminant particles was 7.4: 1.0 for untreated fractions
and 8.9 : 1.0 for ethanol and chloroform/methanol washed fractions,
Since the ratio of numbers of particles to haustorial complexes in the
fraction was counted as 1.67 : 1.0, the distribu%ion of label in the

fracfion was calculated to be 8% associated with haustorial complexes
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for untreated fractions and 84% for solvent washéd fractions,

Although some loss of label was likely for untreated fractions

these results strongly indicate that isotope in haustorial

complex fractions isolated from plants exposed to 1400 is

2

~mainly &ssociated with haustorial complexes and not with

contaminants.

Biochemical ccmposition of 14C assimilates in the host,

_haustorial complex and mycelial fractions during in vivo uptake.

The experiments described above (Results IV & V) show

14Cvphotosynthates enter the haustorial complexes.

The autoradiography and other controlsvindicate that the 14C in

the isolated haustorial complex fraction was mainly in the
complexes and contaminants from the host are relatively unlabelled,
With this knowledge a series of experiments were designed to

14 - , . v
analyse the 'C assimilates in the isoclated complexes and compare
them with those in the host and mycelium. In addition to this

comparison the fractions were sampled after a pulaa1400 feeding

2

period (30 min) or after a further close period (20n), this was to

distinguish between these compounds which are transient within the

14

fracfions and those which are sinks for the C and are not further

metabolised.

A) Experimental procedures

14CO and isolation of fractions

i) Feeding of 5

Prior to these BXpefiments, plants were kept for 30 h in

the dark and thus were used 8 days after inoculation. Plants

P



116
trimmed to yield 80g of leaves with the mycelium attached were set
14

CO0, feeding by the long exposure procedure described above

up for 5

14

(Methods VI,B). Thev were exposed to 2mCi of co,, (60 mCi/mmol)

at 25° for 30 min in the light. Complexes (fraction 1) were
either isolated immediately or the leaves were left in unlabelled
002 for a further 20 h in the light and then used for haueforial
complex isolation., These two procedures‘are respectively termed
' pulse' and 'chase’ throughoutvthe text.

In these'experiments the leaves were kept in the light
before brushing which occupied a period of 14 - 2h. They were
placed in an ice/water nixture immediatel& afterwards. At
approximately ten min intervals during the brushing period, a disc
( 12 mm diameter) avoiding the midrib was remoeed from an unbfushed
part -of a leaf and the mycelium was teen brushed from if. Another
disc was immediately obtained from an adjacent area of the leaf and
was left unbrushed. A total of 10 discs of each type were made and.
ﬁere immediately placed in boiling 807 alcohol. Samples of the

amycelial brushing were taken at similar intervals throughout the
brushing period and similarly placed in boiling 80" ethanol.

Haustorial complexes (fraction - 1) were isolated using
filtrates 1 - 3 (lMethods II,A), In all experimeﬁts the Triton X-160
treatment employed in previous experiments (Results IV/A & B), was

~omitted., After isolation the density of the haustorial complexes
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was estimated and the fractions immediately plaqed in 80 ethanoi.
ii) Bioqhemical fractionation of samples
The samples prepared and degree of replication was

ags follows.

Fractions ‘ - No. of replicate experiments
_ Chase Pulse
Leaf discs +‘mycelia _ 2 2
Leaf discs separated:from the mycelia ‘ 2 2
Mycelia , 2 2
Houstorial complex fractions 3 3

The sequence used for fractionation of the samples into
the major biochemical classes is sh6Wn in the flow diagram figure 9.
Al samples were homogenised and refluxed in 807 éthanol
for th. The insoluble material was separated and washed three times
in cold 807 alcohol by centrifugation at 40,000z, The supernatants
were.combined and reduced to approximately 1ml under vacuum at,400.
" The insoluble fraction was dried in a vacuum desiccator and stored
at - 20°.
a)- Fractionation‘and analysis of compounds soluble in hot
BQﬁ ethanol
The method of Neal and Beevers (1960) was employed.
1) Lipid extraction
"AT§e fraction was diSSolved in 20 ml of water and 10 ml of

benzene added. The flask was stoppcred, shaken for 5 min and the



118

14

Figure 9, Fractionation schéme'for C~- labelled host, haustorial

complex and mycelial samples.

Sample
_— B ethaiol extraction
soluble‘/////// ' \\\\\\*insoluble
Benzene/petrolé%m ether | ocamylase and
partition : amyloglucosidase
aqueous+phase \‘organic phase | Hot 667 ethanol
Dowex-50 ( HT). LIPINS solublg ' in;oluble
’ ‘ NH,OH :ﬁ;ﬁg . Zggggp%/ DNAase &%NAase
Dowex~1" (CH;C00") ' _ Hot 6§”/5 | hanol
l ) ;E}mic acid eluate : soluble . insoluble
'NEUTRAL SUGARS ~ ggggg%ﬁ%n & / /
DNA & RNA Protease
' - _ Hot 66% ethanol
saluble‘/f/// insoluble
PROTEIN CELL WALL FRACTION
Trifluoroacetic
acid hydrolysis
soluble® u _insoluble
Hemicellulose & Cellulose & éhitin

pectins,
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aqueous phase removed in a separating funnel. Pétroleum ether

(10 m1 of 40° - 60° boiling point) was added to the aqueous phase in

‘a stoppered flask and shaken and separated similarly. The benzene

and petrolepm ether fractions were combined and redpced to a known
volume. This lipid fraction was stored in a vacuum desiccator at
- 20° prior to further analysis by thin layer chromatography.
2) Separation of amino acids, organic acids plus nucleootides
and neutral sugars
The aquedus phases from the lipid extraction (section Vi, A,

ii, a, 1) were pooled and passed through columns containing 3g of

‘Dowex - 50 (x 8) H+ form ion exchange resin. This was washed with

50 ml of deionised watér and the eluates combined. Amino acids
were then eluted from the column by adding JOO ml of 1N NH4OH.

The remaining extracts were then passed through a column of

3g of Dowex - 1 (x 10) CH,COO form and washed with 50 ml of deionised

3
water. The neutral sugar fraction passed through and the absorbed
organic acids and nucléotidés were then eluted with 50 ml of 6N
formic acid., All fractionsAweré reduced to a known volume under
vacuum at 50°. The neutral sugar fraction was further analysed by
paper ch;omatography. The organic acids énd hucleotides were not
analysed further.

Fractionation of éompounds insoluble in hot 8¢ ethanol.

. This was fractionated into starch and glycogen, RNA and DNA,

and prdtein by sequential treatment with enzymes which hydrolyse each
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of the classes folloﬁed by separatign of the unhydrolysed moieties
by ethaﬂol precipitation., Prior to each enzyme'treatment the
insoluble residues were gried for 16h in a vacuum desiccator,
_ this was taken up in the enzyme solution (5ml) and homogenised in
a Potter homogeniser. Using a shaking water bath, incubations
were carried out under toluene to prevent-bactérial contamination.
The following sequence of enzyme treatments wes employed.

i) Starch and glycogen

1) Incubation for 30h at 28° in a solution of =

amylase (1mg/m1, 4 x recrystallised, Bacillus subtilis origin,
Sigma Chemicals ) in 50 mM phosphate buffer at pH 6.9.
2) This was followed by incubation for 6h at 350'

in a 8olution of amyloglucosidase (0.25 mg/ml Sigma Type 111 of

Aspergillus oryzae origin,Sigma Chemicals) in 50 mM citrate buffer
at pH5.0.
ii) ~RNA & DNA
Incubation for 24h at 26° in a solution of
ribonuclease (6;25 mg/ml, 4 x recrystaliised, Miles Research Products
No 1) and deoxyribonuclease (0.5 mg/ml, Miles Research Products No 1)
in 0,1 M acetate buffer at pH 5.1.
iii)  Protein
Incubation for 40h at 27° in a solution of 2mg/ml

‘protease (Streptomyces griseus origin, Sigma Chemicals) 50 mM

phosphate buffer pH 6.8,
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At the end of each incubation a 10 ml gquantity of
absolute ethanol was added and the tube heated in a water bath at
100° for 5 min to inactivate the enzyme. The insoluble material
was seéparated by centrifugation at 40,000 g and washed twice in
667 ethanbl. ' The supernatants were combined and constituted
the extracted‘fractions. The.insoluble material was dried and
taken for hydrolysis by the next enzyme ih the sequence,

_The insoluble residue after the final treatments was

' considered as the cell wall fraction., This was then subjectedvto

acid hydrolysis by the method of Albersheim et al (1967) to
" solubilize the pectic and hemicellulose fractions and/or the
acid labile fraction of the fungal walls and separate them from
cellulose and cﬁitin respectively. Thé insoluble material was
resuspended in»2m1 of 2N.trif1uoroacetic acid (TFA) in a pyrex test 
tube which was then sealed and autoclaved at 120° for 1h. The
contents of each were then transferred to a 25ml beaker and the
acid removed py blowing hot air (600) over the surface of the
solution overnight. The dried extract was then resuspended in
distilled water and the insoluble material separated by
centrifugation at 40,000 g and washed twice in water, The
supernatants were combined and are termed.the TFA soluble fraction

and .the residual insolublevmaterial the cellulose and chitin fractions.



All extracts were evaporated.to é known volume and
samples removed for estimatioh of radioactivity in scintillant
mixture S2. The inscoluble residues were resuspended in water,
homogenised in a Potter homogeniser, dried in a glass
scintillation vial and counted in gelled suspension in scintillant
mixture Si.
C) Analysis of biochemigalvclasses

1) Lipid fraction

A1l samples were reduced to a small volume approximately
200})1) and analyéed by thin 1ayér chromatography (silica gel) as
described in Methods (X,G). Sfandards, (10 Fg of each) were run
on each side of the sample. The standards used and their Rf values
are shown in table 13, After chromatography each plate was cut
along its length to separate the sample and standards., The
standards were detected by chlorosulphonic acid and radioactive
peaks located by cutting'the chromatogram into'segments and di?ectly
countipg these in scintillant mix ture S2. |

2) Neutral sugar fraction

Radiocactive neutral sugar fractions were analysed by paper
chromatdgraphy as described in the Methods (X, E, iv, e).
3) - Trifluoroacetic'acid soluble fraction

This fraction was dissulved in water and separated into acid,
base and neutral fractions by'ibn exchange chromatograrhy as for the.

' ethanol soluble éompounds described above, (section V1, A, ii, a).



Table 13

‘Standard compounds'and their Rf values obtained from

thin layer chromatography on silica gel (see[Methods x,G).

 Lipid class ' Standard Rf value
Polar lipids ) A - 0 TFrom Skipski et
a1 (1965).
Sterols o ergosterol 36
Diglycerides ~ glycerol dipalmitate .45
Fatty acids .- palmitic acid .62
Triglycerides - glycerol tripalmitate .72
Fatty acid methyl esters methylpalmitate ’ .76

Hydrocarbons dodecane .91
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The acidic fractions and neutral fractions were then individuélly
reduced to a small volume by rotary evaporation at 45° and
anélysed by paper chromgtography using the solvent éystem EAPH
(see Methods X, B, iv, c). Radioactivity was detected by X-ray
-film and by direct counting of the Qhromatogrém following cutting
- it into st?ips (Mefhods X, B, iv, e). The components were then
identified by comparison with standards (galaturonic acid, galactose,
'glucose, mannose, arabinose, xylose, ribose, rhamnose) which were
run adjacent to the samples on the chromatograms.
b) Resuits
i) Isolation of haustorial comflexes

The mean number of haustorial complexes isolated from

80g. of plants in six eXperimegts using this experimental system was

1.81 x 106

. Unlike the prévious uptake experiments plants were
kept in the dark for 30h before experiment and were thus used 8‘days
after infectién and microscopic inSpection-of epidermal strips
indicated a slightly lafgér mean number of haustoria per 100 mm2

of leaf - (16,400 to 17,930). The total number of haustoria in
80g of trimmed plants was thus determined to be 28.2 x 10° and thus
the efficiency of extraction - 6.5%. This is slightly more than‘
-in the uptake experiments previously described (section IV, B,ii,a)
and is prObably because of the increased degree of comminution

(filtrates 1 - 3% were used, seé Methods II,A)employed here. Since

autoradiograrhy had indicated that starch grains and cell walls of
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host origin were virtually unlabelled by comparison with
haustoria the slight incréase in contamination by additional
comminutién was unimportant when considered against the
improved yield,
ii) Distribution of isotope in the major

biochemical classes in host, haustorial

complex and mycelial fractioms,

Uptake by thé mycelium in these experiments was
estimated ftom the difference in the quantity of radiocactivity in
infected leaf discs with the mycelium intact ani the mycelium
removed frqm the discs after the pulse énd the chase periods,
(table 14 ). These tesults sthed that after the pulse and
brushing periods, 18% of the label in infected discs was in the
mycelium. After an additiotal chase period (20h) there was a
slight increasé in the proportion of label in the mycelium (22%)
but a large decrease‘in the total quantities of label located in
both mycelium and host per unit area of 1eaf.A The losses in
- label are poséibly the result of respiration since infected tissue
respires at an appreciably higher rate than uninfected (Ayres,1976).

- Another possibility is through loss of spores from the mycelium.

Erysiphe pisi is monoconidial (Pady‘gt.gl)1969) and thus newly

- formed spores are eaéily detached, Spores are normally formed in
a diufnal cycle (Yarwood,1936) and usually become‘detached during
the‘1ight‘period. As the chase. period was in continuous light

it seems possible that spore production mav have been enhanced.
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Table 14

14

Erysiphe pisi - Pisum sativum. Determination of the uptake of 'C

assimilates by the mycelium from the difference in the quantities of

" radioactivity in infected'discs and infected discs cleared of

mycelia;, Discs were removed from. leaves immediately after a 30 min
2

1 :
exposure to 4CO in the light or after a subsequent 20h chase

period in unlabelled CO Results (103 dpm 1OOmm"2 of leaf) -

2"

are the means of duplicate experiments, each with 10 discs.

Infected discs Infected discs . . Mycelium
cleared of mycelia - by difference.

14,

30 min 002 144 118 26
exposure

.14 '
30 min 002 54 42 12

‘exposure +

20h chase,
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The distribution of label amongst the major biochemical
classes was determined bj fractionation of leaf:discsvseparated
from the'mycelium, myceliel brushings and the isolated haustorial
complex fractien (tabvle 15 ).

Immediately after the 30 min 1400 pulse, the neutral

2
sugars contained most of the radiocactivity in the host (55.3%)

and the.mycelial (5?%) fractions. Major euantitiesi(26—31%) were
also detected in the aﬁino acid and organic acid and nucleotide
fractions. Ali other fractions in the 1eaf and mycelium were
1aee11ed relatively slightly aﬁd_together,constitufed only 13% and
176 respectively of the toﬁal quantities of label.

In'contrast to the 1ebeiling patterns. of the host and
mycelial fractions the neutral sugap)amino acid, organie acid and
nuc%}otide fractions of the haustorial complexes constituted only
5.7 of the total label. The major fraction (64%) was found in the
cell wall fraetiqn solubilised by hydrolysis in trifiuoroacetic
acid. The 1ipid fraction was also very significantly labelled and
these twn fractions made up 89" of the total radioactivity. All the
other fractions contained very small quantities of isotope.

Aftor the 20h chase period the>1abe1 in the neutral sugars
and amino acid fractionslof the host became reduced considerably
( to ¥ - % ). The host also showed eignificant increases in the
proportion of label in all other fractions except the organic acid

and nucleotides which did:not change. In the mycelium the

reduction in the proportion of isotope in neutral sugar and amino

.



Table i5

' Brysiohe pisi - Pisur sativum. The distribution of label in the leaf, haustorial complex and mycelial fractions

. 14 .
obtained from infected plants irmediately after a 30 min exvosure to 'CO, or after a 30 min exposure and a 20 h

2
 chase in unlabelled-CO2 all exposures were in the light. (Radioactivity as % of total in each fraction,
Results are the mean of at least two replicate'eXperiménts).
30 min ' fc0 N 30 min 14co2 exposure
gxposure, no chase + 20 h chase

Fraction Haustorial Leaf 'Mycelium ' Haustorial Leaf 'Myceliﬁm

: Complex ) : Complex )
Neutral Sugars 3.0 55.3 57.0 : 4.8 18.8 6.0
Amino Acids 1.3 13.3 13.6 3.2 - 7.3 2.7
Organic Acids &
Nucleotides - 1.4 17.9 12,2 2.6 18.0 3.1
Lipids 21.0 0.5 5.7 ' 29.3 | 3.5 2.2
Starch or .
-Glycogen 2.3 _ 3.5 5.7 5.7 13.3 33.7
DMA & RNA 0.7 1.4 . 0.5 3.5 8.2 5.0
Frotein ‘ 2.9 3.4 2.6 8.7 10.5 13.5
Cell Yalls -
Soluble in TFA ‘ 64.0 4,0 1.8 38,9 18.8 20,5

Insoluble in TFA 3.1 0.6 0.7 3.4 1.5 13.2

gzt



Table 16,

Brysiphe pisi - Pisum sativun.

immediately or after a4 20h chase period from infected plants expgged for 30 min to 'CO

The distribution of 1

C.in leaf, haustorial complse

2.

¥4or mycelial fractions obtained
The whole exXperimental

25,933

period was in the light. Results are expressed as dpm 100 mm ~ leaf,
30 min 140 exposufe,“no chase 30 min 14C exposure + 20h chase
Fraction Haustorial Leaf Myceliun Haustorial Leaf Mycelium
Complex ) Complex

Neutral Sugars 7.5 65,505 14,810 22.5 7,891 | 738

Amino Acids 3.2 15,754 3,534 15.0 3,064 332

Organic acids &. )

nucleoctides 3.5 21,203 3,170 12.2 7,555 z81

Lipids 52.3 592 1,480 137.1 - 1,469 270
- Starch & Glyccgen 5,? 4,146 1,485 26.7 5,582 4,148

DNA & RNA 1.7 j,658 129 16.4 3,442 615

Protein 7.2 4,027 P 40,7 4,407 1,660,

Cell Ualls -

Soluble in TFA 150.4 4,738 468 182.0 7,88 2,521

Insoluble in TFA 77 711 182 15.9 050 13823

TCTAL 248 118,334 468 4,3t 1,259
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" acid fractions exceeded that deteéted in the hosﬁ and after the chase
those with the organic acid and nuc%;otide fraction comprised only
11.8% of the t&tal where: previously they had comprised 8% .

However, results for the mycelium show that significant
incorpdration into the ethanol inséluble constituents had occurred
during the chase period and the glycogen and cell walllfractions
accounted for over 6?%.of tﬁé total iéotope.

In the haustorial complex fractiohs, the proportions of
radioéctivity in the neutral sugar, amino acid, organic acid and
nucleétide, starch énd glycogen, protéin and‘nucleic acid fractions
were all slightly increased by the chase treatment. However, the
lipid and cell wall fractions were still predominant and the
proportion of label in the lipid fraction had increased slightiy,
That of thé TFA soluble cell walls had dec?eased from 64 - 38.9%.

The diétribution of labelled compounds in the host,
haustorial complexes and mycelia per unit area of leaf was
calculated as‘before (Resglts 11, B, ii; e) and the results ére shown
in table 16. Allowance'was made for the increase in haustorial
frequency associufed with the longer infection period and the
quantiiy of radioabtivity.taken ﬁp by the mycelium was determined

.from the differences between infeéted discs and infected discs cleared
of the mycelium. This was thcn divided by the proportions shown in

table 15.
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It is evident tﬁat the _totbal quantity of
radioactivity in the haustorial compiexes.was very small by
comparison with that in the host or myéelial fractions. There
were}significant losses in the leaf .and mycelium during theA
chase period but the radioactivity in haustorial_coﬁplexes
increased then, This suggesfs,growth or Some equivalent éink
for material in established haustoria and possibly the development
of new haustoria during the chase period. Thésefwould not be
subject to loss as-w0u1d.newly matured spores on the myce lium,
After the 14002 pulse the proporfion'of-radioactivity in the
haustorial complexes.was 0.2% of that in the hosf and>mycelium
per unit area of leaf and 0.9% after the chase period.

During the chase period there is an increase in the
quantity of label in each fraction from the haustorial complexes.
Even tﬁe TFA soluble cell wall fraction which decreased as a
proportion of label in the haustorial compléx fraction from 65
to 39% after‘the chase showed an increase in}the quantity of
radioactivity per unit area of ieaf.

“When the results for the host are expressed as total
quantities per unit area of leaf the chase period results in
considerable 1osé in radicactivity in neufral sugars, amino acids
and organic acid fractions.‘ With the exception of TFA insolﬁble
cell wall fraétions all others show an increase. In ﬁhe‘mycelium
all the ethanol constituenfs decrgased put all other constituents

increased with the chase,
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iii)’ Distribution of isotope within each biochemical
class of host, haustorial complex and mycelial
‘fractions.
a) Lifids

The 1ipid fraétiéns of the host, haﬁstorial complexes
and mycelia were analysed by T.L.C. and the scan profiles of
the chromatograms for the pulse and chaSe experiments are shown
on fig. fO and 11 reSpéctively.  Since with the solvent systenms
(Methods X,G)uséd in this énalysis, polar lipids remain at the
origin (Skipski ~§.gl)1965), the peaks atqusition 1 wou1d most
probably represent phospholipids and glyéolipids. These are
considered to beVmainly‘membrane-éonstituents (Hoppe & Heitefuss,
1974c). Compounds mobile in this system are neutral lipids which
may be constituents of membranes, cuticles or storage products

(Martin & Juniper,1970; Losel & Lewis,1974; Brennan & Losel,1978).

' Haustorial complexes:

‘There was little difference in the composition of the
lipids of the haustorial complex fractions obtained from the pulse
and the chase experiments. However, the fraction showed a 2.6 fold
increase in the quantity of label with the chase period. Most of
the i§otope in the complexes (pdsitions 6) co-chromatographed with
the triglyceride standard (glyperol tripalmitate), an appreciable

quantity was found to correspond to polar lipids, (position 1) and
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traces of 140 were detected in sterols, diglyceridés, fatty

acids and hydrocarbons. The lack of aﬁy change in composition :
and the increase in total counts in the lipids during the chase
suggestg that the 14C compounds were being deposited in the
lipid fraction., This is thus a sink for the "¢ nutrients and
the triglycerides are probably contained in the‘osmiophilic
droplets frequentiy_seen in electron micrographs of powdery.
hildew hguétorié (Gil)1976) and the. polar lipid increase
corresponds to the production and turnover of membranes. Indeed
the ultrastructural observations of a highly conveluted
extrahaustorial membrane and the fungal plasmalemma extending
into the mumerous appendages of the haustorial complexes indicate

that there are abundant:phospholipids in the haustorial complex.

Mycelium:
In the mycelial lipids most of the.isotope was also in a
broad Peak (position 6) which co-chromatographed with the
triglyceride stahdard. This band may have also contained
appreciable qqéntities of free fatty acids which were incompletely
sepaféted from the triglyceridés énd a large shoulder (position 5)
is evident beéide the major peaks froam both pulse and chﬁse lipid
experiments, kThis contrasts with the well defined peak for triglycerides
| | | 14

in the haustorial complexes. Appreciable quantities of C

compounds were found in the polar lipids and hydrocarbons of the

mycelium with only traces in the sterols and diglycerides, 'Although
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glyce?ol esters of fatty acids have predominatéd, no mention
"has been made of them among the lipids described in powdery
mildew spores, (Tulloch & Ledingham, 1960; Fisher et al,1972;
»Johnson.gﬁ_g;,1976). These studies have concenfrated bn the
more fgcilely assayed free fatfy acids, methyl esters of fatty
acids and hydrocarbonsiand have indicated that the cqmpouhds
in spores of E. graminis are constituents of lipid
intracellular inclusions and -some surface cuticles, both of
which are present’in the spores of E. gggib(M. Martin personal
commﬁnicatipn). fo.cohtrast triglycerides have previously
been reported as major lipids of rust fungi and Losel & Lewis
(1974) have shown thét they accumulated appreciably in aecial

pustules of Puccinia poarum infecting Tussilago farfara, where

the direct contribution of lipids from host cells is considefed

to be small (Losel & LeWis,1974). In its telial and uredinal

stage on Poa nratens;s triglycefides are,also abundant"(Losel)
1978).

During the chase reriod there was a decrease (1,480 to
170 dpm) in the total quantity of isotope in the mycelial 1lipid
fr;ctions per unit area of leaf., The analysis shows that this
fall cannot be explained by a reduction in any individual
componeﬁt as the lipid profiles after thé chase closely resenmbles
those of #he pulsg experiments., The reduction of label may be.
due to 1os$es by respiration, - spore disperéal or méy represent

turnover into other compounds., This would imply that the lipids«
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in the mycelium are 8 priméry sink, It is possible that lipids
syntheéised in the haustorium may be transported to the mycelium
FWh;se lipid composition is strikingly similar but the persistance of
label in lipidsiin the haustorial complexes after the chase argues
against this.

H&st:

Thé-lipid. constituents of the host are very different from
those in the haustorial complexes and mycelia, The polar lipids
fraction is> the most heavily labelled after pulse 14002 feédiné.
However, after the chase period although'significant isotope is still
present in the poiar‘lipids, sone other fractions are more highly
labelled and in particular the.diglyceridesvand hydrocarbons,

These neutral lipids show large increases in the quantity of isotope
for there is a large increase in thg number of counts per unit area of
leaf in the host lipids with the chase period (2.5 fold increase).
Loéel & Lewis (1974) showed a surprisihgly high 1abelling of

. ‘e

diglycerides when leaves of Tussilagg farfara were exposed to-- 002

"and chased for 24h, they attributed this to a role for diglycerides
in the synthesis and breakdown of polar and neutral lipids. It should
be noted‘that although the host fraction includes the haustorial
. . . 14, . -
complexes in the epidermis the ~'C in lipids of the complexes make up
only a very small proportion (1ess than 107") of that in the lipids in

the host (table 16 ).



»Figures 10 and 11, Erysiphe pisi - Pisum sapivum. Scans of the
radioactivity in thin layer chrqmatogrgms of 1lipid extracts of host,
mycelial and haustorial comﬁlei fractions obtained from infected plants
immediately after a 30 min exposure to 14CO2 (fig. 10) or after a 30
min exposuré and a 20h chase period in unlabelled CQ2 (fig. 11).
Nﬁﬁbers refer to the position of lipid clésses on the chfomatogram

as follows:

1 -  Polar lipids

2 - Sterols

3 - 1:2 Diglycerides

4 - 1:3 Diglycerides

5 -  Fatty acids

6 - Triglycerides

7 - Eatty acid - methyl esters

8 - Hydrocarbons
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lipid standards. A ' 3 5 7

2 4 6 -8
160 _ *Origin ’ ' Solvent # ~
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dpm '
120 |
haustorial 80
COmplexes
40 _|
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125 i
100 _
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Figure 10. Lipid analyses of'pulse! eXperiments;
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T
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Figure 11, Lipid analyses of 'chase' experiments.
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Trifluoroacetic acid hydrolysate (Cell wall and related
constituents).

The distribution of label obtained by ion exchange
chromatography of the basic, acidic and neutral fractions of
the hydrolysate from tﬁe host, complexes and mycelia is
shown in table 17, The‘interpretation of theAresults of
hydrolysis of cell walls is problematiéal (Jones & Albershein,
1972) and therefore a treatment with 2N TFA at 121o for th was
chosen as it is known to release quantitively the neutral sugar
residues of the wall of plant cells but not hydroiyse
cellulose (Talmadge_gj_g;,1973). It has the disadvantage
that it causes degradation by decarboxylgtion‘and lactonisation
of a large proportion of the uronic acid residues. Lactonised
acids behave as neutral compounds in ibn exchange procedures
and therefore ion exchange séparations may be subject to error
i; all acidid compoundé are considered as pectic compounds.
Blake & Richards (1968) have shéwn» that for sulphuric acid
hydrolysis approximately 50% of the uronic acid residﬁes wgre
subject to lactonisation; A further complication is that some
urOnic acids in aldobiuronic acid linkages may possibly
withétand this treatment (Jones & Albaﬁheim,1972).

Host:
The host cell wall fraction was found to contain a

very small proportion of basic components ( 107 of the total )

which may be from residual proteins not degraded by the protease
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treatment, The acidic éomponent was surpriéinglyllafge
especially when the problems associated with the prodﬁétion of
this hydrolysate are con;ideredf However there was a slight
decrease in the proportion of écid cqnstituents after the chase,
The isotope counts per unit area of leaf in the host hydrolysate
increased 1.7 fold with the chase so there is a.real increase in
'the counts in the acidic fraction.

Thé acidic fraction was further analysed by paper
chromatography in EAPW solvent for 70h. This yielded no distinct
peak and.the majority of thé labelled constituents being eithér
immobile or moving very slowly (figs.TZ & 13 ). There was little
or no sign of uronic acids in this fraction, This suggests that
in the preparation of sampies these may have been degraded or only
partially hydrolysed, No chanée occurred. during the cﬁase period.

The largest proportion (64% and 70/) of the host cell wall
hydrolysate was in neutral compounds.  These were also analysed by
paper chromatography in EAPW solvent system and an example of an
" autoradiogramof these is shown in fig. 16. Two spots which
corresponded to galactose and glucose were present, Traces of
activity were als§ detected in spots which corresponded to mannose,
arabinose and xylose. The distfibution of counts in these fractions
are shown in table 18. Glucose and galactose were also the most
labelled cell wall matrix compounds formed when segments of
| 14

 uninfected pea stems were incubated in 'C - glucose (Robinson,

Eisinger & Ray,1976). Comparison of the data indicates that the
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removal of starch by the-amylase and amyloglucosidase treatments
was nearly complete for it is unlikely that the quantity of
labelled galactose would equal that of glﬁcose if starch had
persisted in the final cell wall fraction. This was supported
. step |

by the tw?(enzymic degradation of starch (amylase and then
amyloglucosidase were employee), the am&loglucosidase treatment
released only 5 - Qﬂ‘of the quantity of label released by the
amylase(fable 1gi
Haustorial eomplexes:

The haustorial complex fraction resembled the host
fraction iﬁ containing small quantities of basic compounds
characteristic (tahle 17 ) of cell walls. However it contained
a higher proportion of acidic compounds (41¢ andv33ﬁ for pulse and
chase respectively). The chase perioﬂ‘ceused a reduction in the
proportion of acidic compounds but as in the host fraction because
ef a slight iﬁcrease in total counts (table 16 ) the total quantity
of isotope in the acidic fraction changed 1little (65 dpm/mm2 after
the'pulse and 60 dpm/mm2 after the chase)._ Chromatography of this
fraction indicateq that cpmpesition differed from the acidic fraction
of the host. Traces of label were detected in galacturonic acid but the
largest proportions were either immobile. or formed a peak with an
R—galacturonic acid value with the EAFW solvent.of 0.63 (figs.14 & 15).
The composition of this is unknown although it may be an aldobiuronic

acid released by partial hydrolysis of the polymer for these would
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have similar mobilities on paper chromatograms with this‘solvént
system (Talmadge gﬁ_gl,1973). However, other possibie identiﬁies
is an acidic amino acid @ as found in some ascomycete fungal cell
walls (Mahedaven &»Tatum’i965), also oxalate crystals in the
fraction may héve become labelled although’the autoradiography
(sectioﬁ V, B, ii) indicated that label was re;stricted to the
complexes.‘ Since both pulse and chase acidic cell wall components
had a similar composition, these combounds aré not further
metabolised during the chase period.

The largest proportions of isotope in the TFA hydrolysate
of the haustorial complexes in both pulse and chase experimentSZWere
in the neutral compounds (487 and 57 respectively). This fraction
was composed mainly of glucose (table 18 and fig. 17 ) with small
quantities of mannose and ggléctose. ‘No trace of label was detected
in xylose, arabinose, ribose of_rhamnose vhich would be expected to
be present after hydrolysis of .plant cell walls (Talmadge_gﬁ_gl)1973 ).

14

The 'C 1abeliedvglucose is not likely to originate from starch grain

contamination for the amylogluccsidase treatment released only Qf.and
7 of the label releated by the- previous ccamylase extraction, indicating
that littlo.starch persisted.

‘There was an increase in the radioactive counts but little
chénge in composition (table 13) indicéting that these neutral
compounds constitute a sink the haustorial complexes for photosynthetic

products.
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- ' 1
Erysiphe pisi - Pisum sativum, The distribution of 4C in basic,

acidic and neutral compdunds separated by ion exchange chromatography

. of trifluoroacetic acid hydfolysates of the crude. cell wall fraction

of host, haus torial complexes and mycelia; The fractions were

obtained from infected leaves either immediately after a 30 min pulse

exposure to 14002 or after a subsequent chase period of 2Oh° All

treatments were in the light. (Radioactivity is expressed as a

percentage of the total for each experimentai fraction. Bach value

is the mean from at least two replicate experimentél

Basic

Acidic

Neutral

Host H.C. Mycelium
Pulse Chase Pulse Chase Pulse Chase
4.8 9.1 1.1 9.3 22,3 18.2
30.9 21.2 41.0 3%.3 6.9 7.6
64.3 69.7 47.9 574 70.8 4.2
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Table 18

14

Erysiphe pisi — Pisum sativum. Distribution'of C in the neutral

sugars of TFA hydroiysates of .the crude cell wall fractions of- the
host, haustorial complex and mycelia, The fractions were obtained
from infected leaves,either immediately after a 30 min 'pulse'
_exposure to 14002 or after a subsequent 20 h 'chase’ period; A1l
treatments were in the light, (Radioactivity is expressed as

percentage of the total in each experimental fraction; each value is

the mean from at least 2 replicate experiments).

Fraction Host Haustorial complex Mycelium
Pulse Chase Pulse Chase Pulse Chase

Sugars

Galactose  40.6 45.3 - 6.5 7.4 18.9 22.3

Glucose 55.9 53.0 - 88.5 87.6 H2.3 61.0

Mannose 1.8 0.8 4.8 5.0 28.3 16.6

Arabinose 0.8 0.6 0.0 0.0 0.4 0.1

Xylose 0.3 . 0.3 0,0 0.0 0.0 0.0
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Table 19

Erysiphe pisi - Pisum sativum. The sequential hydrolysis by e<

- amylase and amyloglucosidase of ethanol insoiuble compounds from
host, haustorial complex and mycelial fractions obtained from
infected leaves either immediately after a 30 min 'ﬁulse'

; _14 \ - ! : 2
exposure to 002 or after a subsequent 'chase' period of 20h.
All treatments were in the light, details of enzyme incubations
are described in Results: VI, A, ii, b. Results are expressed

as percentages of the total radicactivity in the fractions

hydrolysed to ethanol scluble constituents by each enzyme treatment,

oc amylase " amyloglucosidase

Haustorial complex |

pulse | 2.18 0.12

chase - 5.32 T 0.38
Host

pulse 3,22 :  0.28

chase 12.63 0.67
IMycelia

pulse ‘ - 5.24 _ vO.45

chase © 30.06 ' 3.04
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Figures 12, 13, 14 and 15, Erysiphe pisi - Pisum sativum. The
distribution of radioactivity in paper chromatograms, of the
acidic fraction of the trifluoracetic acid hydrolysate of infected
1eaves‘c1eared of mycelia-(figs. 12 & 1%) and haustorial comflexes
(figs. 14 & 15). - Fractions were obtained either immediately

after a 30 min (pulse) exposure to'14CO or after a further (chase)

2

period of 20h in unlabelled 14

002; both treatments were in the
light. The position of a galacturonic acid standard is shown,

chromatograms were developed in solvent (ethyi acetate: acetic acid:

pyridine: water, 50:12:18:10) for 7Ch.
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Figures 16 and 17,

149

Erysiphe pisi - Pisum sativum,

Autoradiograms of paper chromatograms (solvent system, ethyl

acetate: pyridine: water: acetic acid, 50:18:10:12) of the

neutral fractions of trifluoracetic acid hydrolysates of

infected leaves cleared of mybelia (fig. 16), and haustorial

complexes (fig. 17). Fractions were obtained either

immediately after a 30 min‘(pulsé)Aexposure to

a further (chase) period of 20h in unlabelled

t?eatments were in the light,

14CO2 or after

14c02; both

The positions of standard

compounds are also shown, (see Key below).

Key

to abbreviafidns for standard

carbohydrates

arabitol
,erabinose
erythritol
frucfose
glucose
galactose
glycerol.

hexose

In.

M

Ms

myo-inositol
mannitol

mannose

origin, position probably corresponding
to oligosaccarides,

pentose
.ribose
sucrose
trehalosé

xylose
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Mycelium:

The hydrolysate from the mycelium had a larger proportion
of label in the basic frdction ( 18 - 221) than in either the host
or the haustorial cowplex fractions. This may be due to the
protein éontent of'fungal walls being higher than in plant cell
walls of to the release of n-acetyl glucosamine by theiacid
hydrolysis of short chain polymers of chitin demonstrated by
McMurrough et al o (1971). Components réleased by
either of these mechaﬁisms would behave as basic compounds in the
ion exchangé chromatography. Neither the basic fraction or small
acidic fractions were analysed further. The largest proportion of the
label from both pulse and chase experiments were in neutral compounds
which were identified as éalactose, glucose and mannose (table 18
& fig. 18-). Their relative proportions were approximately 1: 2.7 : 1
with little changg upon chase treatment. There was a large increase
in the total number of counts per unit area in the mycelial cell wall
hydrolysate 5.4 fold during the chase period and thus it is evident
that fhese compounds represent a lérge,sink in the fungus for fhe
products of host photosynthesis, The sink probably represents’new
hyphal érowth and spore development.
C) Neutral Sugafs

The neutral sugaf fractions of host, haustorial complexes
and mycelia were separated by single dimensional paper chromatography
in each of the three solvent systems, EAW, PEW and MAB. These solvents

were used as they individually'separate the disaccharides,
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Fipure- 18, bErysiphe pisi Autoradiograms of paper chromatograms

(soivent‘system,ethyl acetate: pyridine: water: acetic acid,
50:18:10:12) of the neutral fractions of trifluoracetic acid
hydrolysates of mycelia. The fractions were obtained from

infected leaves either immediately after a 30 min (pulsé) exposure

to 14002 or after a further (chase)rperiod of 20h in unlabelled
14,

C0,; both treatments were in the light. The positions of

standard compounds are also shovwn, (for Key see page /#q).

Figure 19. Erysiphe pisi - Fisum sativum. Autbradiogram of a .

paper chromatogram (solvent system, n—propanol:'ethyl acetate:
water, 7:1:2) of the neutral sugar fraction of an ethanol

extract from infected leaves cleared of mycelia. The fraction

14

was obtained after a 30 min exposure (pulse) to 'CO, in the light.

2

The position of standard compounds aﬁe also shown (for key see

page (49,
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Figure 18,
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Figure 19,
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monosaccharides and sugar alcohols to. different extents (see
: Methods X, E, iv, c). knglyéis,of the chromatograms together
 thus permits a quantitative assessment of each constituent and
avoids some of the identification problems which would have
arisen following deveiopment in two dimensions.
Host:

‘The distribution of ?4C in the neutral sugars of the host
fractions from both pulseband chase experiments are shown in table
19 and some examples of the autoradiograms are reproduced in figs.19 & 20.
After the pulse 14062 exposure the largest proportion of 140 was in |
glucose (43.8% and frﬁcfose (38.éﬂ)vwith a smaller proportion (13.27)
in sucrose, Mannitol,‘arabitol and glyceroi were detected in trace
quantities but neither erythritol or trehalose was detected.
Nyo-inositol was the only sugar alcohol found at greater than trace
quantifies. A gignificant number of counts also occurred at the origin
in compounds presumed to be oligosacchorides.

After the chgse period the same cdmppﬁnds were labelled and
" all contained congiderably smallei guantities of label than previously.
Most of the isotope was still in glucose (40.9%) but the number of
éounts in this pool had been reduced to only 11% of that after the
pulse. Fructose was reduced to a greater degree, only 6% of the label
remaining after the.éhase. There was a complementaryvincrease in
labelled sucrose, (13%.2% to 30.%%) but even so there was a 3.6 fold

reduction iﬁ the total number of counts,
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Téble 20

A
Brysiphe pisi -~ Pisum- sativum, Digtribution of 1'C in the neutral

‘sugar fraction obtained from infected leaf discs. Infected leaves

14CO or a further

were sampled after a 30 min 'pulse' exposure to 5

20h ‘chase' period and mycelia were removed prior tc extraction and

analysis of the sugars. All treatments were in the light, EBach
result is the mean of 2 experiments. Values are expressed as
percentages of the total radiocactivity in fraction and as dpm

mm"2 infected leaf,

Pulse ' Chase

Sugar g dpm  100mm™2 % dpm  100mm2
Origin 2.0 1,310 4.3 340
Myo-inositol 1.7 1,110 - 3.8 300
Sucrose - 13.2 8,650 30,3 | 2,390 .
Trehalose | 0.0 0 0 0
Glucose  43.8 28,690 40.9 3,230
Mannitol 0.3 200 0.8 70
Fructose 38.2 25,020 19.4 1,530
Arabitol. 0.1 ' 70 0.1 ' 10
Brythritol 0.0 0 0 0

Glycerol . 0.2 130 0 0
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Pigure 20, Brysiphe pisi - Pisum sativum, Autoradiograms

* of .paper chromatograms (solvent system,‘ethyl—méthyl ketoné:
acetic acid: saturated boric acid, 9:1:1) of the neutral sugar
fractions of ethanol extracts from infected. leaves cleared of
ﬁycelia° The fractions were obtained either immediately

after a 30 min exposure (pulse) to 14002 or after a further

450 s botn treatments

(chase) period of 20h in unlabelled o

were in the light. The positions of standard compounds are

also shown (see page .149 for key).

Figure 24. Erysiphe pisi. Autoradiograms of paper chromatograms
(solvent system, ethyl acetate: acetic acid: water, 14:3:3) of

the neutral sugar fractions of ethanol extracts of mycelia,
rFractions were obtained either immediately after & 30 min (pulsg)

exposure to 1400 or after a further (chase) period of 20h in

2

unlabelled 14

C02; both treatments were in the light. The
positions of corresponding standard compounds are also indicoted

by their initials, (see page 149 for key ).
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The preferential fization of 002 into hexoses by the
| as
host has been usedAan indicator of enhanced invertase activity
(Long & Cooke,1974) but the proportionate increase in sucrose

in the host fraction with chase treatment indicates that invertase

activity was not enhanced in this tissue. It is thought that

sucrose is the compound translocéted in phloem of Pisum safivum
(Wanner,1952) and in intercellular transport in béet, (ceiger,1975;
Giaguinta,1978) and squash (Heﬁdfix,1978) and thus the proportionate
increase of label in sucrose may be due to its mobilisation in
connection with intercellular transport of this compound in the leaf,
Haustorial complexes:

The number of counts obtained from neutral sugars in
haustorial complexes was very low and thus it was impossible to
obtain autoradiograms of the chromatograms indicating the présence

14

of ~'C. The chromatograms were thus cut into strips and these

counted directly in sdintillant.v The results obtained. are shown in
figs. 21; 21;.23. Although the numbers of counts recovered were

: small definite beaks and some significant trends after the chase
period could be detected., The distribution of label in areas
corresponding to standard sugars are shpwn in table 20.

A large proportion (14 & 265 for pulse and chase experiments

14

respectively) of the 'C in the haustorial compleXes remained at the

origin during chromatography, and as was suggested for the host sugars
it probably represents oligosaccharides., The relatively large

proportion of 140 in thdse compounds may be an accurate representation



159

or may Se due to their preferential retention, being lost at a
slower rate than lower molecular weight sugaré during the
isolation procedure, Thé loss of compounds dﬁring isolation
is discussed belowf |

Lfter the pulse treatment the pfedominantly 1abelied
compounds were sucrose (28%), mannitol (14.57) and glycerol
(22.19). The'labelling‘éf gly;erol is noteworthy as it Qccurred
in only trace quantities in host and mycelial samples, The
ﬁ:edominance in the haustorial complex fraction of sucrose and
glycerol over glucosg and fructose which predominated in the host
fractions is a good indication that host contamination was very
small, Arabitol and trehalose also contained significant
quantities of label and with mannitel which was present, are
mefabolites characteristic of fungi (Smith et al 1969).

After the chase there were increases in the nﬁmber of
counts per haustorial COmplex for oligosagchdrides (material at the
origin), mannitol, trehalése, glucose and arabé;33(table_gg);A

" The largest increase was in mannitol which then constituted 45%

14

of the 'C in the.fraction. There were large decreases in the
proportion of radioactivity in sucrose and glycerol but 1itt1e change
in that of fructose. These decreases indicate that these compounds
had been either metabolized by the haustorium or translocated to the

nycelium during the chase period, ~ The occurrance of glycerol has

not been reported in higher plant/ obligafe parasite associations

in such proportions before.
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Table 21

Erysiphe pisi - Pisum sativum, Distribution of 14C in the neutral

sugar fraction from isclated haustorial complexes. Complexes were

isolated from infected leaves after a 30 min 'pulse' exposure to

2

the light.‘( Each result is the mean of 3 experiments. Values are

14CO or a subsequent 20h 'chase' period. All treatments were in

expressed as percentages of the total radicactivity in the fraction

and as dpm 2 x 10_6 HCs) .
| | Pﬁlse Chase
Sugar . < dpm 2 x 166HCS % dm 2 X 166 HCs
Origin 13,9 17 25.8 325
Myo-inositol 0.0 . 0.0 0.0 0
~ Sucrose 28.3 238 4.7 59
Trehalose 3e3 28 4.0 50
Giucose ‘ 9.1‘ 76 c.8 124
Mannitol 14,5 122 45,2 569
Fructose 5.8 49 3.4 43
Arabitol - 2.9 20 45 57
Erythritol 0.0 0.0 0.0 0.0

Glycerol ' 22.1 185 2.5 - 32
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Figures 21, 22, 23, Erysiphe pisi - Pisum sativum, Scans of

paper chromatograms of néutral sugar extracts of ﬁaustorial
complexes isolated from infected leaves e.ither. immedi‘ateily after a
30 min (pulse) exposure- to 14002 or after a subséquent 20h (cﬁase)
period, Ali treatments were in the light, solvent systems are

shown with each figure.

)



Figure 21. Sclvent system, ethyl acetate: acetic acid: water, 14:3:3.
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Figure 22, Solvent system, n-prcpanol: ethyl acetate: water, 7:1:2.
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Solvent system, ethyl—rﬁethyl ketone: acetic acid: saturated boric acid, 9:1:1.

90 - —_— R
-] sucrose glucose ~ fructose mannitol © arabitol
epm P o : ’ L ‘
\ / _ , ' PULSE
=
L} @y
N\ A= 7 |
[} .\./ \0‘.\0_./.-—‘.\°/.\-0—~°
1
120
: b
\ '\ ' CHASE
°
.\./._.\. .
\ ~o—* —_—
o\o/./ d ‘ ./°\o\./. .\oo’°

1
distance along chromatogram [mmJ™ 240



Mycelia: 165

Analysis qf.mycelial fractions showed that mannitol was
very rapidly labelled and.amounfed to 82%'of the 14C in the neutral
sugars after the pulse feeding, (fable 21 and figs. 24, 25, 26).
Significant quantities of label were also found in trehalose,
sucrose (fig. 27); glucose, fructose, arabitol and.glycerol with
traces in erythritol and compounds immobile in the solvent systems
used. 'Tﬁere were substantial decreases in the number of counts in
nost of these compounds duriné the chase period. Manni tol was
réduced so that only 3% of the pﬁlse 1evei pefsisted. There were
increases in the quantity of 14C in erythritol (4.7 fold increase)
and in compounds remaining at the origin (2 fold increase).
_ Arabitolvénd erythritol contained large proportions of the isotope
(13.8" and 18.7! respectively) and may represent processes of spore
development since arabitol was prédominant in the spores of Erysiphe
graninis (Bdwards. & Allen,1966). These authors also showed that
qannitol predéminated in the mycelium. There is a clear reduction
in both the(prqportions and numbers of counts in glucose, fructose and
sucrose which dare characteristic of the host° Similar kinetics
were described in B, graminis (Edwards & Allen,1966) where during one

hour a proportionate'reduction in labelled sucrose was detected,
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Table 22

14

Brysiphe pisi. Distribution of € in the neutral sugar fraction

of the mycelium obtained from infected pea leaves either

14CO or a

immediately after a 30 min 'pulse' exposure to 5

subsequent 20h 'chase' period. All treatmenté were in the light.
(Bach result is the mean of 2 separate-eXperiments.and is ex?ressed
as a percentage of the total radioactivity in each fraction or as

dpm 100 mm2 of infected 1eaf).

Pulse oo Chase.

% dpm__ 100ma- % dpm  100mme

Sugar — -

Origin o2 30 8.2 60
Myo-inositol 0.0 ' 0.0 0.1 trace
Sucrose 4.4 650> _ 0.8 | trace
Trehalose 6.4 950 6.8 50
Glucose 2;5 . 370 0.4 trace
Mannitol -~ 81.7 12,100 51.0 376
Fructose 2.0 300 0.2 trace
Arabitol 1.1 160 13.8 100
Erythritel 0.2" » 30 18.7 140

Glycerol - 1.5 220 0.0 0
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Figures 25, 26 and 27. Erysiphe pisi.» Autoradiograms of

paper chromatograms of the neutral sugar fractions of ethanol

extracts of mycelia, Fractions were obtained either

2

immediately after a 30 min (pulse)_exposure to 14CO or after

a further period (chase) of 20h in unlabelled 1400 both

2F
treatments were in the light. The positions of standard

compounds are also shown, (see pagel149 for key).

Figure 2 » 'Solveht system, ethyl-methyl ketone: acetic acid:

saturated boric acid, 9:1:1.

Figure 26, Solvent system, ethyl acetate: acétic acid: pyridine:

water, 50:12:18:10.

Figure 27. The radioactive areas corresponding fo sucrose and
trehalose in tﬁe 'pulse! fraction from fig. 25 were eluted from
the chromatogram and fe&hromatographed with solvent system

hfprOpaqol: ethyl acetate: water, 7:{:2, showing the absence of

labelled myo-inositol.
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VII) Ydentification and quantification of ethdnol soluble

cafbohydrates in the host, haustorial complexes and mycelia,

The previous section described the distribution of
‘ 14, . ’ ’
C in the neutral sugars and sugar alcohols of host,
haustorial complexes and mycelia during and after transfer
. 14 : . . .
of 'C photosynthates from host to parasite. It is evident
that these compounds maybe important in the transfer of
~ photosynthates from host to parasite. The specific
activities of the labelled carbohydrates were not estimated
as the samples were used extensively for estimation of the
distribution of radioactivity and further analysis was not
possible, The following experiments were designed to identify
and quantify the neutral sugars in extracts of infected host,
haustorial complexes,‘mwcelia and healthy host without
employing isotopic carbon dioxide.
A) Experimental procedures.

. Discs (5g fresh weight), from uninfected leaves and
infected leaves separated from the mycelium and mycelial
brushings (O.Sg fresh weight) were treated in 807 (v/v)
ethanol, Haustorial complexes were isolated in an ionic
isolation medium substituting 0.1 M KC1 for the sucrose and

. HCs ‘
7T~-9 x'H)Awere treated similarly. The ethanol soluble
extracts were deionised, cleared and the final extract was

analysed either by paper chromatography or gas-liquid

chromatography as described in the Methods section (X, E).



Sugars and éugar alcohols were identified by their
ﬁobilities and reaction with épecific detection agents on paper
chromatograms, and their»elution temperatures and retention times
on the G.L.C. They were quantified by cqmparison of the peak
. heights on the gas—iiquid chromatograms with that of known
standards (Holligan,197(). |
B) | Results |

1)» Uninfected host:

Examples of the paper chromatograms of the extracts
- from uninfected pea leaves are illuétrated in figa. 28 and 29.

The mobilities of the sPofs obtained from the extracts and
corresponding reference compounds relative to that of glquse.

(Rg value) are.shown in table 23, Reactions with p—aﬁisidipe and
bfomocrésol purple and Rg values, indicate that the spots A, B, C
were most probably myo-inositecl, sucrose and glucose respectively.
Spot D gaye a faint yellow with bromocresol purple after development
in the PEW solvent. This indicates that it was a polyol (Lewis &
Smith,1967b)but its reaction with p-anisidine and mébility in EAW
indicates a ketohexose, probably fructose., However the reaction
with bromocresol pgrple may have been due to traces of mannitol.

Two other spots were obfained fof vhich no corresponding
standard could be found.‘ They probably correspond to the unknown
compounds X and Y described in an investigation of the sugars in

pea seedlings by Vitek (1964) who reported two compounds with
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Figures 28 and 29, Erysiphe pisi - Pisum sativum. Paper

chromatographic separation of the:ethanol soluble carbohydrates
of uninfected host (H), infected host (I), infected host
_separated from fhe mycelipm (IH), mycelia (1) and haustorial
complex fractions. The solvent systems used were n—propano&:
ethyl acetate: water, T:1:2 (fig. 28) and ethyl'acetate; acetic’
acid: water, 14:%:3 (fig. 29) and carbohydratés wére detected
by alkaline silver nitrate treatment; . The colour reactions of

the spots, mobilities relative to glucose and possible

identities are shown in tables, 23, 27, 29 and 31,
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Figure 29.
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Fiprure - Erysiphe pisi. Paper chromatosraphic
separation of ethanol soluble-carbohydrates from the mycelium
(M). The solvent system was ethyl-methyl ketone: acetic acid:
saturated horic acid, I9:1:1 and carbohydrates were detected

i

by alkaline silver nitrate treatment., Standard compounds

are also shown,
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mobilities and reactivities with p~anisidine similar to those
described here. However, Vitek did not obtain reactions with
silvér nitfate reagent.: He suggested that the compounds were
probably complex as hexoses, amino acids and phosphate were
released after acid hydrolysis (Vitek, 1964).

Analysis of the éxtracts_&f uninfected leaves by gas-
liquid chromatdgraphy'after silylation confirmed the idéntifications
madg on paperréhromafograph&o' The elution temperatufes and
retention times of thevmethyléilyl deri&atives of the standards
used throqghout this investigation are shown in table 24. Six
distinct peaks were obtained from the extract_of healthy leaves
(table 25) and these coincided with fructose, glucose, hexitol,

' myo—inositol and sucrose. The detection of hexitol in small
quantities may'exPiain the faint yellow spot obtained with bfomocreéol
~ purple on paper, This was confirmed on the paper chromatogram

with fructose from which it is- poorly separated by the PEW

solvent. The unidentified compounds from the paper chromatograms

did not appear on the gas'chromatograhs.

Sugaf alcoholg occur in é wide range 6f hiéher plants and
are usually mébiie in the phloem (Lewis & Smith ,1967a), Thus it is
likely that.thoge detected here occurred in thé vascular elements
in the ieaf. .The ethanol soluble carbohydrates from uninfected
leaves were quantitatively assayed by comparisons of peak heights

with those of standard compounds. The results are shown in table 26
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Table 23

Pisum sativum. Paper chromatographic jdentification of ethanol

soluble cérbohydrates of uninfected. leaves by comparison of their

mobilities and colour reactions with those of standard compounds.

1)  Mobilities

Spots as in figs.28 & 29 ‘Rg value  Corresponding Standard
PEW - EAW
A - 40 33 Myo-inositol
B . ‘ 7 45 Sucrose
C 100 100 Glucose
.‘, ) 114 136 Fructose
B 168 219 Unknown
F , 204 450 Unknown
2) Colour reactions.
. Colour rdaction. . Possible
Spots as in figs.28 & 29 p-anisidine-AT bromocresol Identity
60° & 100° purple
Non Ketose
A - - containing
disaccharide
B , Yellow - - Ketose-containing
disaccharide
c brown - aldohexose
D ' yellow faint-yellow Ketohexose/polyol
B yellow - Ketohexose

F » brown

aldohexose
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Retention times and elution temperatures for gas-liquid

chromatography of trimethylsilyl derivatives of standard

compounds,

Glycefol
Brythritol
Xylose
Arabitol
Fructose .
Glucose
Mannitol
Ezg—inositol
Sucrose

Trehalose

BElution temperature

Retention time (min)

[¢]

134

[¢]

134
144°
148°

158°

169°

174°

188°

[¢]

235

242°

& 152°

& 182°

10
12 and 14%

13

25

26
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Table 25

Pisum sativum, Gas-liquid chromatographic identification of
ethanol soluble carbohydrates from uninfected pea leaves.
Comparison of the elution temperatures and retention times of

their trimethylsilyl derivatives with those of standard

compounds.
Corresponding
Peak. BElution temp. Retention time (min). standard.
A 158° 10 fructose
o 4
B 169 12 clucose
C 174° ‘ 13% hexitol
(e} T .
D 182 14 glucose
B 189° 16 myo-inosi tol
o .
F 235 - 25 sucrose



Table 26.

Brysiphe visi - Pisum sativum. Components of the ethancl soluble‘carbohydratescf uninfected leaf, infected leaf
separated from the mycelium, mycelium ané haustorial complex fractions. Carbohydrates were quantified by gas-
. 1liquid chromatography of their trimethyiéilyl derivatives, Values (mg ethanol soluble carbochydrate 1'OOxng_1 dry

wt) are the mean of at least 3 samples where standard deviations are shown, * lMean of 2 replicate samrples.

Carbohydrate Uninfected leaf Infected leaf separated Mycelium ' Haustorial complex

. frem the mycelium. , fraction.
Glycerol o - R . - : - ' ' 0.061,i 0.039
Erythritol - | - 3.31 £ 0.45 : -
. + ‘ + - +
Arabitol . : - _ 0.04 -~ 0,05 1.34 & 017 0.078 ~ 0.052
B ' . . +
Xylose - 0o.11 L o100 - 0.158 = 0.104
. *
Fructose o 2. 13 0.87 £ 0.24 0.56 £ 0.16 0.054 £ 0.031
) * + + : +
Glucose 3. 79 2.16 £ 0.561 0.63 £ 0,20 0.158 < 0.089
; . . * : + o+ ) . o+
 Mannitol 0. 11 0.1 £ 0.14 7.60 £ 1,29 0.061 — 0.031
*
Myo-Tncsitol 0. 44 0.12 £ 0.09 0.26 £ 0.11 0.042 £ 0.025
' L + + +
Sucrose 1., 95 0.94 = 0,16 0,19 - 0.21 0.447 - 0,147
Trehalose - 0.06 £ 0,09 . 0.33 £ 0.21 0.093 L 0.066

TOTAL 8.42 4,37 14,3 - 1,15

8LL



179

and it is clear that glucose which comprised 4% of the total
sugar content was the majof compound present in these leaves,
»AFructose.énd sucrose were present in near equal quantities
(29 and 237 of the total sugars respectively). lyo-inositol
and manpitol weré minor constituents, Together the sugars
constituted 8.95% of the dry weight of the leaves, However

the sugar content of leaves varies, ranging from approximately

1 - 29 of the dry weight as reported for Senecio squalidus by

(Long & Cooke,1974) to 284 for Tulipa gesneriana (Rutter,
3ohnston & Willmer}1977). | Presumably the age and photosynthetic
capability of the leaves also affects the sugar content.
ii) . Infected h@st separated from the mycelium

Paper chromatography of infected leaves separated from
the mycelium showed all the compounds in extracts from the healthy
host (figs. 28 & 29 and tsble 27) and three additional spots were
detected. From their mobilities and colour reactions these were
identified as‘trehalbse, a hexitol and pentitol. These were
probably of funéal originvas they were not detected in the
uninfected leaves énd at least trehalose is not thought to occur
in higﬁer plants (Gussin;1972). These compounds together with the
‘,incréase in intensity of the coléur yellow with bromocresol purple
in the hexitol region in PEW solvent indicate the presence of
characterigtically fungal carbohydrates (Smith_gi_gl,1969) in the
infected leaf, 1t seems likely that they are_cpnstituents of

the haustorium,
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»GaS'chromatografhy coﬁfirmed all the identifications

made by paper chromatography (table 28 ) and additional compounds
were detected. One of these (peék‘A) was eluted from the column
vat 1340 after 5 min and no corresponding standard could be found.
Pegks B and D cprresponded to tﬁose of D-xylose. However D-xylose
"should have been detected on the paper chrométograms by p~anisidine
and thus only a tentative identificatibn can be concluded, Peak -
A was present in only trace quantitiés and was ignored in the
'qﬁantitative analysis (table 26 ),bpeaks B and D were qugntified

by comparisén with D-xylose. This revealed reductionsin the
vquantities of glucose, fructose, sﬁcrose and_EZE—inositol when
compared to uninfected.leaves and only slight increases in
quanfities of hexitol (table 25 ). Pentitols and hexitols were
kpresent in only trace quantities (less than 1% of the total Sugars)
and the putative xylose constituted only 2.95 of the}total soluble
carbohydrate in the extract. The soluble carhohydrate fraction
made up only 4.4 of the dry weight of tﬁe infected leaf which is
half that of fhe uninfected leaf. The dr& weight of healthy and
infected 1eaf discs cleaned by mycelia were 0.020 * 0.00% mg/mm2
and 0.018 : 0.002 mg/mm2 respectively so‘these results also indicated
differences in the quantities of soluble sugérs per unitllaaf area,
They contrast the results of other investigations with Erysiphe
graminis (Allen, 1942) | and rusts (Lewis 1976)

wheré accumulations of soluble carbohydrates have been reported.
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Brysiphe pisi - Pisum sativum.

Paper chromatographic identification

of the ethanol soluble carbohydrates of infected pca leaves

separated from the mycelium.

Carbohydrates were identified by

‘comparison of their mobilities and colour reactions with those of

standard compounds.

1) Mobilities.

Spots as in “Rg value Corresponding Standard
figs. 28-29 PEW EAW ST
A 35 32 Myo-inositol
B 52 26 Trehalose
C i 43 Sucrose
D 100 100 Glucose
E 106 120 Mannitol
F 113 136 Fructose
G 126 181 Arabitol
H 172 221 Unknown
I 206 455 Unknown
2)  Colour reactions. .
Spots as in | Colour reaction ' Possible
figs. 28 & 29 Fragisidin%—Aé bromocresol identity
60 & 100 purple
A - - | Non-ke tose
B - - disaccharides
C Yellow - Ketose-disaccharide
D Brown - aldohexose
E - Yellow polyol
F Yellow Yellow polyol/ketose
G - Yellow polyol
H Yellow - Ketohexose
1 . Brown - aldohexose
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Table 28

Erysiphe pisi - Pisum sativum. Gas liquid chromatographic

identification of ethanol soluble carbohydrates of infected
leaves separated from the mycelium. Compounds were identified
by comparison of the elution temperatures and retention times of

their trimethylsilyl derivatives with those of standard compounds.

Peak Elution Temperature Retention Time (min) Corresponding
: Standard

A 1340 : 5 ~ Unknown

B - 142° 6% Xylose

c 148° ' TH | Arabitol

D '1520 8 Xylose

B 155° 87 Unknown

F ‘ - 160° , 10 ‘ Fructose

G ' 169° 1% Glucose

B 175° 122 | Mannitol

I 182° 14 | Glucose

J 190° | 152 Myo-Tnositol

K | 2340 ‘ 24 Sucrose
o

L 240 ~ 25+ _ Trehalose
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These biotrOphs form distinct lesions and thus may permit
accumulation from surrounding healthy leaf tissue.
Altgrnatively the differences may be due to different
intensities of infectipn. In the present wo:k carbohydrates
were measured seven days after inoculation when the.whole of
‘the leaf surface was covered withlﬁyceliUm. Heﬁitt & Ayres
(1976) investigated the soluble cérbohydratés of mildewed o8k
leaves, like pea mildew confluent colonies were formed, but
they measured an increase in soluble cartohydrates, but from
- data available it is-not possible tQ compare the infection
intensity.
1ii) ~ The mycelium.

The results of paper chromatography of the ethanol
SOlublé’carbohydrateS of the myceliumkaré shown on table 29
and some examples 6f;the phromatograms in figs 28, 29 and 30.
Seven 3pot§ were detected.,  Trehalose and sucrose were present in
only trace amounts (figs.28 & 30 ) but myo-inositol was more
© obvious, The major compound (E) detected on the chromatograms
was mannitol‘and.another;region.(épot F) which gave a yellow
colour with the bromocresolﬂ purple reagent was also detected.
This probably contained.a mixture of arabifol (sbot F) and
erythritol (épot C) which éfe poorly séparated on the PEW solventu
.but clearly distinguished with EAW solvent (table 29 ). The
MAB solvenfvsystem was also used for the mycelial extrécts (£fig30.)

‘as this separated isomeric hexitols. This showed that no .

X
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Erysiphe pisi. Paper‘chromatographic identification of ethanol

soluble carbohydrates of mycelia.

Carbohydrates were identified

by comparison.of their mobilities and colour reaction with those

of standard compounds.

1)  Mobilities

Spots as in Rg value

Figs. 28, 29, 30.  PEW
40
56
T8
100
106
124
146

DEEme Qe

2) Colour reactions

Spots as in Figs 28,2930,

EAW

35

30
48
100
120

182
- 204

MAB
15
15
30

100

210
283

Corresponding
standard

Myo-Inositol
Trehalose "
Sucrose
Glucose
Mammitol
Arabitol
BErythritol

p-anisidine-Ac” Bromocresol Possible

60° & 100°

purple Identity

Yellow

Red/Brown

- }_ Nonketosge
disaccharides’

- Ketose
containing
disaccharide

- Aldohexose

Yellow polyol

Yellow polyol
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Table 30

Gas;liquid chromatographic identification of ethanol soluble
carbohydrates of mycelia by comparison of ‘the elution temperatures
and retention times of their trimethysilyl derivatives with those

of standard compounds.

: *
Peak Elution Temperature Retention time (min) Corresponding

standard
A 136° @ Erythritol
E 148° o o Arsbitol
c , 175° | 13 | Mamnitol
D o 1° 154 Myo-inositol

*  Trace peaks coincident with glucose, fructose, sucrose
and trehalose were detected at machine sensitiﬁities 10 fold

greater than those for the above compounds and are not listed.
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significant quantitiees of sorbitol, as indicated for some rust
fungi, (Fung)?Q?S{Maclean & Séottj976) were present, MAB also
gaﬁe a clear éeparation’of glucose from mannitel which was

" confirmed by p-anisidine detection (table 29). Fructose was
not detected and glucose and sucrose were present in only tface
quantities thus demonstrating an unequivocal differencg Between
the-composition of the éoluble carbohydrqtes in fungus and host,

These identifications were confirmed by G. L. C.
analysié (tablé 30) except that fruétose, glucose, trehalose and
éucrose were not detécted unless a high attenuation lével was used.

Quantification of the sugafs indicated a greater
concentration of soluble carbqhydfate in the mycelium than in
either healthy or infected host tissue (table 26). It constituted
14,3 of the total dry weight of the fungus. Most of this
comprised mannitolv(7.6% w/w) and‘signifiéant prOportions of the
‘fungal dr& weight were found in erythritol and erabitol (3.3 and
1.% respectively). The remainder was ccmposed of trace qﬁantities
of glucose, fructose, trehalose, Ezg—jnositél and sucrose.

The high preoportion of soluble carbohydrate in the
mycelium is in accord witﬁ the pbservations of Thatchgr (1942) that
.the mycelium has an osmotic pressure greater than the host cells.
iv) Haustorial complexes. .

Considerable difficulty was encountered in paper

chromatographic analysis of ethanol soluble carbohydrates from the
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‘isolated héustorial comélexesq The small quantities obtained

gave spots which were barely detectable with every detection
reagent.(fig.ZS ) and thus are probably only representative of

the major carbohydrates present. The results of fhe paper
chromatographic analysis are shown on table 31, Oﬁly five
compognds were'detécted with the silver nitrate method. Myo-
inOSitol, trehalose and sucrose were cléarly separated with

PEW (fig.28). Glucose and mannitol were confirmed from their.
moﬁilities in EAW and their reaction with p—ahisidine and bromocresol
. purple.

When analysed by G.L.C. peaks corresponding with all of

the sugars identified by paper chromatography were present ( table 32).
Sixlother peaks were also detected, one owahich was barely distinct
’from the solvent front and Co—chromatdgraphed with glycerol, This
may have originated from the glyce?ol gradient‘used to preparé
haustorial cémplexes. This coﬁpound has been sﬁown to readily
penetrate the plasma membrane of yeasts (Niedermeyer,1977).
Alternatively glycerol may be a metaﬂolite present in the complexes
ag indicated in the radiotracer experimeﬁts described above

(Results V1, B, iii, ¢).

The two peaks coincident wiéh, and tentatively identified

o8 xyiose in extracts of infgcted leaf tissue (Results VII, B, ii)
were also obtained. >These constituted 145 of the total soluble
carbohydrate and the putative xylose was present in a qganti?y

similar to that of glucose. However, glucose but no xylose was
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identified on the paper chromuetograms witﬁ Eoth’p—anisidine or
silver nitrate. Thus the identification of Xylose here Similariy
remains tentative, and fhe bulking of samples, G.L.C. of acetate
derivatives and the use of other detection techniques. on papér
will be necessary to clearly identify thé two peaks. ¢.L.C. also
indicated sigﬁificant quaﬁtities of arabitol, fructose and another
peak of unknown composition (B).

Sucrose was the predominant éugar in the ethanoi'
extracts of the isolated hausforial cémplexes constitu%ing 39ﬂ.of
the total. Glucose and the putative xylose were the next most
abundant each constituting 14%:. As expected, mannitol and
arabitol were found in this fungal fractioﬁ. Althéugh arabitol.
and trehalose constituted 1argef proportions of the carbohydrate
than mannitol the differences were not significant (P = > 0.1).
This apparently contradicts the results of radiotracer expe;iments
(Results vi, B, diii, c) which indicéted a larger proportion of label
ih_mannitol in the complexes., These probably reflect differences
in the turnover of compbunds in the‘complexes or.different
experimeﬁtal conditions (labelling experiments emfloyed dark pre-
treated plants'and extended illuminatioﬁ during eXperiments).
Unlike the mycelium the haustorial complex fraction did not contain
any detectable erythritol.

Soluble carbohydrates accounted for only 1;15% of the

dfy weight of the isolated haustorial fraction as estimated by G.L.C.
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The mean'dry weight of 106-huustorial complexes from three
independent isolations was 2.7 mg, thus the soluble carbohydrate
content was 0.031 mg per 106 haustorial complexes, Anthrone
assays of ethanol extracts of an‘hanstoriel complex fraction
gaﬁe good agreement with this and indicated a solubie carbohydrate
content of 0.025 mg per 106 haustorial complexes. On a cell
Easis this indicates a carbohydtate content of 31 pg per complex,
this is much lower than the quantities of sugar detected in
plant cells év.g.‘ palisade cells of Vicia faba containing about
700 pg of sucrose, (Jones gt_g;,1977),.but haustorial complexes
are a smaller size tnan leaf cells. As no deta is available on
‘the cellular ccntent of carbohydratee,of pea leaf cells direct
comparisons with the hoet cannot be made,

The carbohydrate content of the haustorial complex
fraction was much lower than in the other fractions analysed and
Suggests a lewer concentration of soluble carbohydrates in the
complexes. = However ineviteble contamination byvstarch grains and
.host ceil wall fragments accounted for part of the dry weight of
the fraction end”thue reduced the prbportion of ethanol soluble
carbohydrates. Also it is 1ike1y that loss from the haustorial
eomplexes of 1owAmolecular weight selutes occurred during the

isolation procedure.
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Table 31

Erysiphe pisi - Pisum sativum, Paper éhrbmatographic identification

of ethanol soluble carbohydrates of the isolated haustorial complex
fraction, Carbohydrates were identified by comparison of their

mobilities and colour reactioﬁs with those of standard compounds.

1)  Mobilities

Spots as in fig. 28 Rg value : Corresponding
QEE_ LAV ‘ standard
A - 40 35 _ HMyo-Inositol
B ' 56 © 30 ' Trehalose
- c \ . 78 45 . “Sucrose
D 100 - 100 ' Glucose
E 160 120 Mannitol

2) Colour reactions

Spots as in fig. 28 Colour reaction . Possible
' p—agisidinquE bromocresol identity
60 & 100 purple
A - , - non ketose
’ containing
B - - disaccharides
C . Yeliow - Ketose
containing
disaccharide

D , brown - Aldchexose

E ‘ ' - Yellow Polyol
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Table 32

Erysiphe pisi - Pisum sativum. Gas-liquid chromatographic

identification of ethanol soluble carbohydrates of the isolated
haustorial complex fraction by comparison of the elution
temperatures and retention times of their trimethylsilyl derivatives

with those of standard compounds,

Peak Elufion Temperature Retention Time Corresponding
. - ‘ Standard

A : 134° | 2 % - Glycerol

B | 142° 61 Xylose

c 149° 74 Arabitol

D BRTIL 8 Xylose

E 1550 | 8% U nknown

F 159° 94 Fructose
¢ 168° - 1 “ Glucose

i o 1730 124 Mannitol

I | 180° EERTER  Glucose

J | 188° 15 . - Myo-Ino~itol

K 232° 23 Sucrose

(o]

L , . 240 24 % Trehalose
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VIII ) Invertése,‘pectinase and glucan synthetase in mycelial,

haustorial complex and host fractions,
A) Invertase’

The experiments described above (Results VI
&4VII) on the analysis of labelled and inabelled ethanol
soluble carbohydrates demonstrate that these compounds

are important in the nutrient transfer between pea and

the parasite, Etysiphe_ijié The quantities. of sucrose
in leaf tissue and haustoriai complexes in both 14C

1abe11§d and non-labelled experiments indicates that

it is transferred. The enzyme BP-fructofurancsidase is
essential for the further mefabolism of this compound,
particularly fof its conversion to sugar alcchols. This

is thought to occur by way of fructose or fructosé—phosPhate
precursor for mannitol, (Lewis & Smith 1967a).

In infections by rust fungi there is ugually an increase in
the activity of invertase in #he infected host tissue.
Long_gi_g; (1975) suggested that this represents cell wall
bound invertase which hydrolyses sucrose prior té uptake

by £he'parasite. No similar experiments have been described
for a powdery mildew and it was thus important to investigate
the activity and location of invertase in the present study

‘and to relate the results to the analyses of ethanol

soluble carbohydrate,
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Experimental procedureé
a) | Mycelial and haustorial complex fractions.
Mycelial:brushings (50 mg fresh weight) and
isolated‘haustorial complexes (1 - 3 x 106) were homogenised
in a Potter homogeniser at 4° in small volumes of cold
distilled wa%er, (2 _ 3 ml for the mycelium, and 0.5 ml
for the'haustbrial complexes). The SuSPeﬁsions were then
centrifuged at 40,000 g for 20 min at 40 and their
supernatants removed and their volumes meaSured.‘ The
pelletSFWere suspended in distilled water to equal the
volumes of the supernatants. Samples (0.5 ml1) of the
40,000 g éupernatants and pellet suspensions were then

removed and dried at 80° for 48h to determine the dry weights.

. The prétein content of both fractions were estimated by the

Lowry methdd‘(Lowry'gﬁ_g;'1951). From these estimates
dircet relationshipé between prétein content and dry weight
or numbef of isolated complexes for the extracts were
calculated, The supernatants and suspensions were then
dialysed against 1 litre of distilled water at 4° for 24h.
For each fraction, three replicate tubes were then set up as

follows.
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Mycglium ' Haustorial complexes
0.2 ml enzyme solution : 0.25 ml enzyme solution
or suspension ' Or suspension
0.3 mi.HZO , | | 9.25 ml 0.5M sucrose
0.5 ml 0,5M sucrose | ' 0.75 m1 0.1M Phosphate

~buffer pH 6.8.
1.5 m1 O.1M phosphate buffer '

pH 6.8,

The mixtures were incubated at 32° for either 30 min
(mycelial exfracts) or extended until 3h to improve the
sensitivityvfor haustorial complexes. Control tubes containing
boiled enzyme were also included. After the incﬁbation,
reducing sugars were.estimated by either‘the dinitrosalycilic
acid or Neléon—Somogyi assays. When pH optima were to be
estimated the buffer between pH4 and 6 was 0.1M citrate and
between 6 and 8,0.1M phosphate buffer, |
b) Leaf fractions, |

In érder.to assay the invertase of the healthy and
infected host the mefhodsvof Bacon; MacDonald & Knight (1965) and
Long et al (1975) were eﬁployed. Discs (5mm diameter) were
femo&éd frém uninfected leaves and infected leaves separated from
“the mycelium and incubated for 30 min in ice cold ethyl acetate.
‘They‘were then wéshed for 30 min .in distilled water at 40.
Twenty disc samples were then incubated in 1.01;11 of a mixture

containing 0.08M citrate-phosphate buffer at pH values ranging from



195

4,5 - T and 0.1M sucrose.. ,Afteﬁ 5h incubation, 1‘ml samples were
removed and reduciné sugar estimated by the dinitrosalycilic acid
agsay or Nelson-Somogyi assay. Cohtrols without any discs or
withoﬁt the sucroée substrate were included to estimate the
- spontaneous hydrolysis of sucrose and the reducing sugar in the
discs., Dry weights wére determined by blotting and drying discs

for 48h at 80°.

ii)_ Results

a) Mycelial invertase,
The pH profiles of the invertase activity
. orle
from the 40,000g supernatant and residue from the mycelium shown
in fig. 31. The activify in the supernatant was far higher than that
in the pellet., Both fiactions had a pH optimum of pH 6.5 - 6,8,
-

Results are quqted as,;g glucose equivalents mg protein

30 min 1 but since img of soluble protein was equivalent to 13.7 mg
dry weight of fungus‘ the activities at optimal pil in yg gluéo_se
.equivalentsl ‘mg dry wt mycelium 30 min -1 were 174.4 and 9.5 for
the supernatant and residue fBSpectively. Thus 9%% of the invertase
activity was aséociated Qith.the supernotant fraction,vwhich strongly
suggests an intracellular rather than a wall related location for
this enzyme.

The Michaelis constant for the soluble enzjme

was estimated from. its activity in sucrose concentrations between

10 and 100 mM, From the Lineweaver-Burke plot shown on fig 52, the
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Fipure 31. Lrysiphe pisi, pH profile of activity of invertase
from fhe mycelium. Two fractions, separated by centrifugation at
40,000 g, were prepared from an homogenate and incubated with

sucrose-(0.1M) for 30 min at 32°.
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Figure 32, Eryéiphe pisi. Lineweaver - Burke plot of

soluble invertase activity from the mycelium incubated with
sucrose for 30 min at 320. S= sucrose conc, V= activilty as f(g

reducing sugar ng -1 protein 30 min -1 .
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Km was 71 mM, This indicates that the enzyme has a relatively
low affinity for sucrose. However this is a greater substrate
affinity than for. the PFfructofuranosidase enzyme of another

parasitic ascomycete Claviceps purporea for which a Km of 138 uM

‘%as obtained (Dickerson,1972).
b) Invertase of haustorial complexes -
A comparison'was made of the activity of invertase
at pH 5 and 6.8 in the myceliuﬁ and haustorial complexes and the
results are shown on table 33. Invertase activity in haustorial
complexes was detected only in the 40,000 g supernatant fraction
at pH 6.8. The activity per unit soluble protein was only 119 of
that of the equivalenf fraction from the mycelium. No activity %gs
obtained>in the haustorial complex residue or in either fraction at
pH 5. This ;ndicates a much lower invertase activity in the
cbmplexes, which may be due to smaller quanfities of enzyme or to
a larger proportion of other proteins. Haustoria have been shown to
have denser cytoplasm with smaller volumes of cytoplasmic vesicles
'than the mycelium and the 19rger proportion of protéin may
effectively dilute the activity in the fraction.
c) Hﬁst invertase.
The pH profile of invertase activity obtained from
the assay of discs‘of uninfected and infected leaves separated from
the mwcelium is éhown»in fig. 723  The oftimal pH vwas 5 and
“therefore differed,fram the myceiial enzyme whoseIOptimal ﬂi was 6.8. .

The assay procedure employed has not been considered to distinguish
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_ Brysiphe pisi - Pisum sativum. A comparison of invertase

activities in homogenates of mycelia and haustorial complexes

incubated with sucrose (100 mM) at 320 for 3h, Values represent

’Jg reducing sugar

Mycelium
40,000g-Pellet

-Supernatant

Haustorial complexes

40,000g- Pellet

- Supernatant

mg protein 30 min~! .
oH
6.8 5.0
130 0.0
2,401 32.0
0.0 0.0
268

0.0
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between the activities of insoluble and soluble invertase thus
allowing total activits} to Be assessed (Long e_t_ai,1975).‘
Howevér, a recent paper by Billett, Billett & Burnett (1977)

has cfiticized this method since theif data indicated that only
insoluble invertase activitj was estimated, No further
éxperiments were carriednout here to investigate these
confradictions‘and the results must therefore be interpreted with
caution, Lyne & Ap Rees ({971) described an acid invertase in
pea root tissue with an optimum of pH 5._ Using a similar assay
technique they found that both soluble and insoluble invertase
was assayed and thgt ﬁost of ?he invertase (between 50 and 8Qﬁ)
was séluble and cytoplasmically 1ocated.. Similarly, Maclachlunv
_gj_gl (1970) also-found an acid invertase in the epicotyl of pesa,
and it also was cytoplasmidally located, The activities
estimated in both these studies were much greater than in this
present investigation of mature leaves, Maclachlan gi_gl_(1970)
for example, -obtained activities of 210}Ag reducing sugar

mg fresh wt—1 ‘3h—1incubation, compared with 12}&;redUcing sugar
mg dry wt 30" for healthy host leaves used in the present

| experiments, These results indicéte that invertase levels in the
mature leaf are very low when compared.with actively developing

tissue in pea,
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Figure 7% shows thet_thére were no significant differences.
between the invertase activities of infected and uninfected leaf
discs over a range of pH values although it should be emphasised
that host invertase levels were low. 1In other invesfigations,
infection by biotrophic fungi has brought about large increases in
the invertase activity. (Long_gj g;)1975; Mitchell & Cooke, 19763
Mitchell et_ai ,1978; Billett gj,g;,1977). Billett et al (1977)

~have shown_this to be of host origin in Zea mays infected with

~Ustilago maydis.

| - A_comparison of invertase activities shows fhat the
mycelium is mqre active than the host. Total mycelialvinvertase
was capable of generating 183.9,4§(ﬁ‘g1ucpse equivalents mg !
dry weight of mycelium 30 min.—1 incﬁbation, whereas the hosf
activit& was only Z}Ag of rédu&ing sugar mg-1 dry weight of
infected leaf tissue 30 min~" incubation, Thus infected léaves
showed greatly increased activity of invertase but it was located
almost exclusively in the mycelium.
B) Pectolytic enzymes in haustorial complexes.

' It has been suggested by Gil (1976) that the host secretes

pectic and hemicellulosic cell wall constituents into the extré—
haustorial matrix and that these are subsequently hydrolysed by

enzymes of fungal_origin. Finally the resultant low molecular

weight carBohydrates‘are absorbed by the haustorium. In order to
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test part of this.hypothesis sttempts were ﬁade to deteét pectolytic
enzymeé in isolated hau§toria1 complexes,
i) Experimental procedu:es

Assays for pectolyﬁic enzymes were made only on the
isolated haustorial compleXes“ "~ Extracts were prepared by
disintegrating 3-4 x 106 haustorial complexes with 0.85% NaC1l
(0.5 - 1ml) in a Potter homogeniser at}O0 (Stevéns,1974). After
centrifugétion and then dialysis as for the invertase aésays, the
protein concentration in the final extract was 300—700}1g per ml,
Samples of between 0,2 and 0,5 ml were assayed for peqtin me thyl
estergse, polvmlacturonase (pH 5.0) and pectintranseliminasg (pH9)
as described in the metﬁods. |
ii) Results

No activity was detected in any of the assays. This
may be due to a low concentration of enzyme although assay tubes
were incubated for periods of up to 6 hours, It is thus unlikely
fhat any pectinase operates in haustorial complexes..
(C) Glucan synthetasev(UDP - glucosyl transferase).

Thé ig_z;gg 14COé feeding experiments (Results
VI, B, .iii; e) indicated that é.gluéén (not o¢1-4 linked) is
rapidly produced within thg‘complexes. EXperimeﬁts»were thus set
up to investigate the glucan synthetase.activity of intact and
disintegiéted_complexes.-_ The rétionale of using intact as well

14

as disintegrated complexes was to provide the UDP ' 'C - Glucose
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gubstrate with ready access to the outer surfgce.of the extra-—
haﬁstqrial membréne, whereas invassays using sonicated compiexes
the substrate would al;o be exposed to any synthetase enzymes
within the haustorium.
i) Experimental procedures

Haustorial complexes (0O.1ml, quantities of a
suspension containing 2 - 4 x 106 haugtorial complexgs / ml) were
each suspended in a 5Sml tube and then assayedbimmediafely or
SOnicated for threg periods of 10 sec, The tubes were kept op
ice throughout the sonication to prevent heating. Assays for

14

glucén,synthefase were then performed with UDP °C - glucose
substraté (312 mCL/mmol'sp. act.,) at a concentration of 0.4 flM

(50,000 dpm/0.2 mi) incubated for 30 min at 25°. Activity was
detected by scintillation counting after precipitation of glucans
by 70% ethanol and 3 subsequent washes in 7qﬁ-ethanol at 12,000g.
ii)  Results

The glucan Synfhetic activity of the intact

and sonicated complexes is.shown on table 34, Activity was greater
in the intact complexes; This may be due to direct impairment of
sctivity by the sonication or inhibitory substances released from-
within the complexes. P—glucan Synfhetase activity of pea stem
~ segments has been shown to be labile upon tissue homogenisation,

(Ray, 1973; Raymond et al 1978). The activities per unit protein

were of a similar order to that obtained by Ray(1973)for particulate

o1
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- Table 74

Srysiphe pisi - Pisum sativum, Glucan synthetase activity in
suspensions of intact or sonicated haustorial complexes,
Incorporation of isotope into ethanol insoluble material from 0,4/4M

14

UDP ~ 'C-glucose (312 mCi/mmol) substrate at 250 for 30 min. Each

result is the mean of 2 replicate assays,

pmol 14C—Gluéose me p"_('o‘tei.n—1 30min.-1

Intact HC's 12.0

Sonicated HC's 4.2

pmol 146 G 1ucose 10-% Ho's 30min‘1

Intact HC's 14.8

Sonicated HC's v 5.2
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P glucan synthetase in elongating pea stem homogenates.
:He obtained rafes of 1Q - 50 picomoles mg particulate proteiﬁ?
‘10 minf1. In the present wbrklassays included both soluble and
particﬁlate protein so if the synthetase is all membrane bound,
,activitiesvequivalent to those in very aétive plant tissue are
present. A more critical attémpt to locate and quantify this
enzyme activity is required, but these preliminary results
indicate'sigﬁificant activity, which is possibly located on the
surface of‘the haustérial complex i.é. on the extrahaustorial
membrane. ' In future work the reaction products should .also be
analysed to define precisely the enzymic properties of the UDP-

glucosyltransferase activity.

IX) In vitro uptake of supars & other metabolites by haustorial

complexes., .

Exﬁoriments‘described above‘have clearly shown that
photosynthetic prbduéts of host origin‘will’enter the hagstorial
complex‘;ﬁ vivo., The isolated haustorial complex permits a
determination of the trgnsport properties of the parasitic interface
and thus compounds which are thought to travezéethe interface in vivo
can be tested in vitro, | The éhrface of the extrahaustorial membrane
which is exposed to the ambient medium in vitro is the same surface
which subtends the cytoplasm of the epidérmal cell, in vivo.

. a

Experiments were thus designed to study the uptake of ~'C - labelled

sugars by isolated haustorial complexes.
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A) Experimental procedufes.

The pro?edurevfor the study of the uptake of
14C - solutes by isolated haﬁstorial complexes was employed as
described in the Methods (VIi,A).‘

Universally 140 labelled glucoée (specific
activity 130 - 350 mCi/mmol) and sucrose (350—406 mCi/mmol)
were used for qptaké studies, A suSpeﬁsion éf haus torial
complexes (5-10 x -‘IO5 ml) in 0.2 ml of buffer a£ the required pi.

[ 0.1M phosphate buffer for p 6_8; 0.1M citrate buffer for pH 4-6
or 0.1M Tris-HC1 buffer for pH 8 - 9 | . A 1abe11ea éugap'solution
was added (0.1 ml) so, that the final buffer concentratibn was 67 mM
and the.final sugar concent?ation between 0.02 and 1 mM.  Tubes
were incubated at 250 for periods of up to 2h on a shaking
wate}bath. Samples were removed, washed 3 times in ice cold buffer
and the final pellet assayed for protein‘and radiocactivity as
described in the methods section.

14C _

Uptake of sugars was compared to seven other
labelled compounds which were tested similarly, their specific

activities were as follows.
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Compound Specific activity (mCi/mmol)

' Ethirimol I 25,1

Ethanolamine | >50. 0

Uracil | 59; 0

SCN™ , ' : 25. 0
Glycine | _ 59, 1

Inulin | : ’ 9. 8
UuDp - 14C—glucose 312._0

B) Rgsuits

i) Kinetics of uptake
When haustofial coﬁplexes were sﬁSpended in 60 fm
glucose or sucrose in 67 mM phosphate buffer pH 6.8 these compounds

were detected in the complexes. The kinetics of uptake per unit
protein are éhown in f;ig.34o - The uptake rate of glucose exceeded
that of sucrose. From the mean result of three independent estimates,
in these experiments SO}Ag of protein wgs féund to be equivalent to
4.4 x 104 haustorial compléxes. The uptake of glucose was
charaéferised fufther. Thé effect of different céncentrations of
glucose on the uptgke is shown on fig.35." Uptakelwas clearly

related to concentration up to a glucose concentration of 1 mM,
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and-sucrbse-by the haustorial complex fraction suspended in 60 luM

146 _ sugar and 67 mM phosphate buffer at 25° pH 6.8.
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2) Contributidn by contamination,

‘.In order to’investigate the contribution of
microbial ﬁr hoSticontaﬁinants to the glucose uptake the
haus torial complex isolation procedure was used to obtain a
fraction from uninfected leaves and its uptake of 14C—glucose
(604N in 67 mMVphOSphate buffér pH 6.8) was compared with that
of an‘haustpriai compiex fraction.isQlafed from brushed.infected
leaves bf»equivalént dry weight. The results of the comparison
arefshown on fig. 36 and indicate that contaminants contributed
approximately'one half of the uptake megsﬁred.

Microscopic examination of both fractions failed
to revea; any coﬁtamiﬁation by host cells. Bacterial contamination
of the two fractions aftér the 2h incubation period was assessed by
1000 fold dilution of 0.2 ml of the isolated fractionslwith
sterile distilled water, and then 0.2 ml quéntities were plated on
nutrient agar in a:plastic petri dish and incubated at 38° for 24h.
Colony counts showed no significant difference in the bacterial
" content of the two fractions and indicated bacterial concentrations
of 1.32 ¥ 0.5 x 10% /ml and 1.59 T 0.86 x 104/m1 in the haustorial
comple% and equivalent uninfeéted leaf fractions respectively.

The frequéncy of bacteria wés'betwéen 50 - 100 times lower than
that of haustorial complexes. in the fraction, further their
individual dry weights ére‘considerably smaller. Despite this, the
small numbers of active microbiai contaminants seemed to contribute

considerably to the uptake and thus it was concluded that although
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Figure 35, Erysiphe pisi - Pisum sativum. The effect of

ambient glucose concentration on the rate of uptake of 14C-—glucose by
the haustorial complex fraction from a medium containing 67 nii

phosphate buffer at pH 6.8 at 25°,
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Figure 36, Erysiphe_pisi - Pisum sativum, A comparison
of glucose uptake by the haustorial complex fraction, ( ®) and an
equivalent fraction isolated from uninfected leaves, (O) in vitro.

Similar viable counts of bacteria were obtained for both fractions.
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sucrose and glucose may enter the haustorial complexes in vitro
the process is eXtremely slow.

iii) Comparison with yeast

A comparison between uptake of 14C—glucose by

haustorial complexes and a yeast suspension was also made.

Bakeré' yeast (Saccharomyces ccrevisiae ) was obfained commercially

and £esu5pendgd in Q;1M phosphate buffer pi 6.5 with 1mM glucose for

30 miﬁ af 20°.  The cells were then washed three times in buffer

and the pellet resuspended (3.5 x 106 yeast'celis /ml) in 21}AM

14c-glucose (131 mci/mmoi) in 50 mM phcsPhate buffer pH 6.5vfor

40 min at 250. .The uptake’was.estimated as for haustorial complexes

which were also tested.l During 40 min periods the yeasts absorbed

12é,030 dpm/SO’Ag protein and the haustdfial complexes only 1,735 dpm

/SO)Ag protein, This 70lfold greater uptake indicates that ény

éontaminant yeast cells present in a haustorial cemplex fraction

ﬁould'substantially conﬁribute to the.measurea uptake.

iv) Uptdké.of glucose and Sucrose by isolated haustorial complexes
compared with uptake of other compounds.

The uptake experiments used for glucose and sucrose
were extended using seven other radio labelled compoundé_and results
~are given in table 35. Inulin (Mbl wt 5,000) and UDP glucose which
are unlikely tolpermeate cell membranes did not enter haustorial
complexeé}at rates different from that for sucrose. These results

are consistent with the haustorial complex swelling experiments by



Table 35. Comparison of uptake of nine compounds by isolated

haustorial complexes of Erysiphe pisi - Pisum sativum.
5

Concentrations (n m‘oles/2 x 107 haustorial complexes) after 15 min

incubation in test compound (40}ﬂﬂ) in phosphate buffer (50 mlf)

at 25%.
Compound - ‘Concentration
Ethirimol | - 041312
_Ethanolamine _ E 0.0“I61
Uracil | | : 0.0058
s 4en . . 0.0051
Glucose » 0.0034
Glycine | 0.0031
Sucrose . | | 0.0023
~ Inulin | | 0.0022

Uridine diphosphate glucose ~0.0018
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‘ concluded o '
Gil & Gay (1977) who p; that the extrahaustorial membrane was

differentially permeable to sucrose 301ution$.  Glucose influx
was only slightiy fastér‘than thbSe of inulin or UDP glucose but
as approximately 50/ of the glucose uptake can be attributed to
~the activity of contaminants it is unlikely that much_weight canb
be placed on thése differences,i Substantial uptake was shown by
more lipid soluﬁle compounds e.g. ethanolamine and ethirimol.
Collander (1954) has shown thdt the‘diffﬁsion of non eleétrolytes
. into Nitella cells is related to their lipid solubilities;

v) Effect of.dinitrpphenol, Triton X-100, pH, sequential
sonication and heat treatmént on the uptake of glucose by
haustorial coﬁplexes gg-vitro;

Isolated hausforial‘complexes were subjected to the
following pretreatments prior to estimation of uptake.
1) _Washing for 1 mih with solutiénsbcontaining
0.01 = 1¢7 (v/v) Triton X-100, at 4°,

3‘M'dinitr0phenol

2)  Incubation for 20 min in 1074 _ 107
(pwp) at 25°.

3) Sonicationiat 4° for 2 - 40 sec.

4) Heating at 100° for 10 mins.
"The complexes were then washed twice by centrifugation

14C—glucose compared

at 4° in 0.1M phosphate buffer and the uptake of
with that of untreated controls, (table 36 ). The effect of pl on

the uptake ofiuntreated fractions was estimated by substitution of a
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buffer of the required pH-for.the usual phosphate buffef M 6.8.
The results are also shown in table 36,

Triton X-100 and DNP had little effect on the uptake
of glucose redﬁcing it by only fO - 200 and 15 - 18 reSpoctively.
The first result is consistent with the stability of the extra—y
haustorial membrang in détergents (Gil & Gay)1977).1 Further gram.
negatife bacteria, which may Compriée some of the contaminants are
resistant tovsuch detergent treatments (Nixdorff et gl_;978).

The small effect '(15—2055‘inhibjtion-) of DNP is consistent with
diffusive uptake by the complexes and a proportionally larger
iﬁhibition of the microbial contaminants.

The pH profile (table 36) shows no particular optimﬁm :
and uptake‘waé reduced éignificgntly only in the more acid solutions,
(pH 4 and 4.5). This relativé insensitivity to pH difference is
élso consistént with uptake beiné jndependgnt of -physiological
‘processés. Althpugh a more specific optima might be expected from
what is probably an active uptake by contaminant ﬁicrobes, this
component may be.mmsked.by a passive uptake by the haustorial
compléxes or due to the physiological heterogeneity of the
contaminant pOpulation;b

The contribution by contaminants was also confirmed
by sonication of the haustorial complex fraction. After 40 -seconds
sonicgtion, when all the haustorial complexes were disrupted 50f of .

the uptake activity remained. All the activity was removed by
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Table 36.

‘Brysiphe pisi - Pisum sativum. ‘ The effect of detefgent,
.dinitrophenol, pH,seQuential sonication, and boiling
treatments on the in vitro upteke of glucose by the haustorial

complex fraction.

Uptake values are given as the percentages of that for an
untreated fraction after incubation in 14C—glucose (ZO/AML

pi 6.5,0.05M phosphate buffer, 25° for 40 min,

‘Treatment of haustorial complex fraction - uptake (%)

104 Triton X-100 84
1 .Cf% " n ’ : _ v 92 |
0_1%’ ‘n n ‘ 79
0.01% n " : 83
10" dinitrophenol ' 85
107 " | 82
i 4.0 : ] 75
4.5 ' 79

5.0 - o 114

6.0 - 105

7.0 ' , 100

8.0 104

8.5 ' 111

2 sec sonication | . _ 100
5 " - . \ Lo 71
10 n ﬁ ‘ 61.
20 M " 65 .
30 " " .‘ 64
M " " : ' k 50

e AQ0C for QAN 2



heating at 100° for 10 min and this also is consistent with the
’non—haustérial complex ﬁptake-being duevto small microorganisms
and probably bacteria.

In Summary the eXperiments investigating the uptake
of sugars by haustorial cbmplexes indicate that glucose and
sucrose aré not actively absorbed by.the haustorial COmpléxes’although
they may penetrate by diffusion. Since this is a slow process the
few active microbes in the fraction contribute diéprOportionatexy
to the results and confﬁse any attempts.td quantify uptake by the
complekes in vitro.v These results have also recently been confirmed
by light microscope autoradiography (p. Spéncer—Phillips personal
communinafion). It hés been demonstrated that microbial
contaminanté, particularly those of fungal origin, are heavily
labelled in vitro. vHaustorial complexes are also labe;led but only
slightly above backgrouhd, indicating some incorporation,

The contributioﬂ of contaminants similarly chfused

‘experiments by Keen et al (1969) with isolated plasmodia of

Plasmodiophora brassicae. Althcugh the fractions incorporated
substrates into protein and lipid the bacteria present (1 - 5 bacteria
to each plasmodium) may have been entirély responsible and thus the

in vitro activity of their isolated cells was questionable.
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Oxyeen uptake by isolated haﬁstorial compnlexes
Previous experiments using tetrazolium'dyes have
demonstrated that oxido-reductive metabolic processes occur

in isolated haustorial complexes of Sphaerotheca fuliginea -

Cucuminis sativus (Dekhuijzen)1966), Erysiphe polygoni ~

Beta vulgaris E.pisi - Pisum sotivum, E. graminis — Hordeum
£ .

vulgare (Results section I, B, i, ii, v ). Experiments
were designed‘to qu&ntify the respiratory uptake and
reduction of molecular oXxygen by isolated complexes of
E. pisi - P. sativum énd to test fhe effect of exogenously
| supplied substrates and an antimildew‘fungicide.
A) ,Experimentgl procedures.
Haustorial complexes (2 - 4 xv106) weré(jsolated and
sugspended in either 0.5 ml of 0.1M phosphate buffer pH 6.8,
‘or in the buffer with thq substrates, 0.0b- 0.4M glucose,
'O.4M sucrose, 0.4M mannitol in a Clark oxygen electrode chamber
and stirréd at 2500A After 20 min oxygen uptake measurements
were begun and continugd for a period 15 min.
The effecf of the Systemic pyrimidine fungicide
| ethirinbl (I.C.I. Ltd) was studied by preliminary incubation
of coﬁplﬁxes in 5-50 ppm ethirimol in 5CmM phosphate buffer for
30 ﬁin at 259 and the oxygen uptake was méasurgd for a further

3h. The oxygen uptake of a yeast suspension was measured under

identical conditions.



At the end of each estimation the haustorial
complex or cell concentration was estimated.
B) Results:
The results (table 37) show that isolated haustorial
‘complexes took up oxygen at a rate of 2.71 x 10-13 mmol O2
. -1 =1 ‘
‘haustorial complex min The rate was unaf{fected by

incubation iﬁ 0.05, 0.1, 0.4M glucose, 0.4M sucrose or 0.4M mannitol.

Similar results were obtained by Dekhuijzeﬁ (1966) from whose data

it is calculemted that for Sphacrotheca fuliginea - Cucumis sativus

13 mmol O,

haustorial complexes the‘uptake rate was 1.8 x 10~ 5

haustorial complex-1 min71.

Based on numbers of individuals the yeast cells took
up cxygen at bnlj one fifth the rate of the hauétorial complexes
in phosphate buffer, but.in O.4M.g1ucose the rate was almost three
times that for haustorial complexes. These experiments show clearly
that isolated haustorial complexes have significant respiratory
activity which is of the séme order qf magnjtude as thét of a yeast
cell, Dekhuijzen (1966) showed that, on & ary veight basis the
respiration rate of the isolated haustorial complexes of S. fuliginea -
C. sativus exceeded that of the mycelium, but was less than that of
the spores. Dekhuijﬁen's haustorial complexes were from older
infections than those isolated here, (10 day as opposed to 7 day
infections) and were subjected to detérgent and sonication treatment

during the isolaﬁion.- Thece Tactors may explain the slipghtly lower



respiration rates observed,

The rate of resPiration'of isolated haustorial complexes
is comparable with that of other infection structures isolated
from biotrophic fungal associationswith higher plants, = From
the data of Keen et al (1969) a rate of 10—15 mmol 02

' .= N R
plasmodium - min = is calculated for plasmodia isolated
mechanically {rom cluﬁroot galls, This rate was of the same

order as that of hyphae of Uromyces phaseoli isolated from

infected french bean leaves (Dekhuijzen.gj_gl)1967) and much lower

(100 fold) than rates observed for haustorial complexes of

S. fuliginea - CQucuminis sativus and Es pisi ~ Pisum sativum,

However, Dekhuijzen (1975) observed much higher rates-of respiration

from plasmodia of Plasmodiqphora brassicae isclated both
mechanically and enzymatically from turnip callus tissue (10—12
cand 2.7 x T mmol O2 plaSmodium—? min—1'rQSpectively). The
dﬁfférences (approximately 1,000 fold) in these rates and those of
Keen et Q;_(1969) are impossible to interpret, but these intracellular
biotrophic structures respire ét a rate 10 - 100 times that4of
powdery miidew haustopiﬁl complexes from infected pea and cucﬁmber.

It is also significant that the oxygen uptake of the other
isolated infection structures were alsc unaffected by exogenous
substrates (Dekhuijzen et ol 1967; Dekhuij;en 1975). With isolafed

haustorial complexes of S. fuliginea - C. satiVus Dekhuijzen (1966)

used pyruvate, succinate and acetate in addition to the sucrose,.



Table 37.

Erysirhe pisi ~ Pisum sativum. Comparison of oxygen uptake rates of suswvensions of isolated haustorial ccmplexes and

a baker's yeast at 25° in phosphate buffer O;1M,'pH 6.8 with carbohydrate additions. Each value (mmol 02 haustorial
domplexv—1 or yeast cell f1 min71) is the mean of two sepzrate experiments,
Incubation | » ‘ » Haustorial Complex Fraction ~ Yeast
medium. : '
Based on phosphat . : ‘ v
buffer (O.1M,pH_6.8). Immediately after 20h after extraction 44h after extraction
extraction :

No addition 2.7t x 1077 2,24 x 10712 2,44 x 1077 649z 1074

‘ ' ' -13 v -13
0.05M glucose - 2.82 x 10 , . - 4,34 x 10
0.1M glucese - 2.65 x 1072 ' - 6.52 x 1072
0.4M gluéose - , ‘ 2.34 x 10—13 | . - 6.91 x 10—13
0.4 mannitol - 3.10x 10—13 2. 9x 10—13 -
0.4 sucrose | - - 2.88 x 1072 -

2ed



glucose and mannitol used in lhe prerent work. The reason fof
tﬁe insensitivity may bg.due to a low uptake rate; as suggested
by thé in vitro uptgke experiments described abové or to high
concentrations of eﬁdogenousbnutrients. The latter is unlikely
as the G.L.C. énalysis has showed that the concentration of sugars
per unit dry weight of haustorial complexes‘is lower than in the
host or mycelium,

When haustorial complexes were incubéted in 5,10 and
50 ppm ethirimol there was no Qecrease in the respiration rate gf
the haustorial complexes (table 38). This indicates no effect of
ethirimol on the uptake of oxygen by haustorial complexés at
concentrations wvhich would greatly exceed those likely to be present
in th9 ieaf (usually between 1 - 5 ppn»K. Bent personal communiéation).
Bent (1§70) showed that 50 ppm is sufficient toicompletely suppréss
spore germination of barley mildew spores, Fisher (1977) found
that.simiiar concéntrations of ethirimol (20 ppm)_incfeased the

oxygen uptake of Actinomugcor elegans (a zygomyceteéus fungus). He

also observed an incréase in the respiratory quotient and ethanol
production and sﬁggested that this compound altered metabolism in
’ fayour of fermeﬁtative pathways but did not decrease oxygen uptake.
However this fungicide is spedific to povdery mildews and an action

on a general metabolic process such as respiration, is unlikely,
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Table 38

Erysiphe pisi -~ Pisum sativum., Effect of ethirimol on the
en&ogenous respiration rate of isolated haustorial complexes at

‘250, in phosphate buffer 0.1M, pH 6.8, Each value is the result

of a single experiment,

Incubation medium based Oxygen uptake
on 0,1 M phosphate buffer
at pH 6.8,

10—13mm0102 B R
No addition g 3.4
5 ppm ethirimol 3.2
10 ppm " o 3.5.

50 ppm " 3.8
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The influx of ethirimol into isolated haustorial complexes.

A) Experimental.Procedures'

The method described for the uptake of @ 40—
solutes by isolafed haustorial complexes (Methods VIL,A)
was directly adapted. The incubation medium'cbnsisted of
Yo ethirimol (25.1 m€i/mmol, 5-400 M1 supplied by I.C.I.
Ltd, Plant Protéction Division, Jealotts Hill Research
Station) 50mM phosphnte buffer at pH 6.8 (except where
indicated), 2/ methanol (in order to solubilise the ethirimol)

5

with between 5 - 10 x 10” haustorial complexes per miliilitre.
This was incubated in a shaking waterbath at 250 for periods

up to 23h and saﬁples (usually O.2m1) removed at intervals,

The haustorial COmpiexes were quickly separated from the medium
ond washed three times in 4ml of cold buffer by‘centrifugatioﬁ
at 3,000g at 4%c, &he final pellet was resuspended in 1ml of
95% methanoli sonicated for 1 min and the radioactivity
determined in 8ml of scintillant mixture S2.

To study the efflux of 14C —~ ethirimol, haustorial
complexes were incubated for 2h in 20/1M ethirimol, separated
from the medium and washed, all as described above, The final
fraction was resuspended in 1 ml of O.jM phosphate buffer at
i 6.8 ~in a millipore filtration tower (25m1) with a .22/Ji

pore size filter. Phosphate buffer (room temperature) was then

alloved tb drip into the tower maintaining a -constant volume of 1ml



above the filter. The eluate was collected and sampled for
estimation of radioactivity at intervals over 3h. The millipore
filter was then dropped:into Tml of 95% methanol and left for 1h
when 8 ml of S2 scintillant mixture was added and the
radiocactivity remaining on the filter estimated.

To investigate the possibility thaﬁ ethirimol was

140_

metabolised, haustorigl cdmplexes were incubated ih 4OI4M
ethirimol for 2h and separated from the medium and washed as
descfibed in other ethirimol experiments, Then it was separated
into methanol‘séluble and insoluble fractions by centrifuration at
40,000 g, followed by 3 centrifugation washes in 4ml of 95 .methanol.
Radioactivities of the pellets and supernatants were then estimated.
The supernatants were reduced to small volumes at 35° under vacuum
and spotted onto a 200 X 200mm T.L.C.'plaﬁe (silica base used for
lipid chromatography, see Methods, X.G,), This was dcvéloped in

one dimension in solvent chloroform; methanol; ethyl acetate (6:3:1).
This proceduré has been shown to separate most of the metabolifes

of bupirimate (5 < butyl - 2 - ethylamino - 6 - methyl pyrimidin -

4 - yl dimethylsulphamafe, 1.¢.1, Ltd) and dimethirimol (5 - n -
butyl 2 - dimethylamino - 4 = hydroxy - 6 - methyl pyrimidine,
I.C.l.-Ltd) both of which are close-analo%%s of.ethirimol, in
extracts from apple leaves'(Teal‘& Cavell)1974). The chromatogram
«was.then cut'parallel to thefs§1vent front into 10 mm strips which

were immersed in 10 ml of scintillant mixture S2 for estimation of

radionctivity.



B) Results
i) Kinetics of influx of ethirimol into haustorial complexes.
The kinetics of uptake of @ 40— ethirimol from a
medium containing 40,[M ethirimol is shown on Fig. 57.
Uptake was rapid and equilibrium was reached after approximately
30 min when there‘was no change in the qﬁantity of ethirimol
ab?}rbed during a further 23h (fig. 38). Similar uptake
kinetics of ethirimol were obtained by Peterson & Edgington
(197¢) for the influx into potato tuber cells; equilibrium was
reached in their system after 30 minutes, If .after 3h in
40 /{M Voo ethirimol (25 mCi/mmol sp. activity) unlabelled
ethirimol was added to increase the external concentration to
100fLM but thereby decrea;ing the specific activity to 5 mCi/mmol
a rapid efflux of'14C ethifimdl occurred. This indicates that
ethirimol taken up by haustorial cémplexes was relatively freely
exchangeable with that in the ambient medium. The uptake
6bserved‘iS'unlikelj to represent binding éf ethirimol as such a
physical process would reach equilibrium more quickly.
ii)  Contribution of contaminants to result of influx of
ethirimol into haustorial complexes.
The contfibution of contaminants to the results was
estimafed by a method similar to that of 140 - glucose upteke.

A fraction was isclated from 50 g fresh weight of uninfected and

brushed infected leaves and the uptake from ‘a solution containing
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SOIAM ethirimol was measured ufter incubation fof 1h at 250 at

pH 6.8. The control fractioﬁ.incorporated 0.065 nanomoles

of ethirimol and the haustorial complex fraction incorporated

1.45 nanomoles. This indicates that the contribution by
microbial or host contaminénts to the uptake result is minimal.
This conﬁrasts with the results for uptake by sugars by haustorial

complexes in vitro.

iii) Influx of ethirimol into haustorial compleXes in various
concentrations of ethirimol.

‘The quantity of ethiriﬁol absorbed by haustorial
comple%es after incubation for 'h in concentrations ranging frém
40v— 4OOIAM is shown iﬁ fig. 39. There is a direct felationship
between the quantity of radioactivity in the complexes at

“equilibrium and that in the external'solutiqn. A second experiment
was set up to study this rglationship over the lower concentration
‘range qf 0.4 - 40 FM. Thé results(fig. 4d)show a non-linear
relatioﬁship for 0'4'VM where a‘slightly larger quantify than expected
wage shacried. This may have beeﬁ due to some binding which was

more readily detected at lower concentrations where the quantity of
ethirimol permeating into the complexes is reduced relative to that

which binds..
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The efflux of ethirimol from haustorial complexes.
The kinetics of efflux of‘ethirimél from
haustorial complexes which had been previously loaded with '4C-
ethirimol by incubation in a‘20 FM solution for 2h as
described pfgviouSIy, is shown in fig. 41. Ethirimol is
rapidly lost froﬁ the complexes, one third of the total being
eluted after only 5 minutes., However, thereafter the éfflﬁx
slowed and after 1 and Zh one third and.one sixth respectively
remained in the haustorial complexes. It is instructive to
compare the efflux kinetics with those of influx where
equiiibrium was reached in.30 minutes. The efflux kinetics
from- haustorial coﬁplexes also ccntrasggkégxzio tuber cells
where for total inflﬁx,and efflux bdth periods were 30 min
(Peterson‘&.Edgington)1976). Effiux from these cells closely
resembled that from dead tissue and was thercfore a process of
diffusion, The efflux from haustoriél complexes is clearly a
restricted process and more closely resembles the elution from
appie_roots where ethirimol was acéumulated and released only
slowly unless. the tissue was killed (Shephard}1973).
Analysis of efflux kinetics:
The kinetics of ion efflux from plant cellsvand_

tissues is routinely used to study intracellular-ion

compartmentation, (MacRobbie, 19713 Walker & Pitman}1975).
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the mean from two experiments.
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In tﬁese Systems‘éhe kinetics commonly follow a course indicating
three coﬁpartments exchanging 'in series. These are described as
the vacuocle, cytoplasm and ambient medium which is in continuum
with the free Space (apoplast) (MécRobbie,1971). Pitman (1963)
Has shown that_exch;nge between each of these,compartménts has a
single exponential time course and can thus;be described by a semi-
logafithmic plot of thevcompaptmental concentration against time,
and efflux measurements are preferred because the concentration

in the ambient compartment (zero) can be exactly defined (Walker &
Pitman,1975); Such a plot for ethirimol is pfesented on fig, 42
Exponéntiai loss is obtained only after one hour and when
extrapolated the intercept at B represents the concentration of
ethirimol in this‘more slowly exchanging compartment in the
complexes prior to efflux treatment. This constituted 30" of the
total ethirimol absorbed.

The_component responsible for the greater efflux
during the first 60 minutes is further resolved by ;ubtracting the
s}ower component from the total efflux and replotting the result.
vThié rgpresents area A on fig. 42 and is shown on fig. 43. A
second.linear relationship is obtained and thus, throughout the whole
- period of efflux, ethirimol was released from two distinct
compartments within the complexes..‘ The compound was distributed in
the comparﬁments in the ratio of 7:3 with the larger proportion freely

exchangeable with an ambient medium after only 1 hour. Correction

for free space is not necessary as the washings made by centrifugation
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would have remgvéd all the ambient label and the single cell
system used here is not subject to a diffusion component arising
from the free space which is encountered in ion efflux
experime'nts with tissues ofv higher plants. (Walker & Pitman,1975).
-The conclusion that ethirimol entered more than
one compartment within the‘complex provides good evidence that
the compound had entered the haustorial cytoplasm and was not
restricted to the extrahaustorial matrix.
v) Effecf.of tH on ethirimol uptake
Ethirimol has a pK value of 4.8 (Shohe & Wood,1974)
and its 1ipid solubility ig decreased appreciably at tH values
~lower than fhis, (Shorp & Wood, 1974), Sipce Collander (1954)
showed a relatio# Between the permeability of non-electrolytes and
their lipid solubilitx,uptake of (4OIAM) ethirimol was studied at
p 4.2 and pH 6.2, (both in 50ml1 cifric acid buffer). In this
experiment, there was no significant difference bétwaen thevuptake
measured at the two M vajues after 15 min incubation at 25°.
The results for 2 x 105 haustorial qomplexes were 7,397 dpm at
pH_4.2 and 6,975 at pH 6.2. This indicates that 1lipid solubility
is not ‘important for uptake., However, it ma& be that at pH 4.2
the~pH within the complexes was sufficient to iower fhe ionization
of ethi;imol and thereby permit progressive accumulation.  Sheune &

Wood (1974) found that in barley roots ethirimol was accumulated to

different extents at pH 4 and 6, but since the concentration was



higher at pH 4 it seems unlikely that the property of 1lipid
solubility was an important factor. It should be noted that
Shene & Wood (1974) considered ethirimol to be confined within
the free space.
vi) Comparisons of influx into haustoriél complexes of
ethirimol and other solutes,

"The uptake of ethirimol was compared with that of
eight other compounds each at a concentrgtion of 40 FM“
E thirimol uptake'greatly exceeded that of all other compounds
studied (table 35) indicating that haustorial complexes have a
high affinity for the coﬁpound. It is significant that the rate
- for uracil, which is'also a éyrimidine is 2% times slower than that
for ethirimol and the only compound tesfed vhich was taken up at
a rate comparable with that for ethirimol was‘ethanolamine;
However, even here thé rate was only one eighth. Thus the
accumulation is very évecific to the fungicides structure.

The pyrimidine fungicide Dimethirimol is a
dimethylamino isomer of ethirimol (structures shown on fig. 44).
and is also SPecificglly active against powdery mildews, particularly
mildew of cucurbitg, (Elias, Shepherd, Snell & Stubbs ,1968). This
was also tested in preliminary experiments. An uptake 505 of that
of ethirimol was found but the result was unreliable because the

specific activity of dimethirimol was only 3 mCi/mmol and the numbers

of counts recovered proportionately small, As it was supplied in-a






golution in methanol, when a concentration of SIAM was used thé
methanol in the ambient solution amounted to 4. However,
these preliminar& ?esults indicate that this pyrimidine fungicide
is taken up at least to thevsame order of @agnitude as ethirimol
and clearly much'fasfer than the other solutes‘fested. This has
established‘é need to study‘a larger spectrum of compounds toi
obtain a qlearef correlation betwéen their physicq/chemical
feafures and uptake by haustorial complexes.,
vii) Effect‘ofvtemperatureﬁon'influx of ethirimol into haustorial
complexes,

Haustorial complexes were incubated at 0° in Yo

ethirimol for 15 min as described in table 35. The uptake was

0.0623 nanomoles 2 x 10-5

haustorial complexes, this was 4°F that
~at 250. This suggeéts that an active process was involved in the
accumulation or lower temperature may affect the physical staté of
an important component of tﬁe system. Intracellﬁlar lipids
represent a likely candidate for such an effect, temperature :educing
the pfoportion pf ethirimol partitioned into them,
ﬁiii) Analysis of ethirimol taken into.haustorial complexes,

Since chirimol is metabolised and several derivatives
_férmed in plants (Cavell, Hemiﬂgway & Téal 1971)_haustorié1 complexes
were incubated in 4OI1M 14C—ethirimol for 2h at 250 whep their

content was analysed by thin layer chromatography. In preparation

for the analyses the complexes were subjected to 95 methanol when



240

949" of the radioactivity was extracted. This suggests ‘that 65-
of the ethirimol>was irfeversibly bound to the complexes., This
observation is consistént with'the relationship between uptake and
ambient concentration of_ethirimoi fig'40 and also ﬁith the small
quantity of ethirimol (5 - 1'075 of the total absorbed) which was
always detected at zero time (fig. 37).
v»The mefhanol soluble'compounds were analysed by.one
dimensional‘chromatOgraphy on silica gel plates in the solvent CHCl3:
MeOH: EtAc , 6:3:1.> The scan of rédipactivity in the T.L.C..
plate is shown on fig. 45. The major porportion ( 80%% ) of the
label extracted co—chromatographed with ethirimél standard. There
was also evidence of Some metabolism as & proportion (1Qf)of the
lébel remained or moved only slightly from the origin; The
mobility of this compound resembles those of ethyl guanidine which is
found in apple leaves after degradation of bupirimate or ethirimol
(Teal & Cavell, 1971) and ethirimol glucoside which is formed from
-‘ethirimol by\bariey leaves (Ca&ell,.Hemingway, Teal/1971).
However the degrédation by ;éaf tissue took place during several days
and contrasts with the rapid conversion of ethirimol possibly to a
glucosidev
Adetected here, . HOwgver tﬁis may offer 1little protection to the
funéus as thié compoundjis also fungicidal, (Cavell, Hémingﬁay & Teal)
1971) and the daté indicates thatAmost of the label detected in the

haustorial complexes was still a constituent of ethirimol.
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(a) Haustorial complex extract

(b) Ethirimol standard.

Plates were developed in chloroform: methanol: ethyl'acetate (6:3i1)-
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ix) Estimation of ethirimol concenfration’within haustorial
complexes,

In order to estimate the concentration of ethirimol
within the complexes the mean volume of the complexes was
estimated. The number of- complexes isolated'was insufficient
to use the packed celi volume technique (Barber}l?éé%)}
and thus a microséopic method was used, . The mean width (w) of
100 complexes was 10.8vt 1°€)FM and the average iength excluding
tﬁe neck 16,13 tos PM. The‘volume wvas calculated from the
" formulae described in the Methods (IV,g).

The average volume of'1Ahaust6fium‘was calculated
to be 1,146 ult” and that of 2 x 10° haustorial complexes 0.23 .
The uptake by haustorial complexes descfibed in fig. 37 thus
results in a final average internal.concentfation of 830/4M.

This is 21 times greater than the concentration in the ambient
medium.,  The kiﬂetics of uptake expressed in terms of internal

concentration are shown in fig. 46,

XII) Uptake of ethirimol by isolated mesophyll protoplasts of

Pisum sativum.

Ethirimol is thought to move in the apoplast and in
herbgceous plants it accumulates at the leaf margin, a region of
high evapotranspiration(Cavell, Hemingway & Teal,1971). In
woody plénts, (vine and apple) it accumulated in the vascular
tissue,.(Cavell, Hemingway & Téa1,1971). Howéver, Peterson &

Edgington (1976) provosed that most pesticides, although transported



in the apoplast also pénetrate the symplast, aﬁd they termed such
compounds, including ethirimol; pseudoapoélastico

The_;g,g;igg uptake experiments with Yo ethirimol
described above show that haustorial chpIexes have a'high
affinity for the éompound. Gil & Gay (1977) have shown tha£ the
haﬁstorium is isolaﬁed from the apoplast of the Leaf. ‘The
haustorial complex in vivo has intimate contact with the epidermal
cytoplasm and thus for the accumulation by haﬁsﬁorial complexes

" in vitro to have any relevance in vivo, it is important to show that

ethirimol will penetrate the plant symplast.

Thé eXperimeﬁts #y Petérson &vEdgingfon (j976) were
performed on tissue and thus cell wall binding may have confused theif
conclusibns, Isolated plant protoplasts offer4arsystem to study
uptake by the plant cell without such interference, and it has found
fecent use in studying the uptake of exogenous DNA (Suzuki & Takebe,
1976; Hoffmann & Hess,1973), nucleosides (Coutts, Barnett & Wood,1é75),
hormones (DekhUijzen;gﬁ_gl;1978; Sohka et al,1977), sugars and amino
acids (Guy, Rheinhold, La%ies,1978), herbicides (Boulware & Camper,
1973) aﬁd ionﬁr(Morris,1977).

&)  Experimental procedures,

Protoplasts, isolated enzymatically from leaves of

Pisum sativum as described in the Methods (III) were resuspended

(1 -2x 106/m1)‘in 50 mM phosphate buffer at pH 6.8 with either 2.5
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(w/v) KC1, 1% (w/v)_I-IgSO4 7H20 or 20¢% (w/v) sucrose. Four
volumes of the protoplast suspension werg added to 1'volume of

250 (el 140-_ ethirimol (25 mdj/mmol) and incubated with very gentle
agitation at 25? for up to 18h. The incubated flasks were
jlluminated by a reflector lamp (9,000 lux).

Semples (0.5 - 2 ml) were removed gt intervals and
added td 20 m1 of the ionic medium at 4° and washed twice in this
medium at 4° at 500g, eéach centrifugation lasting 1+ - 2 min, The
péllet,was then»resuSpepded‘in 5 ml of 20% sucroqe.ahd centrifuged
at 1,200g fo? 2 min, This step was particularly important -as it
separated intact protOplaéts, which floated on the sucrose solution,
from broken pro§0p1asté and debris (Galbraith & Northcote ,1977).
1t has recenfly_been uséd-in transport studies to study both ion
(Morris, 1977) and DHA upteke (Hughes, White & Smith)1978). The
last study showed that previous experiments where suéh_separation was
omitted ;esulted in considerable errors,

' The intact protoplasts were removed from the surface
of the éucrose (fig.47),'and the cell density estimated, radioactivity
therein was determined»in scintillant mixture S2. The time
_required to combletelj separate the protoplasts from the radiocactive
medium was 12 min, The radioactivity in the. supernatants was also
. estimated (fig.47).and this was used in the formula below (fig.47)

as a background count to estimate the radioactivity in the protoplasts,
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Fig, . Diagram illustrating purification of isolated protoplasts

of Pisum sativum by centrifugation in a 2% sucrose solution before

estimation of ethirimol uptake, and formula used in computing results,

1,200g for 2 min at 4°

PP IIIY

Formula:

cpm in = cpm 50 Hl - cpm 50 ul

proto~ proto- suspend ing

plasts plast medium
suspensions

T ——— intact protoplasts

> suspending medium

KQZZZZ/——;—‘”"—‘——_> broken protoplasts (discarded)

— -
50 fl ~ volume of protoplasts

in 50/41 of suspension

50/41

AiiquotS‘(SOﬁl) of the protoplast suspension and

suspending medium were counted. The volumes of the protoplasts

were estimated from microscopic measurements, each using 50 - 100

protoplasts. Since protoplasts are spherical, accurate estimation

of volume was facilitated. = Radioactive compounds in the protoplasts

were analysed by T.L.C. after extraction in 95% methanol. The
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procedure was the Same as used for isclated haustorial complexes,

(section X1, B, viii).
B) Results

Micfoscopic examinétion showed that the protoplast
preparations were almost pure - and onlj 5 ;ifq% of . the total numbers
were vacuoles,

‘The results of ethirimol uptake.by isolated mesophy 11
protoplasts shown in fig. 48 indicate biphasic kinetics,
Considerable uptake occurred in the first hour and then there was a
change to a steady slower influx which coqtinuedfor the remaining
18h of the incubation period.. Peterson & Edgington's (1976)
eXperiments’with potato slices indicated that ethirimol occupied 5%
of the tissue volume, and probably penetrated the symplast. TUptake
was followed for oniy 3h and this may have béen insufficient to
- resolve the two'phases detechd here, A similar biphasic uptake
kinetic was obtained by Guy et al (1978) for glucése and o< amino-
butyric'acid upfake by pea mesophyll protoplasts and they interpretéd
this as a penetration of two compartments within the protoplast.
It is possible that ethirimo} has a similar intracellular dislribution,

Radioactive compounds located in the prétOplasts after
2h»were analysed by T.L.C. and the scan of the chromatogram is shown
in fig. 49, There had been very little degradation and 85% of the
label‘was still in-ethirimql. Very minor, but significant

quantities of ethirimol were found at Rethirimol values of 0.3 and 0.7,
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Figure 48, Pisum sativum. ~ Uptake of 14C - ethirimol by isolated mesophyll protoplasts in
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Mg SO4. 7H20 at 250. Eech point is the mean from 2 replicate experiments,
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Fipgure 49. TIisum gativum, Radioactivity in a thin layer

chromatogram of a 9% methanol extract of mesophyll protoplasts
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incubated for 2h at 25° in 50,4M C - ethirimol, 40 mMl phosphate

buffer pH 6.8, 2.%° KC1 and 1§° MgSO TH,0.

4

. ag, Protoplast extract.
b Ethirimol standard.

Chromatograms were developed in chloroform: methanol: ethyl acetate

(6:3:1). | -
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experiment,
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Although these are termed metabélites the poésibility that they
may have been formed in the‘ambientvmedium during the incubation
period and subsequentl& absorbed ﬁas not investigated.(Teal & Cavell
(1975), have reported thé breakdown of ethirimol in aqueous
solution exposed to sunlight). It is thus possible that the
second phase of uptake (1 - 18h) may be dﬁe to metabolism or uptake
of degradation products,
The initial uptake period was studied in mofe detail
and the kinetics during the first hour are éhown in fig. 50. A
significant proportion of. the ethirimol was absorbed immediately
and this may have been due to binding at the cell surface. Most
~of the remaining uptake occurred during the first 30 min of incubafion.
The internal concentrations can be calculated from
this.data and the protoplast volumes, The mean diameter of 100
’prot0p1asts was 26,21 < 3,61/AM and thus the volume of 2 x 105
protoplasts was 1.74-#1. This is 7.5 times greater than the volume
of the same nﬁmber of haustorial cqmplexes._ Thus‘aftcr 1h incubation
the internal concentration of ethirimol‘réached BZIAM which is-64ﬁ
of that ofAthe-ambient ﬁedium. ‘This is less than would be expected
from an equilibration across the plasma membranes of the protoplasts
and it cannotvbe ruled out that losses were not incurred during the
washing period, After 18h incubation the concentration within the

protoplasts was 871;M which is 1,74 times that of. the ambient medium,

'Neither the 1h or 18h samples were analysed by T.L.C. and thus the

[
o



purity of the radiocactive cemponent, esPecially aftef the longer
period, is in doubt. ﬂowever these results do cleérly show that
ethirimol penetrates the protoplast ﬁlésmamembrane and is in
agreement with Peterson & Edgington (1976) who gsed potato tiSSue.

A direct comparison of uptake in haustorial complexes
and protoplasts is shown on fig. 4€ where internal concentrations
are shown. It is clear that ;he isolated haustorial complex has a
far gréatef affinity for the fungicide than the isolatgd hozst
. protoplast., After one houf the haustorial complexes contained

ethirimol at a concentration 28 times greater than that in the host

- protoplasts,

XII) - Leaching of 140 phétosynfhates from infectea pea leafvdiscs.
It has been shéwn that during assimilation of 14002

a considerable quantity of the photosynthate is rapidly transported fo

the mycelium (section III, A, ii). The ﬁathway of photosynthates

from the chloroplasts of mesophyll cells and siewe tubes to the

’ ﬁaustoria and thence fo ?he mycelium is not clearly understood

(Bushnell & Géy,1978); Current literature suggests that in both mildewed

and rusted tissué the cell membranes of the mesophyll cells become

more permeable and allow the loss bf ions and non electrolytes

(Thatcher 1942; Hoppe & Heitefuss,1974abeAyres,1977; Bushnell & Gay, 1978).

Thisiprocess would'increase\ihe concentration_of nutrients in the

apoplast. Nutrients could then be absorbed by infected epidermal cells

and thence carried to the haustoria. The quantities of solutes
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feleased may be deterﬁined by changes in)membrane permeability
(including transport charactristic@or concentration gradient,

Thus where possible reéﬁlts of leaf disc experiments carried out

are presented with a view.fo interprefation in this framework,

A major'disadventage-in using leaf discs for perﬁeaeility studies is the
small diffusive area in contact with the. ambient medium (Smith &
Epstejn,i964). Morrod (1974) showed that this could be overcome
.by removal of the epiéermes, andvhe obtained feliable fluxes of
various solutes with epidermjs-free disce of tobacco leaves, If
vas foﬁnd‘to be'impractical to remove both epidermes from the pea
leaf discs{vbut the lower epidermis could be removed easily.with

. forceps and in one experiment the leakage with and without fhe lover
epidermis was studied.

A) EXperimental procedures.

Three experiments were performed and slightly different-
procedures were used in each., Discs were removed from uninfected
leaves and from infected leaves separated from myeelia. In
experiments 1 end 2 the discs were 6mm in diameter. 1In experiment 3
mm discs were used and additionally the lower (infected) epidermis
was removed with forceps‘from half of the uninfected and infected
discs. In all experiments the discs were fhen washed in distilled

14

water, blotted gently and exposed to CO2 (100,4Ci for 10 min) at

20° in the 1ight (10,000 lux). For experiments 1 & 2 two replicate
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experiments were.performed with 20 ﬁninfected andlinfected leaf
discs but for éxperimgnt 3, 18 discs were used in each set,
The Qiscs wvere then removed from the exposure chamber and
trahsferfed to a conical flask containing distiiled water (15 ml
in experimént 1 and 10 ml in experiments 2 and 3). The electrical
conductivity of the water was measured immedidtely and the flasks
gently agitated at 25°, At intervals samples were removed and
the éonductivities remeésured. The discs were dropped into
boiling 80 ethanol qnd after ethaﬁol extractiop for 1h they ﬁere
extracted in boiling 1.5N H2SO4 for 2h,’th¢ discs were then
discgrded and ﬁhe acid neutralised by addition of BaCO3. The
incubation medium, ethanol and sulphuric aqid extracts were then
assayed'(1_m1) for radioactivity in scintillant mixture S2.
B) Reéults.

In experiment 1 the discs were incubated for 2h and
ambient conductivities and radioactivities leached from these discs
-are shown in‘tables 39and 40 respectively, 1In order to compensate

for the difference in14CO2 fixation rates in healthy and infected
discs (section ilﬂ) the results are expressed as fractions of the
rgsidual counts, The ethanol insoluble label was usually less than
10%'of the insoiuble label and it is unlikely to be directly involved
in 1eaching_it>Was ignoredAin the expression of results, -

The results from experiments 1 & 2 indicated that the

uninfected leaf discs lost a larger proportion of photosynthate to

P
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Table 39

Erysiphe pisi - Pisum sativum. Thg leakage of ions from
infected leaf discs sepgrated from the myceliuﬁ and uninfected‘
leaf discs. Samples of 20 (6mm)'were incubated.in distilled
watef (15 ml expt. 1. 10 m1l expt. 2.). The‘conductivity

measurements (thos) are averages of 2 replicates in each

~ experiment,
Expt. 1. Heurs of incubation
1 2 3
Uninfected - ‘ - 60 -
Infected - 57 : -
Expt. 2.
Uninfected . 32 36 50

Infected 17 © 30 52
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Table 40

Erjsiphe pisi - Pisum sativum. The loss of 140 photosynthates

from infected leaf discs separated from the mycelium and

uninfected discs., Washed discs were illuminated in 14002 for
20 min, incubated in water at 25° and dropped in 8% ethanol.
Results (  dpin x 10° ambient dpm x 10™° ethanol soluble

remaining in discs) are the mean of 2 replicates in each experiment, .

Hours of incubation

Expt. 1. | 1 2 3
Uninfected ‘ A - 4,10 -
Infected R 1.3 -

Expf. 2.

Uninfected 0.49 0.64 0.92
Infected 0.06. 0.12 - 031

Expt. 3.

Uninfected - : = 1.05 -
(Lower epidermis) , ,

( removed ) - ©3.50 ' -
Infected . - "0.64 -

ELower infected %
{epidermis '
(removed, ) - 1.56 -
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.'thd medium than infected diSCS (table 40) Both showed the same
changes in conductivities indicating equality of ion leakage but
as no compensation foi ‘the ion content of the tissue was made the
gradient from tissue to medium for electrolytes was not defined.
In thé experiment: (3) where ﬁhe lower epidermis
was removed the infected discs were cut from leaves with abaxial
. infections only. Thus‘the hauSto?ia and infected host cells.were
removed and this-;nabled'a direct comparison bgtween the twp types
| of diéc. Results of the quantities of isofope leached during 2h
(tablé IK» show that removal of the epidefmis increased the
proportion of label leaked from both uninfected and infected discs.
Further as in exﬁeriménts 1 and 2 infection decreased the

proportion of label released into the incubation medium.
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Discussion

I) Light microscopic observations on isolated haustorial

complexes of apple, barley, beet, pea and vine infected with

powdery mildews,

The experiments described above and fhose of other workers
(Hirata & Kojima, 1962; Dekhuijzen, 1966; Bracker, 1968;

Gil & Gay, 1977) show that the haustorium or haustorial complex
éf powdery mildew fungi is easily released mechanically from
infected epidermal.cells. For those host species>whose mildew
haustoria are of the sméller_compact form,.e.g. cucumber

(Hirata & Kojima, 1962), pes (Gil & Gay, 1977), apple, beet and
grape vine, the haustoria are.usﬁally released intact and almost
always iﬁ aésociation.with the extrahaustorial membrane and other
composite structures of ﬁhe host-parasite interface which
together comprise‘the haustofial'complex (¢i1 & Gay, 1977).
However; further purifidation to obtain fractions of haustorial
complexes suitable for biochemigal studies as is possible for pea
mildew (Gil, 1976) is impaireq by either the simultancous release
" of intéct host cells‘(apple), or intraceilular inclusions (sugar
beet and vine). These contaminants are difficult to separate from

the haustorial complexes and also impede othér‘purification stages.

In the elongate haustoria of Erysiphe graminis only the young
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haustoria are released without,damagg. Consequently only small
nunbers can be isolated and even these ape-not always associated
"with the extrahaustorial ﬁembrane. Thus the final fraction is
a he terogeneous mixture of haustoria, haustorial complexes and

major fragments.

'If is thus obvious that the host-parasite combinations other

than E. pisi - Pisum sativum tested in the present work are not
suitable for studies on‘the biochemistry of haustorial function,
but valuable new microscopic observations have been made,
particularly on the haustoria of L, graminis.‘ In no combination
did the purity approach that of fractions of haustorial complexes
from P. sativum infected with E. pisi. In these preparations

the haustorialvcomplexes are almosf all intact and they are free
from other.fungal structures. Only starch grains and cell wgll
fraéments from the host are‘présentvas contaminants and all studies
of the physiology énd biochemistry of powderyimildew haﬁétoria in
this investigation employed this experimental system'énd results are
discussed below..

Although the overall‘morphology of the haustorium of E. graminis
is very different from that of compact haustoria of non-gramineous
hosts, careful observafiqn shows that in their essential structure
they have much in common. In both, the extrahaustqrial membrane is

- retained around the haustorium although the degree of retention differs
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in the two types. In[E. graminig it only occasionally remains
'intact when it distends w;thout rupture in hypotonic media.

.When it distends it separates from the surface of the haustorial
‘body but remains attached at thé neck and extremities of the
lobes, | Siﬁilarly, the extrahaustorial‘membrane remains‘around
tﬁe compaét haustoria in non-gramineous hosts, It also has
mechanical strength and.is attached at the neck and lobe tips.
Similarity is also shown in the neck:regions; InBE, ¥TaminisA
the two annular structures corresponq to those seen in haustoria
of B. pisi (Gil , 1976) and E. polygoni. The band nearest to
'£he septum probablyAhas a similar function in sealing the extra-
haustorial membrane to thg'héustorial neck as shown in tﬁe B

band of E. pisi ( Gi( , 1976) and thus confines the extrahaustorial
matrix in a discrete compartment, The other band is presumably
identical to the A band in E. pisi ( Gj( , 1976). These bands
are formed at a very early stage of haustorium development in

“E. graminis andlthe ﬁ band is already present while the haustorial

body is still expanding. Similar esrly development of the neck

"band in the rust fungus Melampsora lini has.bécn reported by
‘Littlefield, (1972) and although'the équivalence of the structurés
in the two fungal groups is not clear (Heath, 1976), diffusion of
markef substances has demdnstréteq the barrier a£ the membrane

" attachment in a rust fungus (Heath, 1976) . In powdery mildews,

the neck in both haustorial types is joined to the haustorial body
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at one pole and the haustoriz are similar in having bipolar
lobe origins clearly shown here,
Despite all these similarities, the isolated haustorial
complex of E. ggaminis does differ from that of the coﬁpact
type in some of its physiologicallreactions. . In wgter, the
distension of'the extrohaustorial membrane of undaméged
haustorial complexés is rapidAand thus in accord with obsérvations
made on infected detached epidermis of barley coleoptile where
the complex was exPpsed to a hypotonic ambient medium by
microdissectibn of the‘hoét cell (Hoskin, 1969)} The slow
swelling of haustorial complexes isolated from sugar beet and
previously from pea (Gil & Gay, 1977)'infected with powdery
mildew is now compérable under identicallconditions of
‘examination. The difference in rates of swel;ing may reflect
differences in osmotic potential of the extxﬂhaustorial matrix,
"or in the permeability or rigidity of the mwembrane. Differences
in membrane characteristics may be due to differences in
pélysabcharide content ér rigidity of the folding noted by Gil &
‘Gay, (1977). Loss of the membrane during isolation is probably
due to the'shape of'the hausforium of B. graminis, but since it is
also often lost by young haustéria it is pfobably mechaniéally
weaker than its counterpart around the compact haustoria which is

usually retained regardless of the nge of the haustorium. (In
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theée species age is indexed both by the size of the
haustorial.compiex and fhe degreé of lobe development).

: It’hés been noted'that the haustorium of K. graminis
retains physiological gctivity and éay even qévelbp within
the epiderma2l cell after removal of the superficial mycelium
(Hirata; 1967). Evidence has been obtained that the isolated

haustorial complex retains physiological activity at 4° in

vitro for several days in_§phaerotheca fuliginea (Gil, 1976),'
(Dekhuijzen, 1966), E. pisi (Gil, 1976) and now at least
overnight in E. polygoni. - However, in E. graminis incubation
~ at 4° for 16 h had a deleterious effect on the haustorial
'cytoplasﬁ and this appeared to be independent of the integrity
of the extrahaustorial membrane. Degeneration of haustoria of
E, grqminis,in epidermis detached‘from barley coleoptile has

also been observed after.inciSion of host cells (Bushnell, 1971).
Thus, although differing in fofm; the haustoria in E. graminis
and in powder& mildews of nonpgiamincous hosts are structurally

similar. However, the two types differin certain aspects of their

physiology.
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1I) A critical appraisal of thg;gefmeability of the

extrahaustbrial membrane in powdery mildew infections,
‘Previous worﬁers (Hirata & Kojima, 1962; Hirata, 1967;
‘Bushhell, 1971 and Gil & Gay, 1977) hgve_concluded that the
- ‘changes in volume of the extrahaustorial matrix‘dépend on the
semiéﬁermeability of the extraﬁaustorial membrane, However,
the results of their_exPeriments to monitor semi—pefmeability
of‘fhié membrané are not unequivocal and require critical
reappfaisal._

Early wérk on this subject (Hirata, 1967)_iﬁdicated that
the extrahaustorial membrane would distend and contraét after
hausto?ia in stripped infected epidermes of barley were treated
withiﬁixtﬁrcs of formplin, acetic acid and ethanol. This
treatment usually destroys the semi-permeability of biological
membranes and suggests that the membrane is extraordinary and, as
Yheeler {(1976) has prOposed{ that other facﬁors, sﬁch as volume
changés in a.gel in varying ambient tonicity, may contribute to
swellingo Thus the combination of a gel in the extrahaustorial
métrix‘and an extrahausforial membrane permeable to the solutes

~may be expected to produce the same results as a matrix containing
solutes enclosed by a semi-permeable extrahaustorial membrane,

Semi-permeability of the extrzhaustorinl membrane in

rust and downy mildew infections seems in little doubt. Thatcher

(1943) and Fraymouth (1956) have shown that when the infected host
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cell is plasmolysed, the extrahaustoriel membrane retracts from
the haustorium. This indicates that the extrahaustorial membrane
is semipermeable, but beeause it is part of the host plasmalemma
(Littiefield & Bfacker, 1970) the same effect could occur where
the extrahaustorial membrane were—ccmpletely impereeable and water

moving.entirely through thevunievaginateé portion of the.membrane.

A similar experiment with barley infected by E. graminis (Hoskin,

- 1969) ied to retraction of the protoplast from the epidermal wall,
but not from the heustorial surfece. " From comparative evidence
(Gil & Gay, 1977) and results described above, this occurs because
the extrshaustorial membrane is firmly attached to the neck of the -
hauetorium by the neck'bands. | The rust fungi have a single neek
band whefe the membrane adheres te the neck, buf this is mﬁch less
differentiated than fhet-of the powdery mildews»end the plasmolysis
experimenﬁs of Thafcher (1943) indicate that the membrane is not
firmly - adherent to the neck. However, results from rusts and downy
mildews cannot be directly extrapolated to the extreshaustorial
membrane in powdery mildew infections where its structure with
polysaccharide_thickening is so d;stinctive.

In powdery ipildew infections, experiments and Jchoro;ugh
examihation of the extrahausto?ial membrane ha&e helped to resolve

. the frob]e‘m (Gi; & Gay, 1977). In isolated heuetorial complexes
the&’defined the boundary of the matrical compartment which swells as

the extrahaustorial membrane, the fungal plasmalemma and a porﬁien
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of the neck between the B beckhband and the fungal septum where the
| tle wall

fungal plasma membrane can be seen lining A,. The contribution

é(& (0.36 ; :
by - region can probably be ignored in in vitro swelling
experiments because similar responses have been shown after incision
of infected host cells with minimal disturbance to the fungus and
where presumably the region is still lined by a functional plasma
membrane. Thus the effective boundaries of the matrix are the fungal
plasmalemma and extrahaustorial membrane,

The retention of the reversible swelling responses and
indeed of the extrahaustorial membrane itself after detergent
treatment is unusual and as Gil & Gay, (1977) have indicated the
presence of large quantities of polysaccharide on the membrane may
protect the membrane lipids from emulsification, This addition may

n
have a parallel - experiments incorporating liporolysaccharide

y ,
from gram-negative bacteria into artificial phospho—1lipid vesicles
which éubsequently protected them from disruption by detérgcnt
(Nixdorff et al, 1978). In haustorial complexes detergent treatment
also increased the rate of swelling sugpesting an increase in the
permeability of the membrane to water or disruption of the haustorial
plaéma:membrane, The latter presumably released the haustorial
contents thereby lowering the csmotic potential of the matrix.
However, polysaccharide degrading enzymes have alsb been shown to

increase the swelling and contraction rates and these also substantially

reduce the membrane thickness (Gil & Gay, 1977). This suggests that
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it is the structural properties ofbthe.extrahaustorial membrane
and not the nature of the matrix alone which controls swelling.
Further, recent experiments by J. Gay (personal communication)
also suggést that swelling depehds on thé semipermeability of
tﬁe membrane. ﬁe observed that when unswollen h&usforial
complexes of li. pisi - P. sativum were gently crushed in water
with a micromanipulator pieces of the extrahaustorial membrane
remained approximately in the position of the intact membrane and
did not move during the following 20 min. ;{eriod. "However, the
8low swelling responses of haustorial complexes of B. pisi -
L. sativﬁm make longer term observations desirablé before a
definitive conclusion can be reached., The Jow incorporation rates
6f sugars and amino acids in vitro and lack of respiratory reswvonse
to efogenou# Substrates by the haustorial complexes are also
consistent with their exclusion by the extrshaustorial membrane

| a |
although another, buﬁAless likely alternative, is that certain
physiplogical activities of haustoria are impaired during the
isolation procedure,

Further evidence agninst haustorial cqmplex enlarpement
being due to gel swelling is provided by the effect of ambient
solutions. - 1If swellihgland shrinkagd responses were solely due to
hydration and dehydration of a gel in the extrahdustorial matrix

then a more direct relationship between the width eventually obtained

by the complexes and the water activity of the ambient medium is to
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be expected. _On.the other hand, osmotic responses resulting
from the presence of a semipermeable membrane would result in
the same widths at eguilibrium'althéugh the rates of swelling
‘and shfinkage would be related to the‘;smotic pofential of the
ambient medium, Since there were no significant differences
in the ultimate widths of complexes after incubation in 50 mM,
100 M or 500 mM sucrose it is mostvprobable that the eitra—
haustérial membrane is semipermeable.

Gil (1976) demonstrated that despite the large
quantities of polysaécharide whichlimpregnate this membrane a
bilayer struéture could nonetheless be distingﬁished. The
presenée of é lipid bilayer does not'necessarily indicate its
semipermeability; For instance, the outer membrane of ihe
chloroplast'despite structural intactness, is fréely.permeable
to low molecular Weight.solutes €.C. ATP, sucrose, éorbitol,
jnorganic phosphéte, glucose—6—phOSphate,'mél&te; aspartate
 (Heidt & Sauer, 1971) and similarly the outer mitochondrial
membrane is permeable to small molecules'(Pfaff'gjpgl, 1968).
In this céntext‘it may be significént that the outermitochondrial
'membfane containsg sjgnificant’éuantities of carbohydrates
(Manella & Bonner, 1975) but the BDTA extracfions of haustorizl

complexes attempted indicate these are not equivalent.
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In conclusion, it is not yet pdssible to
uneguivocably state tha% the extrahaustorial membrane is
permeéble to water and not to low molecular weight solutes,
Although on balance the evidence favoﬁrs thét conclusioﬁ,
it may be.that membrane semi-permeability ana gél swelling
both contribute to swelling. Application of ap0p1a§£ic
markers in an electron microscope examination of isolated
haustorial complexes-should help to clarify the swelling
responses and determihé the extent of the éontiguum between
the host cytoplasm and extrahaustorial matrix,

The status of ﬁhe boundary proyided by the extra-
. haustorial membrane is important in assessing biochemical
analyses of isolated haustorial complexes and in light 6f
this discussion it is at present prudent to.consider it as a
semipermeable membrane.

III) Uptake of 14C photosynthates by haustoria in vivo,

&) Proof of uptake.
It has'previou51y been shown that nutrients move from

the host-{to the surface mycelium of Erysiphe praminis DC. f. 8p hordei

(Edwards & Allen, 1966), E. graminis DC. f. sp. tritici (Mount &

Ellingboe, 1969; Slesinski & Ellingboe, 1971) and Microsphaera -

alphitoides Griff & Maubl (Hewitt & Ayres, 1976). Evidence of

entry into mycelia has been. extended td_E. pisi in the present work,
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Previous studies. have not provided any direct evidence for the
role of haustoria in this transport process. The results

presented in this thesis (Results IV,V,VI) show that the products

of photosynthesis of Pisum sativum enter haustoria of £. pisi.

‘It should be noted that thevisolated‘haustdrial complex
comprises two.distihct compartments, viz. the haustorium with its
" cytoplasm and the extrahauétorial‘matrix which lacks organelles
(611 & Gay, 1977).  Thus, in addition to the detection of‘
labelled assimilates i‘n the complexes (Results V, VI ), the
subsequent reSpiratory liberatioﬁ'pf 145002 by fhem_;g.iizgg
(fig.‘ 8 ) constituﬁesinvaluable evidence that the assimilétes
had entered the haustofiym itself. It should also bé noted that
‘adequate controls were provided, particularly by comparative

ﬂ§4°m B : » .
fractio Xuninfected plants, deﬁergent treatmen# to solubiliz?
normal‘membranes gnd avoilding starch contamination by confining
.vsome observations to assimilates soluble in ethaﬁ01,

Stuaies using high resolution autoradiography have shown
that radio—isotopes? initially fed to the.host are incorpofated,
into both haustoria and‘mycelia of rust fungi (Onoe, Tani & Naito,
1973; Manocha, 1975; Menagen, 1977) and'downy mildews (Andrews,
1975; Takahashi, Inaba & Kajiwara, 1977). However, it cannot be
concluded from these studiés that the isotope in the haustorium

entered diredtly from the host or whether enfry was indirectkthrough

intercellular hyphae., Since results presented here show that
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nutrients were absorbed by haustofia in the absence of the
superficial mycelium (figs. 6 & 8), this study has provided the
first demonstration that nuirienis traverse the hosi - haustorium

interface in vivo., \

lB) Uptake acti&ity of individual haustofia.

Consideruble variation in the labelling of haustorial.
complexes vas observed in 1ightvmicroscope autoradiograms
(plates 21 and 23 ,)" This was not correlated with
haustorial age, resﬁlts indicating that bothbyouﬁg and old
haustoria are capable‘of absorbing nutrients, This finding

agrees with the results of Hirata (1971) who estimated the activity

of the primary haustorium of Erysiphe graminis by measuring
hyphal extension on thé ieaf surface, He cpncluded that the
primary haustorium remained acﬁive'for at least four days.

Some haustoria in each nge group were pnlabelled
(plates 21 ﬁ and 23 ). This may have been due to a.low
photosynthetic_potentiél of‘the particular ieéves from whigh they
weré isqlated buf it seems more likely that these haustoria were
unable.to take up and incorporate photosynthate, This is
particulgrly relevant in view qf the work on E. graminis from
Ellingboe's 1abprat§ryv(31esinski & Ellingboe, 1971; Martin &
Ellingboe; 1978) and from Mendgen (1977) and Manocha (1975) with

rugst haustoria. These workers have shown that reduced incorporation

Wt
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of label was associated withjhOst'rgsistance reactions.
Mr.‘P. Spencer-Phillips (personal cdmmunication), has made a
preliminary investigation of B, pisi which para]lels the
autofédiograph&‘deééribed in this thesis but employing high
resolution éutoradiography. He has observe& that some
isolated complexes have necfotic.host cytoplasm adhering to
the extrahaustqriél membrane and this is associated with reduced
incorporatioﬁ of host'photosynthates by the haustoria.‘ Thus,
although the ho;t appears susceptible to this fungus there may
be individual or'groups.of infected cells showing resistant
reactions, The problem of heterogeneity of the isolated
complexes is a problem for future investigations.

~ There are difficﬁltigs in fully interpreting.both
light and electron microscope autoradiograms ;f 140 labélled
haustorial complexes for uptake studies, AlthoughAlabel is
associated with thg complex the low resoclution obtained aoes not
réadily permif localisation of the label to éithe? the matriéai
or haustorial cytoplasmic compartments.v klso there may be
- losses of soluble 1abei from the complexes both during the
isolation procedure and preparation of autoradiograms, but recent
techniques have shown some promise in overcoming these problems
by using freeze subsfitutioﬁ (Fisher & Housley, 1972) o; freeze
drying (Hessier &-Pevéling, 1978) during prgparation. These would

be useful if applied to host-parasite combinations.



c) Contamination and contrcls.

The 14

C labollingvof infected 1ea§es and the
fractionation technique'applied in this study haé permitted the
quantitétive analysis of bdth ethanol soluble anq insoluble
labelled compounds in haustorial complexes., ' Several controls
have been used to monitor‘contamination and they indicate that

:between 80—9qﬁiof the isotope in the fraction was in the
complexes., Microscopic examination éf'the fractions shoved -
that intact host célls and hyphae wefe absent, removal of the
host chlorOpiasté was almost cbmplete (plate 13) and any
residual chloroplasts were broken and thus had lost their
soluble céhstituents. prever starch grains>(p1ate 20 ),
cell walls (plate 19 ) and other unidentified rhombohedral
crystals (platé 21 ) possibly composed of calcium oxalate were
present in the fraction. Numerically, the contaminant particlés
exceeded the haustorial complexes but individually they were
usuglly smallér; Thus michSCOpy indicates thatwcontaminatidn
by water soluble compounds retained by intact membranes was
probably very low whilsf estimation of insoluble compounds may have
been considerabiy affected by contamination. Consequently in
experiments  whera unlabelied carbohydrates were examined analysisg

was limited to those soluble in 80% ethanol and moét.probably the

" results represent only those present within the complexes.
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- Comparison of the 'C in fractions isclated from

uninfected lezves previously exposed to 14

002 was valuable in
estimating host contaminationbof the haustorial complex fraction.
Such estimates indicate contamination ‘between 1q; and 15%
(tables 6 and 10, ). However, this is probably an over-

-estimate since uﬁinfected leaves photosynthesize faster and

14

convert proport;onately more 002 into insoluble compounds
than infected leaves (table 4 ). Thus' such controls afé
not exactly cﬁmparable, 'The.effect'of contamination of host
origin.in the haustorial complex fraction was apparently

reduced by treatment with cold Triton X-100 which preferentially

. solubilises label from control fractions (table 7 and

- fig. 7 ). The preferential solubilisation may have been

due to differences in the composition of aésimilate in the two
components or ﬁore probably to the resistance shown by the extra-
~haustorial membrane to detergent treatment in swelling experiments
with haustoriél complexes (Gil & Gay, 1977). The detergent
treatment increases the rates of swelling and shrinkage of
‘isolated complexés most probably by jncréasing the membrane
permeability (Gii, 1976). Thus éqme labelled compounds were also
probabiy lost from the treated complexes., However, further and
more direct controls using aﬁtoradiOgraphy and biochemical

markers with fractions not trgated"with detofgent jndiéated that

the detergent treatment was an unnecessary precaution, These
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showed that the 14C cdntriﬁutéd by host contaminants did net

significantly interfgra in estimations of that of the complexes.
Light microscope autoradiography demcnstrated that

although host cell walls and starch‘gfains were present - in the

14

fraction obtained from leaves exposed .to ~ 'CO the ccmplexes

59
were preferentially labelled. Herc.also contaminant particles
accounted fér approximatély 15% of the 5éotope}. Soluble
compounds were prébably lost from the complexes during the
preparation of autoradiograms and tﬁus‘this method cnly provides
a reliablé estimate of radiocactivity in high molecular ccmpounds,
Since anélysis of 14C‘1abelled fractions showed that between

60 ; 70% of the label in the fractions was ethanol insoluble
(tables 8 and 15.) the autoradiography has made a valuable
contribution to the evidence on uptake by haustoria.

Further evidence that contamination did not unduly
influengo thc‘ré8ults of_gnalyses of haustorial complexes was
thained by comparing them witﬁ’results'of hest and mycelial
analyses; In sevefai instances the biochemical content of
particular fractions was highly characteristic. For example
isolation of haustorial complexes from brushed infected 1énves
lead to considerable.enrichmgnt of triglycerides (fig.' 10 ),

.sucrose, glycerol and mannitol (table 21 ), and the uncharacterised

glucan (not 6 1-4 linked) (teble 18 ), these were present in
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only trace quantities in the host, Furthermore by comparison
with the mycelium the triglycerides and mannitol are good marker
. compounds for the fungus. Low levels of host contamination is

also indicated by compositional changes which cceurred during

14CO experiments. Host 1ipid analjses showed

pulse-chase 5

lafge inc;eases in diglycérides‘(fig. 11 ) whicﬂ were barely
"detectible in the isolated'héusto?ial fraction, Similarly in the
neutrél sugar fraction proportions of labelled sucrose increased
in the host but.showed a lurgé decréaée in the haustoriél-complex
fraction with:chase. Similafly glycerol,Awhich Was virtua11y
absent from the host ahd‘maqnitol were majoricomponents of neutral
sugar fractions in the haustorial complexes during pul¥e and chase

treatments respectively,

D) Evidenqe for the role of haustoria in mutrient translocation.
Since a period of at least ten minutes is necessary to
brush enough leaves fo;'isolation of haustorial complexes, thé
technique does-nbt allow studies of uptake over very short time
periods. Thus no kinetic evidence could be obtained to demonstrate
that 14C_assimiiates enter haustoria before entering the mycelium.
The mycelium contained six times as much label per unit protein
as.the complexes after 5 min 14CO2 exposure. Unlike the mycelium

which is highly vacuolate, the haustorium has very few vacuoles

and dense’cytoplasm and thus on a cell volume basis the haustoria

were probably comparative]y more heovily labelled.  This is 2
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clearly an area for further applieation of autoradiographic -
techniques., In view of the absence of such kinetic data
prior toeconsidering tranSpoft from host to parasite it is
necessary to summarise the evidence whicﬁ indicates that fhé

powdery mildew haustorium has a mejor role in this process,
1) 14C host 3ssimilatee are detected in similar quantities in
haustoria of E. pisi in both the presence and absence of
the superficial mycelium (table 18 ).

v 2) Radiolabelled sucrose is present‘in haustorial complexesl
isolated immediafely following exposure of infected

14

CO,, but is virtually unlabelled when isolated

leaves to 5

after a 20h chase period in uniabelled COp (table 21 ).

3) Excision of the primary haustorium of Brysiphe graminis by

micromanipulation arrests growth of the sufface hyphae
(Bushnell, 1967);

4)  During pfimaryvihfection, uptake or 35 and 27P by the
superficial fungal structures and develepment of sccoﬁdary.
hyphae arc‘dependaet on the formation ef the hnuetorium,
(Masri & Ellingboe, 1966; HMount & Ellingboe, 1969;
SleSinskiv& Ellingboe,»i971)r

\5) Resistance to powdery mildew jnfectioﬁ is assoeiated with
reduced haustorium development and the colony size isvfelated

to'haustorium‘size (Carver & Carr, 1978).



. 277

6) Fungicidal action of somc anti-mildew compoundsbis
asgoclated with abnormal haustorium development
(Dekker.&‘Van der ﬁoek-scheur, 1964; Bent, 1978).

 Thus although there is no unequivocal proof that
haustoria tran8portrsolutes from the host to the superficial
mycelia there isvconsiderable'evidence that they are essential

‘to the process

Iv)  Metabolites: Transport anq translocation,
A) Introduction

Translocatign is defined_as the 'transport of dry
weight' (Canny, 19753); ~ Biotrophic associations usually
.result in acqumulation of‘metabslites (Lewis, 1970; Bushnell &
Gay, 1978).. Pea mildew is ‘no exception but the increase in dry
veight of the iﬁfected leaves is confined to the pa?asite. It
is thus clear that tranSpoft of organic material occurs from
-host to pafasite and fufthef experimental demonstration of this

¢ photosynthates by the mycelium (fik. 3).

is the éssimilation o}
In other povdery mildew and rust‘infections the dry weight of the
host tissue also increases (Millerd & Scott, 1963; Bushnell, 1967;
Holligan, Chen '& Lewis, 1973). HOWéVGr, this accumulatéd

material disappears during the dark period and this process is

probébly CIosély related to the nutrition of the fungus (Lewis, 1970).
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In the normal physi&logy éf.the healthy plant, organic
matter is translocafed from sites of synthesis and sforage to
regions of growth. The parésite competes with these functions
and redirects transport for its own needs, (Smith et al, 1969;
Léwis, 1970;'_Bushﬁell & Gay, 1978). Implicit in tﬁe biotrophic
mode of ﬁu’trition is the ability of the parasite to collect
nutrients wifhout degrading the host tissug (Lcwis; 1973).
ﬁaustoria are formed within living host ceils and as diSCussed
above have a folg in this interchange of subStances between host

'.and fungus.

The following diédussion coqsiders the dynamics of the
‘transport system in terms of its major com?onents i.e. the host
tissue, the interfacé and the mycelium, Since the transport
system maybe as depen&ant upon the quantities and composition of
nuﬁrients'in these components as. much és‘oh the specific mechanisms
invélved, pripr to diScussing‘the pathways and mechgnisms of
transport it is important to consider the distributioﬁ of
metabolites and the biochemical transformations associated with
transport.

'B)  Metabolites..
i)  Nutrient source: the host.
The sites where ngw.organic compouqu are synthesized

or remobilised from storage products are termed sources (Canny,
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1975a). The mesophyll cells are the most immediate source in the
 infected pea leaf; but their photosynthetic products may be
augmented by material f}om the vascular tissue transported from
other regions of the plant,. 1In powdery mildew infections,
redirection of translocates to infected icaves i; well documented
(Bushnell &-Ga&; 1978) and without such redirection it is unlikely
that metabolités would accumulate in infected areés since there is
a mafked decrease in thejrate'of phofosynthesis, (table 4) and the
feSpiration rate of the hostvtissﬁe increases several fold,
(Scott, 1965; hAyres, 1976).

The host fraction which was analysed in this study
contained haustoria’iﬁ the epidermal cells and it is to be expected
that they may confuse the results of the analysis of host assimilates.
The contribution of the haustorial complexes to the assimilgtes,of the
infected leaf can be computed frém the data obtaihqd for isolated
haustorial qomblexes._ There were apfroximately 16,400 haustoria per
100 mm2 of leaf and thése had a dry weight of 44 pe (Results, VII,
B, iv). s‘ihce the dry weight of the leaf was 1,8 }ng/mn mm°> the
complexes represented about Z. of the whole fraction. The true-
figure is even lower because the ‘haustorial complex fraction contained
host confaminants; Thus £he contribution.of the fungal conponent to
the host analyses can be ignbred. This conclusion is supported by
isotope experiments-from vhich it can be.computed that the complexes

contributed only 0.2 - 19 of the label in a unit area of leaf (table

,1 6. :
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The cafbohydrate motabolism of the host is a key function
in biotrophic associations (Smith et a1, 1969; Lewis, 1976) and
this will now be examined for the infected pea leaf,

a) Low molecular weight carboﬁydrates.

The total quantities of ldw molecular Qeight'carbohydrates
were greatly reduged upon infection. These results from peé
agree with those o% Alien (1é425 for milaewed Wheat at the time of
sporulation and élthough he detected grea£er.quantities of soluble
carbohydrates prior to 8porﬁlatiop they indicate that levels of
these compounds in the leaf are reduced when the ﬁutritional demands
- of the fungus were at their greatest. That soluble carbohydrates.
are traﬁsPorted to thé ﬁaraSite was also indicated by the rapid

14

incorporation of‘ 002 into glucose, fructosg and sucrosg (tableVZO)
during.uptake by the mycelium,

The relative amounts of hexose and sucrose in healthy
leaves are regulgted by'the enzymes invertase and sucrose
synthetase (M;clﬁchlan_gz al, 1970). Infection did not appreciably
élte;,the proportion of these sugars in the host and this is
consistent with the similar inﬁertnSe activities in healthy and
diseased leaves,
b) 'S£arch metébolism.

Analysis of M assimilates (table 4) indicated that

starch synthesis was repressed in infected pea and similar results

have been obtained for mildewed oak (Hewitt & Ayres, 1976). These

results contrast with findings for wheat infected with B. graminis
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where starch accumulated in gnd around lesions, (Allen, 1042) s
similar resuits have been obtainedvfdr rust 1eSiOns; (Wang,
1661; Thrower, 1965). :.E. graminis and rusts form distinct
lesions and these gtarch accumulatiens'gre'mobilised inhthe
dark and then‘abso%bgd by the fﬁngus (Thrower; 1955). The

repression of starch synthesis in leaves infected with

. Microsphaera alphitoides and E. pisi, which form extensive

confluent colonies permits a larger proportion of photosynthate

to be mobilisedj this would be an advantage to the parasite.

ii) The conduit; the haustorial comnlex.

Analysis,of‘the isolgted hausforial'complex provides a
means of directly detecting compounds which may be in transit at
the interface. This is directly comparable with experimental
studies of translocation in a green plant where thé best evidence
that sucrose, raffinocse-based oligosaccharides and'poiyols are the
translocated compounds in phloem is from direct sampling and
'analysiS'ofvthe_sieV9 tube exudates‘(Ziegler, 1975). As the
. haustorial complex may be considergd to be a conduit for compounds
from host to the mycelium, the,detection therein of compounds
specific to the host suggest that they are translocates, However,
such anclusions are,subjeét to qualificaﬁion since the haustorial
complex contains both an interfacial and fungal component and the

compounds cannot be specifically assigned to either the extra-



haustorial matrix or the haustoriél cyt0p1asm. Also there may
be loss of compounds from the complexes during their isolation.

The isolation procedureii§ 1engthy and'involves cold osmotic

stress in a glycerol gradient. Simil?r treatment has been_shown'
forrapidly increase the efflux of ions and amino ;cids‘through

oat coleoptile plasma-membranes (Rubinstein et al ,1977), the
membranes of complexes may undergo similar changés during

isolation, ‘The complexé; were shown to have a lower proportion

of soluble sugars than the host‘and mycelial fractions and

although this component hay be underestimated by hqst contaminants
contributing to the dry weight of the fraction, it indicates that
some sugars mey be 1oét. Similarly in the 14C 1abé11ing

experiments only a Qery émall pfOportion of iabel in the complexes
was detected in low méleculér weight compounds. On the other

hand there is no g priori reason fbr a direct rclationship between
’thg mass ° of a vehicle and its translocate. quther, as discussed
-above, there ig evidenCe‘to.SuggeSt that the extrahaustoridlbmembrane
is semiperméable and this would indicate that leskage is quite small,

In conclusion the pfoblem of leckage during experimentation

is difficult tp assess and although‘it probably has 1little effect én
»fhe qualitative identificationvofvcdmpounds in the complexes it may
possibly affect the the quantitative argﬁments relating to

mechanisms of transfer which are discussed below,



As well as-écting gs.a conduit for nutrients from hosf

to mycelium the haustorial compleXeé:are actively growing
entities where compoundé aré»bging defosited as-structural
qompohénts;‘ The analysié of complexes from plants after both
pulse and chase labelling experiments was'essentiél fo resolve
compounds which were transient in thé complexes during nutrient
transfe? from those,éonstitutivé compounds which represent nutrient
sinks in the complex, When the quantity of radioactivity in a
specific compound decreased with chasé tregtment.then this
compound:is termed transient. Unfortunately insufficient time was
available to anaLyée all biochemical classes to theirVSPecific
compounds viz.vamino acids, organic acids and nucleotideé,
proteins, RNA and DNA.: Although the number of counts in these
classes of compounds all increased with chase and thﬁs they appear

| but S |
ag nog—transien%(as for the neutral sugars this mey mask changes in

the labelling of their constituents and they may contain transient

compounds,

é) Transiént compoundéf
1) Sucrose,
Analyses of thevethanol soluble carbohydrates (table 26)
and 140’1abeiled'assimilates (table 21,pu1§e labelling experiment)
_in isolated haustoriai complexes éhow that sucrose was the

predominant sugar with .glucose and fructose present in significant

e
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quantities. The subsequgnt‘reduction in 1abclling’of sucrose
after the 20h chaserperiod indicates that it was metabolised
in situ or'translocated'to the mycelium, Since the haustprial
complex comprises a fungal compértment and one which, lying
between host and parasite-iéfessentially inferceilular, the
interpretationVOf mechanisms of transport depends on the exact
pqsitionAof the assimilates. This point is discussed further in
section IV, C, ii, c.

'2) Glycerol..

The_labélling of glycerol in the haustorial complexes
showed a similar péttern_to thét of sucrose and its occurrence
there indicates a rolé for this compound in host-parasite transport.
Since it is present in only tface quaptities in the host and
mycelial fractions it is likely that ite trensport requires
Spedialiséd>processes at the interface. An analagous system may
be that of the sjmbiasis ofvéooxanthellaé and several animal hosts
(Huscatine, 1967, Smith gj_gi, 1069), where glycerol constitutes
a small proportion of the soluble compounds of the algae when free
living but it is the principal compound released by them to its
animal host, Thelaniﬁal cells are rich in lipid (Smith et ail, 1969)
and glycerol is presumably incorporated.into them after forming
esters with fatty'acids.,' Thus it may be significant that lipids
and in particular triglycerides are répidly formgd in haustorial

complexes and further suggests that a selective transfer of glycerol
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occurs across the host-parasite interface of pea powdery mildew,
An exciting experimeﬁt would be to reconstruct the release as
achieved for the zooxanthéllae by Huscatine (1967) by adding
haustorial exiracts to pea cells.

An>alternative proposal is fhat glyéerdl is formed
withiﬁ the‘héustorium from other compoﬁnds of host origin as a
prelude to thevsynthésis of triglyceridés.l HoWevér, the
immediate precursor of glyceride esters is glycerol-35phOSphate
(Brennan & Lbsel, 1978) ﬁhich is férmed directly from the
glycoiytic pathways, and the forﬁation of f;ee'glycerol is not
obligatory for lipid metabolism.' A further eXplanation‘for the
labelling is its formatiOn by the aqtivity of an Haustorial
1ipase on triglycerides‘formed from other translocates.
Lipolytic activity has been detectéd in»the primary vesicle, an
intracellular fegding structure {(Andrews, 1975) of Rremia
'1actucae, (Dudderidg¢ & Sargenﬁ, 1978). bHoﬁever, subsequeﬁt.loSS
of labelled glycerol but the retention of 1abe11éd triglycerides
with chase would indicate that theblipids formed are not further
metabolized. Some glycerol may be translocated to the mycelium
.vhere if is'on;y detected in small quantities after the pulse
14CO2 exposure.

In qonclusion, the evidence sﬁggests thet sucrose and glycerol

are transported at the host-parasite interface. The proportion of
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Y46 in these compounds in the complexes was less than 7% of the
total radiocactivity in the haustorial complexes after the pulse
14

Co,

exposure to o

Th;s indicates that they may bé transported
so rapidly thaf acéumulation does not occur. . There is good
e&idence fof high fluxes through the complexes and this is
discussed beiow (séction IV,C,ii).

b) Non—transiént.compounds.

'T"he places of disposal of the body substances

( translocates) for the formation of new organs or the laying down

of reserves' are termed sinks, (Canny, 1975a)._ This definition is
gsed for studies in the whole plant translocatory system and is
equally applicable to non-transient compounds in the host-parasite
tranSpofths&stem studied here. The sinks of prime interest are in
the fungus, these have beén evaluated in the mycelial and haustorial
complex fractions. The interfacial structures viz; the‘extra—
haustorial membrane and matrix also represent potential sinks and as
they ére isdlated ag part of ‘the haustorinsl complex the isétOpic'
labelling experiments have permitted resolution of some pogsible
constituents of these structures,
1)  Trifluoroacetic acid hydrolysate.

The reéidual_matgrial hydrolysed by'2N TFA in the
hausterial complexes (table’15) is the largest sink within the
complexes;A it was composed mainly of glucoée, with an unidentified

acidic component present in significant quantities. The glucan was
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most likely to have been either part of the extrahaustorial
- membrane or'the eztrahaustorial matrix; It is unlikely to have.‘
_béen'part of the fungalsce}l wall because analysis of the.mycelial
cell wall showed very different ratios of glucose, mannose and
galactosé. Further; ¢il (1976) has_shoﬁn thgt the extra-
haustérial membrane‘ang matrix are gsPecially rich ih |
polysaccharide and'are labile iﬁ §e11 wall'degrading enzgymes and
" sodium hydrdxide. He failed to detect‘any fibrils vhich might
have repfesented cellulsse,  Further, since ceilulose would ﬁave
resisted sodium hydroxide he concluded that pectins ami
hemicellulosés'Were its consfituents. It is probable that these
polysaccharides were the glucans detected in the 14C.pﬁlse-—chase
labelling éxperiments. Non-cellulosic P-linked glucans are a
consfituent of the xyloglucans of pea cell walls, (Gilkes & Hall,
1977) and are common in many forms iﬁ the ceii walls of many different
plant‘speciés, (seelsurvey of Robinson, 1977)._ There is.also
evidence that polysacchqrides are constituents of a ﬁost—parasite

interface. from studies of Piptocephalis virgineana (ManoCha, 1978).

Using autoradiograpﬁy a#d biochemical analysis aembined with the
»sPecific chitih synthgtase’ihhibitor polyoxin-D, he has demonstrated
that chitin was a constituent.of the 1ayer vhich surrounds the

| haustorium of tﬁe mycoparasite in its mucoralean host Choenophora

cucurbitarum, ~However, this region named the sheath by Manocha

(1978) is equivalent to an ericasement (Bracker &‘Littlefield, 197%)
: 1
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which in fungal-higher plant interactions has been. thoughf to play
a part in host resistarce (Heath, 1971; Heath & Heath, 1971;

Manocha, 1975). Thus:it is-unlikely that the carbohydrate around

the haustoria of Pipfocephalis virginéana can be directly compared
‘lwith the extra—haustorial matrix‘formed in compa;ible:interaotions
between plants and powdery mildews..

No evidence has been obtained thot callose is &
coﬁétituent of the interface. Staining With aniline blue shows
strong fluorescence by the papillae which'are sometimes present
around the‘haustoriai neck in vive but no fiuorescence around the
haustori@l body or lobes (P. Spencer-Fhillips, peréonal communication).
HoweVer papillae are not isélated with the haustbrjal complexes
and it is thus unlikely:that the glucans deteéted here originated
in égilose.-

] ) v
Incorporation of 4C - glucose from UDp - 14

C-glucose into
.ethanol ihsoluble pompounds by intact.complexes sugéests that the
glucan synthesis may also océur by isolated haustopiél.complexes.
Syntheéis of non-cellulosic P-linked glucans by isolated plant
membrane fractions has'been investigated by many workers (Robinson,
1977); fhis activity is restricted to the Golgi apparatus apd plasma
membrane. Thé Golgi enzyme has a higher substrate affinity and:is

though to be concerned with the synthesis of B—Jinked'glucans which

are alkali soluble (Van der Woude et al, 1974; Raymond et al, 1978).
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Chso gﬁ!gl (1978) have shown that actiyify of F—glucan synthetase
in pea sfem is regulated:by a8 soluble cytqplasmic factor, itbis
possible that the parésite iﬁterferes with such a regulator and

. jnduoes the host to produce large qﬁantities of’glucans which
become associated with the membrane. The extraﬁaustorial membrane
is unique in the normal-pea plant or indeed in other uninfected
plants. Its thickness, structure and polysaccharide content is
not found in -any other cellular membrane of plants and it is likely
that highly specific mechanisms are involved in its biogenesis,

The results of the experiments with UDP 14éfg1ucose‘which
indicated low lcﬁels of ﬁptéke and incorpbration (table 35 ) are
seemingly'inconsisﬁint with the relatively high glucan sjnthetase'
14.

activities found in haustorial complexes. However, the UDP -  'C-

- n
glucose concentration was 100 fold greater thanxthe enzyme assays.

As alkali soluble glucan synthetases usually have a Km in the-low,AM

t al, 1974) enzymic incorporation would have

range (Van der Woude
been near to its maximal velocity'during the enzymerassays, thus it
is not surprising that the 100 fold increase in substrate
concentration used for uptake studies ﬁas followed by an increase
of‘only 1.7 in 140 incorporation, (cf. tables 34— '& 35 ).
The second most abundant component of the TFA hydrolysate
was an acidic compound buf it ﬁas not identified further. No
evidence fpr the‘pectic'compounds indiqatedAby the staining é?ction

of the matrix with ruthenium red (Caporali,.196Q; Dr, C, Sargent,

'unpublished) was found. Nor could the lebility of the extrahaustorial
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membrane in_cell wali degrading eﬂzymes be further explained.
The absence of any affect on it by EDTA suggests that polyuronides
were not present in it: Hovwever it mqst be recognised that acid
hydrblysis degrades most uronic acid fesidues and it is thus
unlikely that these could have been detected in the labelling
experiments. However none of the neutral sugar comﬁonents
characteristic of pectins.in planf cell walis, eg. arabinose,
fibose, rhamnose, galacfose were detected in quantities to suggest
their deposition‘during the 20h period of the gxperimgnts. The
acidic component should be further analysed as it is an important
component of the complexes,
2)  Lipids.

Lipids in the haustorial complexes bécame rapidly labelled
‘after the pulse 140 exposure énd as there was a further increase with
chgse and -no bhange‘in composition there are clearly sinks in the
haustérial ébmplex.

The‘trigl&cefides vhich were the majof lipid éomponent
probably correspond to the osmiophilic droplets frequently observed
" in haustoria of,ﬁ; lgg;‘by‘electronbmicroscopy, (i1, 1976).

~Lipids have also been reported in haustoria of other powdery mildevs

viz. B. graminis, (Bracker, 1968); B. cichoracearum, (Mckeen
et al, 1966); rusts, (Hardwick et al, 1970; Coffey et al, 1972;
Losel, 1978); downy mildews (Berlin & Bowen, 1964). loreover

their high frequency in the intracellular hyphae of vesicular
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arbuscular mycorrhizas.(CoX & Sanders, 1974) and‘plasmodia of

Plasmodiophora brassicae(Brennan & Losel, 1978) suggests that a

5pecialised lipid metabolism is a common feature of biotrophic
assoqiations Which havgla higher degrge of intracellular
association and the uptake of lipid precursors méy occur at these
interfaces.

The‘lipid df0plets observed in micrographs‘dcdupy a very
.smali volume of the cémﬁlex by 140 labelling indicated that»lipids
constituted up to 30e of the total assimilate. This discrepancy
may be reconciled because the droplets.are‘non—aqueous organic
14 |

solutions in which 'C is highly concentrated whereas most of the

other regions of the ;omplexes are aqueous‘sdlutiops or hydrated
polymers. The lipids are probably produced as storage compounds
but their‘formation méy also be eSpecially importanf because it
removes carbon compounds‘ffom the aqueous phase while permitfing

" their retention in a structure whose functionbis to translccate
combounds to the mycelium. The rapid synthesis of lipids thus

' providés a cépious aink close to the interface thus maintaining a
concentfation gradient for its precursors. This is most likely
since rgsults have indicated that glycerol-is possibly transported
from the hosf. The positions of thé 1abei in the triglycerides and
polar lipid molecules were not investigated and although it may have
beenvconfined to‘fhé glycerol backbone it seems likely‘during the

20h chase period incorporation into the acyl chains of these

compounds would have occurred,
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The dependence of tiotrophic fungi on their hosts for
the necessary precursors of lipid metabolism is not known, Some

dependence has lLeen demonstrated for the haustorial mycoparasite

Piptocephalis virginiana on its host Cﬁoenqphora cucurbitarum,
(Manocha,1975). ‘The parasite is unabie to synthesize

linolenic écid ih spores produced during its restricted growth in
vitro but assimiiated an abundahce of;itjin Spores formed during
the‘parasitic rhase, despite this'apparant-dependence addition of
linolenic acid to the medium did not promote axenic growth of the

parasite, (Manocha & Campbell, 1978). Similaritics in the

sterols 6f spores of Plasmodiophora brassicae and thoée of the
host from which they were isolated similarly has sugrested some
dependance on the hoét, (Knights, 1970). However work on rust
fungi has shown that hexoses lead to higher rates of fatty acid
synthesis than acetate by the. fungus in infected leaves (Zieéler;

1971) and-this has prompted Rei%?er (1976) to suggest that tﬁese‘
may be de?iveq from acetyl phosphate from the.pentose phOSphéte
pathway, these mechanisms would vaiate the necessity of
transferripg fatty acids from host to parasite. These aspects of
lipid metdboliSm'need to be investigated in powdery mildew
infections‘before any further conclusions on the dependence of the
fungus on the host can be qqnqlgded.v

The polar lipids of the haustorial complex may also be of

considerable interest. These are probably located in the extra-
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hausforial membrane and haustorial plasma membrane. In view of
their proposed roles in mutrient transport (section IV,C)F
these merit further anaiysis.
3) Mannitol.

This'compound wag significantly 1abe11§a during»the
pulse exposure, afterwards the level increased considefably so that
by the end of the 20h chase period most of the label in the mewbrel
sugar fraction‘in the complexes was in mannitol, "Unliké sucrose
the mannitol present was almost certéinly,located in»the haustorial
cytoplasmic compdrtment of the coﬁplex since this ﬁolyol was the
méjof soluble carbohydrate of the mycelium and was barely detected
in the host fractions; Since the chase'was performed in the light,
unlabelled carbon compounds wefe presumably being transferred to the

14

mycelium while the complex retains a pool of 'C - mannitol
absorbed'garlier. This suggests a separation of transient transport
pools from a more slowly turned over (Storage) pool of low

moiecular weight .carbohydrates within the complexes..

The labelling of mannitol in the complex is also
significant in view of the hypothesis of Smifh_gi.gl (1969) that a
conversion from host sugars to fungal polyolsvmaintains the
concentration gradient of host assimilates to the fungus. Polyols
are notvreadily utilizable by maﬁylhigher plants (Lewis & Smith,

1967&) and thus the host cannot compete with .the fungus and reverse

the flow of assimilates. It is probable that there are specific
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permeability bar;iers to prevcnt'a‘réciprogal flow of polyol to
the host. lMoreover, thgrc is evidence that mannitol- disturbs
the functions of parasitic associations. Applied to infected
epidermal strips of lettuce, mannitol inhibited development of

li.cichoracearum and similarly rust lesions became necrotic when

feq with sugér alecohol solutions, (Saﬁborski & Forsyth,'1960);
Thus although transformation of host metaboliteé to sugar
alcohols may provide a valuable mechanism in maintaining the
concentration gradient of the tfdnélocatés, it is essential that
counterflow of the polyol does not occur and in this respect it
is significant that the cdhcentfatién of maﬁnitol in the

haustorial complex is much lower than in the mycelium,

i1i) The Mycelium.

| Although some nutrient-sinks were detected in the
‘hauétorial complexes most of the éssimilates ébsorbed were
translocated to the surfacé mycelium and spores with only a small
percentaée (< ﬁé) of the léﬂel residing in the complexes. The
mycelium is thus.the majorbsink and analysis of pulse-chase
labelled compounds has shown that a Sunence'of conversions of
gssimilates ocqurbin the mycelium and thus, as for the complexes
transient and non-transient compounds were recognised. As before

the distinguishing criteria were decreasing quantities of
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radicactivity in translent compounds and increasing levels in
non transientéo
a) Translent_compounds.
1) Neutral sugars.

The most cléarly marked group of trénsient compounds
was the neutral sugar fraction. The;largest decrease (30'fold)
in labelling was in mannitol and significant reductions jﬁ the.

number of counts in sucrose, ‘glucose, fructose, trehalose and

glycerol, (table 22 ),

Sucrose, glucose & fructose:

Thesé sugars are cﬁaracterisfié of the host and are
probably absorbed from it by the haustorium and then translocated
to the mycelium. The small quantities of labelrdetected in these
compounds at this location suggésts that they are turned .over vefy
rapidly. A more precise description of the kinetics of the
transformatloﬁbhas been given b& Edwards & Allen (1966). In
B. graminis mycelia; sucrose initially contained a larger proportion
of the label than in myéelia of B, pisi and its level declined
rapidly with continued exposure, ln B, pisi detection of thése
suéars iﬁ the mycelium after the ﬁulse ls consistentAwith their

_presence in the haustorial complex and further evidence that some

transfer occurs by way of the heustorium,



Glycerol: .

As‘for the host sugars this is detected iﬁ the
mycelium after the pulse and since it comprises a major
component of thg ﬁeutral éugar fraction in the complexes, it
also is probably translocated from th; haustoriuﬂ. The 1lipid
fraction of the mycelium which was mainly triglyccfides was also
a transient compoﬁent and it secems likely that glycerolvis
incorporated>into the‘iipids synthesised and that these serve‘
as priméry sinks in the m&celium for this compound and are then
either further metabolised or are incorporated into spores,

The latter effectively leavé the mycelial fraction at spore

release,.

Mannitol & trehaloser

These compounds, and especially mannitol, were highly
labelled after the pulse 14CO2 exposure. Mannitol was an
abundant constituent of the mycelia and constituted 54 of the
label after the pulse and 7% of the totalldry weigﬂt; There is no
clear evidence as to whgthér the mannitol in the mycelium was
translocated from the small amounts formed in the haustorium or if
it was formed in the mycelium from host sugars imporied from the
haustorium. However regardless of the site of'transformation the
rapid conversion of‘host_éugars tg mannitol and trehalqse is a
feature common to manyfbiotrophic‘fungi-associated with green plants,

(Smith et al, 1969). Ultimately (after chase) the mannitol and
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trehalose showed 1arge decrecses in labelling. These
observations sugpgest that tﬁéy act as primary sinks in the
fungus but are subsequently further metabolised to constituents
of dfher'éompoundg eg.»glycogeﬁ, cell walls, protein and
nucleic acids., - The metabolism of sugar alcoholé and glycogeﬁ
is.théugh to be interrelated in many fungi: (Lewis & Smith,

1967a). A direct stoichometry between mannitol and glycogen

Synthesis has been Sshown to exist in Dendryphiells salina

and this is critical to osmotic regulationvduring the active
uptake of sugars by the fungus (Jennings & Austin, 1973). 1t
seems likely that a similar relationship exists in B, Eisi with
sugar alcohols acting aq an intecrmediate metabolite between
" host sugars absorbed and glycogen which is,the ultimete major
storage product.' The other possible physiological rples of sugar
alcohols ih fungi have.becn discovefed‘in detail by Lewis & Smith;
(1967a) ; Smith}gi_gl, (1969) and Brown, (1978) and are considered
important in ﬁroviding;

»T) an energy store.

2) osmo'regulétion.

3) ' coﬁpatible solute‘totmaintain enzyme activity at

low intracellular ﬁater activity.
4) »non—host metabolite to maintain concentration gfadiont

in biotrophic fungi.
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Arabitol and erythritol were also detected in the
mycelium and as they showed very little change in labelling
-after the chase period Kslight decrease of arabitol and slight
ihcrease of efythfitol) they shouldvp?obably be consi@ered as
secondary sinks rather than transient compounds.u They are most
probably located in the spores, a conclusion drawn by analogy
with the results of Edwards & Allen (1966) vwho found that

" arabitol was predéminant in E. praminis conidia, and mannitol was

most abundant in hyphae.

Amino agids, organic acids & nucleotides:

These classes of coﬁpounds were also transient but as
they were not further aﬁalysed here, Mount & Ellingboe (1969)
have shown that °°S and 2P are readily transported to the
mycelium and it is mosf likely.that these were congtituents of some
amino acids and nucleotides, - Clearly further expcrimentation

should include a full analysis of ‘these components.

b) Non‘trénsient compounds.
1) Glycogen, cell walls, protein, RNA & DINA:

‘These are the'ultimate aﬁd major sinks in the fungus and
the 1argé increases in labél‘detected in them are indicative of the
very extensive development and sporulation of the pathogeﬁ on the

leaf surface. Glydogen is a major constituent of the spores of
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L, pisi with the électronbmiCYOSCope and has been seen in the
Spo£es of other powdery mildews ( Peiera, 1972 ).

It is only very rarely bbserved'invthe haustorium and this is
consistent With,the small gquantities of label detected in the

glycogen fraction of the complexes.

c) A TransPOrt and translocation.
1)  Host intercellular transport.
The priﬁar& sources of nutrients in an infected leaf

aré the phloem sieve tubes and the_host chloroplasts,

Nutrients thus originate in thc host symplast. HMovement of
substances is diffusive following oonqenfration gradients but
within cells it may be éssisted b& cytoplasmic sireaming or
.possibly by electrical potentialé; (Crafts & CriSp,‘1971). Cell
to cell transport in the host.may not require.transferAacross
plasma mémﬁraﬁes the pafhway.probably'being achieved by plé§ma—
desmata (Gunning & Rbbards, 1976) . Howéver substances cannot
move directly to the haustorium via the symplast since the'extra—
-hugstorial membranc.separates it from the infected cell cytoplasm.
- Further, it’has,recentlylbeén re?orted that in pea leaves,
although‘plasmadésmata are frequent between adjacent epidermal
cells they rarely occur between infected epidermal cells and
palisade cells (Eushnell & Gay, 1978) . vThué'Substances moving

from their source to the infected cells must at some stage pass



thrdugh the leaf apoplast. Direct access from the leaf
apoplast to the haustorium surface is interupted by the bands
around +the haustorial néck (Gi1 & Gay, 1977). Thus muitrients
are directgd from the apéplast'fhrougy the epidermal cytoplasm
and are then transported across the extrahaustoriél‘membrane to
the haustorium,

 From th;s discussion, it follows that the quant;ties of
solutes in the‘apgplast méy‘bekexpected to influence pow&ery

mildew development, Thus - Thatcher (1942) measured the time

required for plasmolysis to determine the permeability of mesophyll

cells infBraSSica rutabaga iﬁfected with Erysiphe polygoni.
He deducgd thaf the permeability increased upon infecﬁion and
proposéd:thgt this facilitated transport of nutrients to the fungus.
Williams (1958) attempted to repegt Thatcher's experiments on
mesophyiljcells of mildéwed barley bqf found considerable variation
in the rates of plasmolysis and no Significant diffepences in the
permeability of cells of infected or uninfected tissue could be
detected, Thatcher's experiments with rusted tissue afe more .
persuasive as deplasmolysis in urea'éélutions was used in this
instance énd.these experiments clearly indicafed an increase in
membrane permeability to this non—electrélyte.

Bushnell (see, Bushnell & Gay, 1978) found that for

‘barley infected with Brysiphe praminis, leached nitrogen compounds

represented a.larger proportion of the totai nitrogen in infected
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leaf segments. 1 It is likely that much of the nitrogén wags in
protein and that lower molecular weight, gmino acids and

peptides were leached. ¢ The differences in loss may therefore

be dué to a larger propgrtion of thé nitrogenous'compounds being
in the form of amino acids and ammoﬁium ions in mildeved tissue

as réported by Sadlér & Scott, (1974)'rathér than ah alteration
in membrane permeability. Similarly Ayres‘(1977) and Hoppe &
Heitefuss (1974a) measured the 1eakage of ions,frém mildewed
pea-leaves‘and iohs, sugars and amino acidé from rusted bean
leaves reépéctively, They only estimatéd the solutes in the
ambient medium and thus did hot~consider the concentration
gradient.of the particular solutes leaked. Solute éoncenfrations
vary coﬁsiderably with infection but usually the concentrations of
ions, (Shaw.gi_gl, 1954; Shaw & Samborski, 1956), sugars (Léﬁis,
1971 1976 and references therein) and amino acids (Sadler &
Scott, 1974) increased upon infection., Thusagain, increased
quantiticé oflledched solute are nof directly indicative of
increased‘membrane permeability. Thus although in bilotrophic
systeﬁs theré are‘well authenticated reports that solute leakage
increaéed after infection there is no unequivocal evidence which
/demonstrates that it is due to increases in host membrane
permgability. vIndeedvleakaée of 14C‘photosynthates from infected
pea leaf discs measured here were relafe@ to the soluble label in

the leaf discs and it wos evident that there was a slight decrease
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in the membrane permeability,leakage experiments after the
rémoval of the infected epidermis>showed that this reduction
was not due to eﬁhanced’ﬁutrient‘SCavenging by the infected
_epiderﬁis but truly reflected thé membrane permeabilitj_of _
‘the mesophyll cells.

.However.when the pathogen is present it ié most
likely that a concentrationigradient is set up between the
mesophyll cells and the infected epjdérmal cells and that
‘deSpite a redﬁced permeability solﬁtes pass‘rapidly between
these éells and suggests that a process -analagous to phloem
loading in healthy leaves is occurring. In a comprehensive
assesémeﬁt of phloem ioading in higher plants Geiger (1975) |
sﬁggested that substances mov; through the symplast to a poinf
negr'the minor veins and after entering the.apoplast, are
actively abSOrbedbby the sgieve eleﬁent companion cell complex.
Chgnges in the translocation‘paﬁtern obgorved following infection
(Hewift & Ayres, 1976) indicated that thesé processes vere
impéifed and this may also lead to less solute 1eaéhed from the
apoplast of the diseased leaves and to a greater level of solutes
in theée leaves, Thus, the translocation‘pattern in the 1eafA
would be dominated by néw gredients causced directly or indjfectly
by the fungus.

.'Support for these hypotheses is provided by observations

indicating apoplastic transport of sugars {rom meSOphyil to
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epidermal cells in Commelina communis, Labelled sugars appeared

in stripped epidermes replaced upon the mesophyll which. had

14

previocusly been exposedjto 002 (Dittrich & Raschke, 1977).

Thaf'epidermal cells are heterotr0ph19 prior to infection suggests
that systems capable-of méintaining high flux.fé;cs to hausforia
(see below) may already exist jn the epidérmal plasmamenbrane.
Intercellular transport pf sﬁecific compounds.and its relationship
"to phloem loading in infected leaves has received little atteﬁtion
at the cellnméﬁbfane level. Pea miidew which permits separétion

of the parasite, infected cells and mesophyll cells offers a

‘ ?aluable expcrimental system for such studies.

ii) - Host-haustorium il’ite.rface.o

- The‘interface is.a multidomponentlstructure and from
ultrastructﬁral studigs'two pathways across it can be defined, (Gil,
1976). As the hapstorium is physiologically isolated from the
apoplast.of‘the leaf splutes must cross the extrahaustorial membtrane '
énd‘ﬁay then either.enter the fungus directly where the. walls of.the
ﬁaustorial lobes contact it,'(Gjl, 1976) or diffuse ncrosa the
matrix and then be absorbed by the fﬁngus. Comparison of fig. 6 and
fig, 8 shows that although ﬁrangfer ofvlabellto the compléxes is
initially rapid, reSpiration of these nufricnts is siénificantly
delayed. Although this‘may be due to a lengthy conversion tora

respirable subéfrafe it seems likely that assimilates in the complex
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reside first in the matrix and ‘that they enter the haustorial

cytoplasm in a second stage. No evidence for or against the

more direct pathway at lobe tip connections has been obtained.

a)  Fluxes. | - | ,
Prior to a discussion of the mechanisms of fransport
at the interface it is imperative to obtain estimates of the rates
of nutrient flux through the haustorial complexes and across the
interfacial membranes. Table 4, shows that infected, illuminated
leaf disce assimileted 9.23 x 10° dpm  mw > leaf 5 min |
' - 14 - ' o
from an atmosphere containing CO? (0.0)ﬁ v/v). As the specific
activity of the 14002-was 60 mCi/mmol the rate of fixation was.
. -2 .~ : Iy
6.9% nmol 100 mm 5 min . Figure 3 shows that during

photoasgimilation, 20-30f of the assimilated Yoo, was transported

2

to the mycelium and thus the rate of essimilation by the fungus was
C 2 . =1 . e .

2.08 nmol 100 mn~ leaf 5 min . Since fixation of 1 mole of

€0, results in 1/6 mol of CeH .0 this is equivalent to 0.21 ng

of labelled carbohydrate 100 mm2 sec_1 being trensferred to the

mycelium, There was no attempt to remove the unlabelled atmospheric
g 14, S

002 prior to feeding 002 and therefore the actual specific

- activity was probably lower than this and the flux to the mycelium

proportionately greater. Servaites & Geiger, (1974) recorded a

sucrose flux of 10 ng 100 o™ leaf sec”! for active phloem

loading in sugarvbeet leaves at similar light intensities. In

view of the greatly reduced rate of photosynthesis (table 4) and N
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increased rates of respiration (Ayres, 1976) in mildewed pea

‘leaves these figures may be more closely comparable than they

first appear. Additionally this estimste for flux to the

mycelium takes into account only labelled 14C. If one assumes
- that most of the 14CO is assimilated to soluble 'carbohydrate

2

considerable dilution of the 14C by unlabelled solutes already

present ﬁould»océur. The soluble carbohydrate content of the
infected lenf waé, 65:ug 100 mm2 lesf. Thus if all the fixed
140 were mixed'immediately with the whole soluble carbohydrate
pool of the 1eaf and 307 of this pool was in transit, the fluz
would be considerablé (19)4g 100 mm~2 sec—1. This is thfce
orders of magnitude éreater than thot for ﬁhloem loading in

beet and as the CO. fixation rate here was only 0.693 ng

2
100 mm™2 leaf sec”| the proposition is clearly untenable.
This indicates that in the leaf that only a part of the

14 '

assimilated 'CO, enters the 'tarSport.pOOll vhich is transferred

2
to thé mycelium and there is little mixing with soluble carbohydrates
resident in tﬁé leaf, Such a compartmentalization of soluble
storage. and trangpoft peols havé previously been proposed for plant‘
qells.(Nelson, 1962; Garrard & Humphreys; 1971). Humphreys &
Garrard (1971 a & b) eXpanaéd upon this possibility after N
~ experiments with.maize séutellum, storage sucrose, postulated to be

in the vacuoles, leaked only slightly whereas sucrose in the

transport pool, postulated to be in the vascular tissue, leaked
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readily. Oﬁ the other hand, in beet Geiger & Sﬁanson‘(1965)
showed kinetic evidence indiczting that almost all the leaf
- sucrose was a&ailablé for franslocation, but Sovonick et al,
(1974) showed that 80 of the leaf sucrose wasvalréady
contained in the sieve element - compénion cell COmplei and
were-fhus already compartmentalized._‘ Thé location of the
transﬁort and storage pools in mildewed pea are not known, These
experiments also indiéate that in the light, the major
tranélocate.may hevnewly‘synthesiéed assimilates and that -
nutrients redifected from hehlthj'pafts of thé plant (Bdwards,
1671 ‘Hewitt & Ayres, 1976) contribute Significanfly to the
translocate only during‘the dark period.

The flux of carbohydrate through the hausto:ial complexes
may also be computed by exﬁénding the calculétionsjmade above,
In single surface infections the haustorial frequency was 16,400

14

100 mm2 of leaf and thus the flux of 'C - labelled compounds

' through-each complex was, 0.013 pg ~haustorial complex -

-1
sec

These estimates are obtained from experiments and

calculations which involve very few assumptions although it is
presumed that all the label was transported by the haustoria and
that carbohydrates are the major translocates, these assumptions
are not unreasonable in view of the cvidence presented in this

thesis, (Sections, 111 & IV ).  They provide minimal estimates of

the transfer of photosynthates through the complexes to the
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mycelium, Othef, but less'certain estimates may be obtained

. from the transit time of compounds in the haustorium calculated
from the number of counts in the complexes and mycelia per unit
area éf leaf. Absolute values may then be obta%ned'from
kngwledge of the‘éqluble carbohydrqte or dry weight‘of‘the
complexes, Unfortunately the long period required for brushing
prior to isolation which causes some‘tran3poft to cease prior

to sampling and the lack of precise identities-andASPecific
activities of tfanslocates makes the estimates unreliable.- Thus

"all further discussion of membrane fluxes is bhased on data

obtained from the disc experiments.

‘The.extrahaustorial membranes & haustorial plasmalemmas
In order to discuss poséible mechanisms of nutrient
tranSporf across this membrane it is important to quantify the
. flux.,  The idealized model gf:the haustorial complex used for
light ﬁicroscbpic estjmﬁtion.of volume also allows the area of the
extrahaustdridl membrane to be calculated. The surface area of

5 2

the volume included by 1.82 x 10’ haustorial complexes was 100 mm”.

The minimal flux of carbohydrate across this membrane was thus

2.4 ng 100 mmfz sec_1. ‘Since Gil (1976) has shown that the

extrahaustorial membrane is convoluted with many microvilli which

are not recognisable with a light microscope, this rate is an

0¥
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upper estimate but provides a clear indication of the order
of magnitude. The flux is compared to membrane fluxes of
carbohydrate across other plant membranes in table 41. 1t

.greatLy exceeds (102 - 106

fold) the slow diffusion down large
-concentration gradients estimated for algal cells, carrot
callus cells and isolated chloroplasts, It is approximately

- one seventh of the flux observed for phloem loading in sugar

beet leaves and glucose uptake by Neurospora crassa. The

last two are coupled to energy’input, (Sovonick_gﬁlgl, 1974,
Scarborough, 1971, 2 & b); The rate for the haustorial
complexes is close td thatvobtained for sucrose uptake by maize
scutellum tissue (Humphreys; 1973) where. its tranSport.has also
been shown to be ATP coupled, (Humphreys, 1978). A recent
survey by Komor, (1977) haé shown thét scutella show higher rates
of sucrose uptake than many plant tissues. From these
kcomparisons it is likely that carbohydrate transfer across the
. ext?ahausforialvmembrane is not mediated entirely by simple.
diffusion, -This estimate‘bf a transmembrane flux ;S the first
'obt§ined for a biotrophic association of a higher plant and a
fuhgus;

Light mic?oscopy does not permit estihntion of the area

of the fungal (haustorial) plasmamembrane but from electron

micrographs, Perera'(1972) has estimated that in Sphaerotheca

" pannosa it was 2-3 fold that of the extrahausforial membrane
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(which was not villous &s in rea). Thus carbohydrate fluxes of a
gimilar order to those across the extrahaustorial membrane are

likely and are well within the rate published Tor a free living

fungus (Neurospora crassa, Jennings, 1976). | However, becau;e”the
extrahaustoriai matrix and fungal wall prbbably répresent a
 compartment sealed to diffusion continuoué balance is not
essential for efficient operation,

Membrane fluxes have been estimated in the lichen

Xanthoria parietina where ribitol is transported between algal

. cells and interceilular.hyphae (Collins & Farrar, 1978).

Exchanges vere not limited by diffusion between the fwo orggnisms
but probably by transmémbrane fiuxes.' The maximal uptake raté
for the fungal plasmamemﬁrane'was very small and only one tenthlof
the efflux from the alga, (table, 41). Thié 1éd Collins & Ferrar,
(1978) to suggest that carriers of ribifol on the fungsal

plasmemembrane might be restricted to regions proximal to the algal

cells, Efflux across the algal piasmalemma in X, périetjng was
only one third of that‘éalculated for the extrahaustorial membrane
" and if the convolutions hoted above are tnken into acqount, the

flux&é are probably closely similar, The mechanism of transport

across the algal plasmamembrane is not known but studies of glucose

efflux from the alga in the ]ichen,Peltigera polydpctyla‘indicate
‘thet a gspecific carrier facilitated diffusion process operates.

The rate of flux across the extrahaustorial membrane is too rapid
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" to be explained by simple diffusion and thus other similar

facilitated transport systems must be considered.



Table 41, Membrane fluxes of cartohvdrates in plant and

fungal cells,

Compound

Flux

Crganism (& membrane) Method Comments Refarence
2 -1
nz/100/mn"/sec

Y;aziofhecium denticulatum - influx sucrose 0.03 down a 1M : Spec tor, (1961)
{Plasmalerma) conc, gradient.
Jurcume rubricaulis influx " " " "
(Plasmalemma) -
Saccharur officinarum _
{chloroplast envelope) efflux " 0.0% " Edelman et a1, (1071).
Deucus_carota, cellus. influx " 0.02 - from 0.1M medium, "
(plasmalemme) ' ‘ ' 4 T

efflux " 0.C1 x 10~ to zero conc.
211lium ceva, epidermis. efflux gluccse 0.5 "~ to zero conc, - Steinbrecher & Luttge,‘(1969).
(nlasmalemma)
Zea mays, scutielur,

{plasnpelemra) influx  sucrose 4.2 ATP ccupled. Humphreys, (1973).
tcnoplast) efflux sucrose From 0.1F to zero ccnc.

0.08

LLg



3ate vulcaris,

{tlasralemma of companion -  influx ‘sucTose 18.0 Up 1:40 conc. gradient. Sovonick et 21, (1974)
2all-sieve element conmrlexz, '
rhlcem loading).

;eurCSrora crassa influx glucose 16.2 ATP courled. | Jennings, (1976).
&plasmalemma). '

SI0TR0PEY

Zanthoria parietina

Che

falgal plasmalemma) efflux ribitol 0.8 ' _ Collins & Farrar, (1978).
{?ungal plasmelemra) influx " 0.08 Vmax

Zrysithe pisi - Fisum efflux probably

5ativum,~(extrahaustorial sucrose, 2.4

:ambrane).
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b) Mechanisms.
Active transpert or facilitated diffusion?:

Current reséarch'on planf cells has shownAﬁhat sugar
tranSportAagainst a concentration gradient is associated with

0
membrane de&}arisation usually generated by ATP dependant
,profon pumps (Komor, 1977; lMalek & Baker, 1977; Racusen &
Galston, 1977; Huméhreys, 1978). The extrahaustorial membrane
has not been shown to have‘any physiclogical property althcough
. the balance of evidence discussed earlier strongly sugrests fhat
it is a éemipermeable.barrier.

The best indication of active transport is movement
against a concentration gradient (Geiger, 1975). This distinéuishes
it from facilitated diffusion which is thermodynamically impossible
égainst a gradiept. It is difficult to quantify the concenfration

Adifference at the interfaéen Analyses of complexes together
“with the volume estimates indicate concentrations éf 30 mM and 20 mfi
fof sucrocse and glucose‘respectively. These are lower than fhe
cellular concentrations of these sugars cﬁmmonly found in
plants - (Kriede~mann & Beevers, 1967;. Humphreys, 1973; 'Geigcr,
1975; Fisher, 1978) but if they were reStrﬁcted to the extra-
hausterial matrix their concéntration would be proporticnately higher.
Swelling experiments have indicated that>the osmotic pressure in the

matrix is 1ess»thaﬁ that of 50 mM sucrose, but these experiments
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were performed with already swollen complexes vwhere the matrical
solutes would have been greatly dilutled. Hoskin, (1969)

estimated that the osmotic pressure of the matrix of E. greminis -

Hordeum vulgare was equal to that of the host cytoplasm, i.e.
approximately equal to 0.3M sucrose thus indicating little or no
gradient for transport. Sugars are unlikely to accumulate in
the ﬁatrix because there they éould be actively absorbed by the
fungus, Thus until the compartﬁentation of ﬁost sugars in thé
complex is fully eiﬁcidated there is‘no evidence of transport
agéinst a concentration gradient-across the extrghaustorial

membrane of E. pisi — P. sativum. Because of the many cell

components of both fungal and host which are invdlved in the

transport system it‘is impdssiblé to ﬁse criteria such as

saturatidn kinetics or energy metabolism inhibitors for experimental
inveétigation of active transport. Specific inhibitors active against

the fungus or host as used in studies on a lichen may provide

potentially powerful tools. In Feltigera polvdactﬁlaL using
digitonin and deoxyglucgsa to interfere with uptake by the fungus
and sorbose to inhibit glucose efflux fromrthé alga, Chombers et al
(1976) concluded that efflux depended upon & carrier specific
facilitated diffusion process. Fowever because the parasitic

interface in powdery mildew infections is enclosed in a sealed



compartment, access to inhibitors may be precluded. The
predominance of sucrose'and glycerol in the neutral sugars qf Ue CoﬁPéXCS
whilst glucose and fructosg were dominant in the host fraction
suggestSVSpecificity in transport acrdss the membrane and

sypecific carriers could be involved in either an active or
facilitated diffusion»mechanism.

Although it has not been poscible to obtain evidence

of concentfatién gradients expefimehtal evidence for active

energy coupled transport has beeh obtained from microdisséction
studies of Sullivanggj,gl (1074) pnkbarléy infected with

L. graminigs. By incising infected cells, these workers Obtained

a correiation between the quqntity of host cytOplasm which

remained over the extrahaustotial membrdne and the extension of

the surface hyphae. That the host cytoplasm was essential for
transport was also congluded b& Gil, (1976) who used the fluorogenic
ester, fluérbscein diacetate (FﬁA)as a permeability probe, This.
method.is_commonly'used as a viability test in_plaﬁt and animal
cells. (Rotman & Papermastgr, 1966; - Heslop-Harrison & Heslopf
Harrison, 1970) and depends upon>thc penetration of the eater into
the ceil and liberation of free fluoroscein by‘dellulaf esterases,
"As this molecuie is charged, it accumulates if the plasma-membranes
are functional énd thén can be seen by light microscoyy. Gil
_(1976) ob$crved fluorescence in haustoriavof'E. pisi in stripped

epidermes of P. sativum but not in haustorisl complexes isolated
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from the host b& the mé£hod used in this study. This obSerQation
is also in agreemept with the very low:levels of glucose and sucrosé
incorporatian observed ;n fractions of isolated complexes and the
1ackbof any resPiratofy reSponsé of isolated complexes to exogenous
‘substrates., All these suggeest that vwhen thevho;t‘Cytoflasm has been
‘washed from the exXtrahaustorial membrane fhe'compounds are not
acceséibie to-the haustorium. However, these QXperimgnts rgise the
question of the viability of the isolated complexes and this
requires a more detailed assescment,

The bgst evidence that isolated haustorial complexes are
viable is that: they still take up oxygen and liberzte 14002
absorbed from the host; thus their reSpiratqu metabolism isv

- apparently intact, The addition of glucose does not directly

‘ stimulate oxygen consumption, but similar results were obtained by

supplying succinate to isolated complexes of Sphaerotheca fuliginea -

Cucumis sativus, (Dekhuijzeh,'1966)o This compound would be
directly metabolised by the haustorial mitoqﬁondria if it were
takgn up. The results of Gil (1976) in which fluorescein
accumglated in Qémplexcé.in stripped epidermes show that removal of
the mycelium does not kill the haustoria and the haustorial
cytoplasm "is retained by a functiopal-plasma membrane.  The only
treatment SubseQuent to removal of the mycelium which is likely to
damage the haustoria is centrifugation inté 80 glycerol. This must

result in a considerable osmotic stress to the complexes. However,

o
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the cytoplasm in the final friction is'still.intact and turgid

and there is no evjdence to suggeﬁt that this treatment destroys
the integrity of the haustorial membranes, Thus this discussion
indicates that it is the pérmeability\barriér.of}the extra—
haustorial membrane in the absence of epidefmél cytoplasm which is
regponSible for thg lack of accuﬁul@tion of FDA or exogenous sugars
and not the viebility of the isolated haustoria..

A méchaﬁism in which the host cytoplasm may participate
was proposed by Gil (1976). He suggested that-reverse pinocytosis of
Golgi vesicles may contribute to transport across thé extraf
haustorial membrane. ‘This precess wuuld.be éctive, (i.e. consume
energy), (Robinson & Ray, 1977). Atkinéon & Shaw (1955)
demonsfrated‘acid phOSphafase activity around the haustorium of
E, graminis but resolution with the light microscope was inadequate
tg specifically locate it.. ASi@ilar activity is often found in
largé gquantities ih‘plant cells, strategically situgted where a
large amount 6f short-distance sugar franSport oceurs e.g. nectaries
(Luttgé,,1975)l vHoﬁever, it is not a single specific‘enzyme and it
4is not known if the enzymes at these sites are involved in sugar or
carrier phosPhorylation or enhanced intermediary metabolism possibly
concerned with polysapcharide Synfhesis and secretion. Tﬁere are
no estimates of the nature of the transmembrane solute fluxes that
could be maintained by this proqess although fates of vesicle

deposition can be prolifie, (Gunmning & Steer,r1975). Estimates of
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. the transit time for vesicles from the Golgi to the plasmamebrane
vary between 2.5 - 30 min and it is thus difficult %o conceive
that this process could maintain the transport observed here
vhere considéréble transfer from the host chloroplasts to the
myceliuﬁ had occurred in less than 5 minutgs. Also no evidence
was obtained here for the involvement of metabolites such as

 pectiﬁs and hemicellUloses which are characteristic of Golgi
apparatus;

A’mgchanism which does not require the partigipation of
the host cytopldasm to drive transport was pr0posed by Smith
(1974) for biotrophic,transport in lichens. " He promnosed that the
higher membrane potential of fungi (cf. data in Slayman_gi_gl, 1970
and Barber,’1968) may depolarise that qf the.ﬁost membrane by
either physical contact or by‘ion extrusion in regions of close
prqximity. : Significantly,‘Gil (1976) nhas shown that the lobe tiﬁs
qf the haustoriuﬁ ihtimately contact the.extrahaustorial membrane
and took up cation SPecific.stéinS. It is not cleaf how removal
of the host cytoplasm could impair this mechanism,

The exfrahaustdrial membrane is very different from the
normal host plasmamembrahe dnd.the high flux rates ohserved in vivo
‘may be directly related to a structural feature of this 8pecialised
membrane. It contains large quantities of polysaccharide gnd if
these polymers traverse the lipid bilayer then pores may be formed

permitting passage of nutrients which would normally be restricted.

W
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Also, more subtle changes in nembrane composition e,g. fatty acid
chain length and sdturétion; subsfahtially alter the permeability
of plant membranesv(Wad; & Bishop, 1978). Such changes in the
-passivevpermedbility aféxnot consistent with the evidence for
semipermeability presented earlier, Gil & Gay, (1977) proposed
that the specizal pro?erties.of the‘extrahaustorial membrane were
restrigted specifically to this paft of the epidermal plasmalemma
by the neckbands which attach it to thelhaustorjal neck. As
nutrients enter a#d leave the epidermal cell this topographical
separation of properties‘ié important., The structurally unmodified
epidermal plasmameﬁbrgne fagilifates an influxlof mutrients to the
cell whilst the extrahaugtorial membrane an efflux to the extra-
haustorial matrix. Thus the structural polérify maybe essential to
maintain the passage of nutrients through the cell.
It is evident from these studiés than an understending
‘of the altered ﬁermeability of the extrahaustorial membrane is
hindered by §ﬁr ignorance of its composition, both enzymic amd
structural. - Future research in this field should be directed at
characterisation'of its froperfies by cytochemistry and if pdssible;
sub—frgctiohation‘of the isolated complex to obtaoin purified fractions
'lof membranes for more cpmplete biochemical analysis, In many
associations of both parasitié and mutualistiec types, intra-—
cellulity invariably inyolves.enVQIOPment of the invading structure

by a host membrane (Bracker & TLittlefield, 1973) . Of these only the’



.membrane surrounding tﬁe bacteroid in the nodules of legumes

has been isoloted and characterised (Robertson ct al, 1978;
Verma‘gj_gl,‘1978). The périchteroid membrane has significant
ATpP=ase activity'and a véry highilipid'to-protein ratio and
both of these proﬁerticé probably greatly influenée tranéport
between the symbionts.  The extrahavuvstorial membrane is of host
_origin, (Gi; & Gay;‘ 1977) and both its production and the
maintenance of high flux ;atgs'across it indicate that the

. pathogen has some control of the host metabolism. Clearly a
regulétion of its permeabi}ity_greatly influences host

susceptibility and is a further reason fof fully understanding its

properties.

c) Uptake by the'haustbrium.

- Solutes passed out of thevepidermal cell eitﬂer enter the
sealed compartment of the extrahaustorial matrix or anpféach the
fungal plaémamembrane diréc%ly where  the hausforialllobes are
attached to the extrahaustorial membrang} The special circumstances
of the' second eyént have already becn discussed and here special
attention will be given to passage across the haustorial plasma-
lémma and the physiological significance of the matrix,

The first report bearing on the physiology of the egtra—

haustorial matrix in Hordeumn vulgare infected with Brysiphe graminis
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by Hirata (1967) who described it as an expansible buffering zéne
which would protect the hoat cell ffom excessive and potentially
lethal abserption by the haustorium. Hirata (1967) also noted
that an expanded ﬁatrix was associateé with pobr‘growth and
therefore cqncluded that the copdition impairedv;bsorption by

.the haustorium. - He was unsure whether the expanded matrix was

the result 6r cause of this reduced aﬁsorption. Sullivan_gjvg;
| (1974) showed that when the Iﬁatrix sround the heustorium of

E. graminis was swollen by'hypgtonic.media after incision of the
infected host celi, the haustofium.degenerated rapidly. This
observation and those of'HirétA (1967) inaicate that the mutritional
and osmotic environment prbvidgd by the matrix constituents
influence the efficient functioning of the haustorium., Expansion
of the matfix‘would botﬁ dilute the nutrients therein and increase
the distance through which nutrients must diffuse from the extra-
haustoriai membrane ﬁo:the-fungal plasmalemma, Both of these
effects would hinder transport acfoss the interface.
,“After transfer écroés the extrahaustorjai matrix, nutrients

mab 1y absorbcd\by the fungus, Kvidence has bheen

are prest
discus;ed that this is an active mechanism and the 1argé numbers of
mitochondrié présent_in hauétoria~indicate it is is well equiped for
Suéh a.process which is documented in fungi (Jennings, 1976).
Analysis of haustoriaivcomﬁlexes sugeests that sucrose is

the major compound released by the host. Unfortunately it is not at
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present possible to locate this compound specifically to the
matrix or haustorial cytoplasm. Thus less direct evidence must
be interpreted to decide whether sucrose is absorbed directly into

the ‘haustorium or‘hydrOIysed in the mdtfix prior to uptake.

Sucrose hydr§1ysis prior to uptakel

There is an impressive experimental history which
supports the thesis that sucrose is only absorbed after hydrolysis
to its constitutive-hekosesf In biotrophic associations this has

t a1 (1975) and

been discussed in detail by Lewis (1976) and Long

evidence is summarised in -table 42.

Table 42, Evidence for hydrolysis of sucrose prior to uptake by

biotrophic fungi.

A . References
1) Saprophytic fungi invert Jennings, (1974)
sucrose prior to uptake. © VWalsh & Hérley, (1963).
2) Biotrophic fungi invert sucrose 'Maclean,-(1966).
prior to uptake in axenic culture. Dickerson, (1972).
%) Intact biotrophic associations Harley & Jennings, (1958).
hydrolyse sucrose prior to uptake. Harley & Smith, (1956).

. 4) FExogenous glucose and fructose compete Lewis, (1076).

14

with C fransfer from host to

parasite (Inhiation technique).
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5)7 Invertase activily is enhanced in Long et 21, (1975)

biotrophic associations. . Mitchell et al (1978).
So far, ell1 the biotf;phic associations examined have large
unspecialised areas of intercellular contact.
Bvidence for the direct uptake oflsuérose or following
its hydrolysis in powdery mildew infections is available from
several types of'investigation.>' Bdwards & Allen (1966) sampled the
nycelium of B, graminis at intervals after exposiné infected barlé&

14

leaf sections to CO After a 15 min exXposure 5?& of the

o
isotope in the mycelium was in sucrose, and. afterwards the
ﬁrOportion declined, thus indicating assimiléfion of this compound
into fungal metabblites. Assimilated sucrose was also detected
in the myceiium qf E.vpisi in the present study (table 22). In

isotopic CO, experiments the labelled sucrose present after a 20h

2 .
chase period fell to only &% of that initially present. These
experiments indicate that sucrose enters the myceliunm and the
haustorium may thérefore abso?b it infagtﬁ However, Long_gi__l
(1975) have criticized the results of Eéwnrds & Allen (1966), and
contended that. the sucrose detectgd came from the leaf surfacerand
‘was located outéide the hyphac. A more careful consideration of
’ Edwards_& Allen's data shows that in a 15 min period if all the
1abelled sucroée jn.the mycelial sample had passed'throuéh the ieaf

surfncel1ji of the total label assimilated by the host would have

- penetrated the cuticle. - This seems unlikely. The data presented
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here for .. pisi is more equivocal as, based on leaf afeas
sucrose represented only 2.3{ of the total assimilate in the

; ’ 1
mycelial fraction after a 30 min 4CO exposure, A larger

2

number of bounts was deteéted.in éucrose'than in glucose or
fructose in tﬁe’mybelium but these hexoses vere prédominantly
labelled in the host, Differgnces in these ratios argue against
a leaf surface pathway,. but‘possible preferential uptake of
hexoses by the mycelium from the leaf surface would confuse the
eStimations°

The invert;se activities of haustorial complex and
myceliai fractions also provide indirect evidence‘to support the
hypothesis of direct uptake of‘sucrose. The fﬁngal invertase was
almout totallyisoluble end thus aﬁparantly has an intracellular
location in the mycelium. Although it haq a 1ow§r activity per
unit profein tﬁe invertase in the haustorial complexes had
similar pH characteristiés and was also soluble. It is thﬁs
probable that the seme enzyme exists in the haustorial cbmplex and
the mycelium. An intercellular location of invertase would
nece#sitote‘uptake of.sucrose intact, Unfortﬁnately the
1oca1i§ation of an invertase by its solubility during homogenisation
and centrifugation may be'misleading hecause the pH and ionic
strength of the extraction medium influence the dissociation of

plaht invertases from cell wall preparations, (Ricardo & ap Rees,

1970; Little & Edelman, 1973).
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The total activity 6f gnvertase in the mycelium ﬁas
higher thén that in hagstorial complexes. This suggests.thaf
most hydrolysis of sucrose occurs in the mycelium and it follows
that as obsérved, gucrose predominated over its constituent

~hexoses in the haustofiél*complexes.‘ ThuS-ithould be absorbed
in that form, Howeve?, it is likely that hydrolysis occurs in
haustofial complexes and if the inveftase>present was in the
matrix the cbnsfituent hexoses rother than suérose may be
absorbed. To test this possibility it is necessary to calculate
the expected hydroiysis rate in haustorial complexes nand compare
it with the estimated flux of assimilafe.

The activity of invertase in isolated haustorial
complexes at 320 in 160 m ;ucrose was 268 rg fedﬁcing sugar
mg_1-protein 30 min_1, and the activity per complex was thus
19’74»1{'10”4 pmol sucrose  haustorial complc—zx—1 sec™'. The
flux of carbohydrate per 100 mm2 of infected leaf w;s 0.61 pmol
sucrose . 100 — secf1 and as there were 16,400 haustorial
complexes per 100 mm—2 of 1eaf,‘the fermitted rate of hydrolysis
at 32°, 100 mM sucrose was 2.9 pmol sucrose = 100 ﬁm"z leaf
sec”‘. Haqstoria in’vivo were at a lower tempernture (250) and
prébably in contact with lower concentrations of sucrose (30 mwi) but
even considering these differences it seems likely that the

invertaée of the complexes could hydrolyse a large proportion of

the observed flux even if sucrose were the only mobile organic
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compound. 4Hoﬁever, it shenld be noted fhat the estimate of

flux used was a minimal figure and that larger values are iikely.~
It ié probatly48ignificant that the invertase activity

of the mycelium.was considefnbly grggter (77 pmol sucrose

100 mm'_2

scc—1) than thaf in the associated haustorial
comﬁlexes‘and thus‘sﬁqrose which was not inverted in the complex
would be rapidly inverted after entering the mycelium, The
relative activities explajn why-sucrose.uas detected in.such small
quantities in mycelia duripg the labelling experiments.

Thus there is no evidéﬁce whefher thc‘haustorium of powdery
‘mildews absorbs sucrose intact or after hydrolysis-iﬁ the matrix,
‘The 'inhibition tecﬁnique'.which has becﬁ Successfully applied to
study nutrient tranéfef in lichens, (Drew &»Smith, 1967h; Chambers
et al, 1§76) has been used by Hewitt & Ayres (1976) for odk

infected with Microsphaera alphitoides and exogenous glucose

inhibited-the transfer of 14C photosynthates from host to parasite
to a greater extent than sucrose, However, because the haustorial
interface is sealed from the leaf apoplaét thié inhibition probably
rcflécts aﬁ impairmenté of host intercellular transport and not
tranSpoft events at the interface. | In conclusion therefore,
“indirect evidence suggests that it is probably abSOrbed‘intact.
There is no objection g priori that sucrose cannot bé transported
intact across cell membranes and this is known to.occﬁr between many

plant cells, (Porter & May, 1955; Hatch & Glasziou, 1964;



Kriedemann & Beevers, 1967; Humphreys & Garrard, 1968; Giaquinta, .
1977) » Evidence here does not preclude concomitaht uptake of
hexoses but as sucrose ig the majgf soluble carbohydrate in the
complexes this is pfobably the majbr compound ﬁraversing'the
'extrahaustorial.membrane. Theﬁpossibility that it is absorbed
intact wduld be»a>uéeful adaption to biotrophy. If this is a
genergl feature of po%dery mildews 1t would permit rapid
assimilation‘by tbcse fungi‘of a -compound which is usually

mobile in higher plants.

d) Translocatidn to tbe'mycelium;'

After absorption by the haustoriumAassimilates are
translocated to the surface hyphae and eventuélly to the sﬁores.
Translocation in filamentous fungi has received little critical
attention and theré are few estimates.of fhe nutrient fluxes
invdlved, (Jennings,“1976).  Thus prior to a discussion of
mechgnisms it is important to‘quahtify the nuirient flow through
the haustorial neck.

The neck isvextremely narrow, and in M, pisi is usually
between 1‘-‘1‘5f4m in diameter, The septal pore is even
na?rower with an average diameter of.O.1’Lm, (n. ﬁartin, persoﬁal
communication). Assuminé’that the structures are>cy1inders, the
transecticnal areas can be calculated and an estimate of the fluxes

. obtained. The sectional areas of the neck and pore are thus 1.77er—2

W
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and 0.03 Pm 2 respectively. As the flux through each
haustorial complex was calculated to be 0.013 e carbohydrafe

haustorial complex"-1 sec”! the mass transfer through the neck

and septal pore are 0.75 and 41 mg-.,1OO'mm*2 ‘sec"1

respectively. The estimate for the neck is close to the -
only published estimates of mass transfer in fungal hyphae.
A -1

Jennings (1976) estimated this as 2.4 mg cm ~ sec  in

Serpula lachrymans which can grow for large distances over

inert surfaces and also has septal pores (dolipores). The
B. ﬁisi value is also-close to estimated rates of mass transfer
in the phloem. These vary considerably but Canny (1975&)
- | -2 -1
considered a value of 1.2 mg cm sec as the most

acceptable mean of a number of plant species,

Mechanisms:
1)-4 Diffusion
The length of the neck is approximately 3—4’;m, (estimated

from micrographs in Gil & Gay, 1977) and thus diffusion is

Alikely to have a greaéer role thean jn Serpula lachrymans or

plant sieve tuhes where fhe distances over’wﬁich‘translocation is
maintained are much greater. The G.L.C. analysis sgggests thgt,
on a dry weight basis é concentration gradient whiph would permit
diffusive tranSpbrt towards the mycelium only exists for sucrbse.

The concentrotion in the complexes was 30 ml and thus only very

W



‘ small sucrose gradients (1ess than.30 mM)‘exist glong the neck,
To fest whether diffusion could explain the rates of transfer
observed the'following-form,of Picks' law can be used to obtain

the required concentration gradient.which would maintain the

flux obsérvedo

mass transfer . = diffusion coefficient (concentration gradient)

(mg - sec—1) (cm2

=3 )

-1
sec ) (mg cm

Substituting the coefficient of diffusion for sucrose in

water as 2 x 10—6 cn® sec—'1 (Canny 1975a) and the observed mass

transfer of 0.75 mg cm"2 sec a concentration difference of 3.75 x

105

mg cm_3 is obtained. Howevef, the length of the neck is only
3.5 x 106% and thus the reéuired gradient along the heck would be
132 mg'cm—3 (or 0.4M). This is far greater than thé gradient
obtained by the G.L.C. anaiysis and élso takes no account of the

diffusional resistance of the pore, it is clear that alternative

mechanisms must be considered. Jénnings (1976) also concluded

that the translocation rates measured in Serpula lachrymans could

not be maintained by diffusion.

2) Protoplasmic streaming,
This seems an unlikely mechanism as there have been no

reports of cytoplasmic streaming in haustoria, It has been shown
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that protoplasmic strééming could just account for the mass
transfer obséfved in the phlcem of higher plants,.but according
to Canny (1975b) stregming has not been observed in sieve tubes

either,

3) Prgssure filow.

Jennings (1976) has proposed that a pressure driven flow
: of solution could account for the fluxes observed in Serpula
lachrymans and this seems a most likely mechanism in haustoria.
Jennings notgd that such a proceés may result in the bulk flow of
cytoplasm which should not be confused with cytoplasmic sﬁfeaming
which is generated ﬁy shearing forces which are metabolically
aétuated by the organism;

By the presgure_flOWmechaﬁism, it is postulated that a
solution would flow from the haustorium to the mycelium, The
hydrostatic pressure required to drive such a process would e
maintained by the osmotic pressure.of the haustorizl cytoplasm being
hjgherAthan(that of the pxtrahaustorial matrix and the cytoplasm
of the epidermal c&ll, Thatcher (1942) has convincingly shown by
plasmolysis expefimenté_that the osmotic pressure cof the fungal
cytoplasm is much greate? than thet of the host cglls and thus a
potential to ffomote water flow to the haustorium éxists. This
would be continqusly maiﬁtained vy active uptake pf solutes by the
haustorium. The mechanism requires that ﬁhc flow be accommodated

- by water loss or volume increaseés by the mycelium, In Serpula



lachrymans, flow. is maintained by water exudation in droplets from the
hyphal tips but these~have not feen observed in powdery mildews,
However, there are tﬂree possible mechanisms by which the

mycélium might accommodate and therefore promote a flow of

solution from the haustorium.

2.1) Evapo—tranSpirationa

In pea mildew this is an‘uhlikely mechanism for
infection reduces tranSpifation from the lesves and thus little
evaporation occurslfrom the fungus (Ayres, 1976).. This is
consistent with the hydrophobié fuﬂgal'surfaces and the cuticular
layef observed‘around spores and hyyhae of E, pisi, (M. Mdrtin,

personal communication); ~ Similar transypiration data have been

obfained with Microsphacra alphitéidesL. (Hewitt & Ayres, 1975)

and M. diffusa,‘(Mignucci'& Boyer, 1977). On‘the other haﬁd'
Majernick(1965) has shown that a rapid rise in evapotranspiration
occurs in ?L gréminis_infected barley plants during sporulation and
thus'this'may provide a force for this mechanism in mildew on

cereals.

2.2) Circulaf flov,.
When solutes reach sites of deposition (sinks) they are
.converted to compounds vwhich are osmotically less active and the

osmotic potential of these regions is thus raised. If the solution
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in these rggions wes at a higheér osmotic potential than

‘and in contimium with the host solutions osmotiéally driven
water»flow would occu; towards the host. This mechanism is
unlﬁkely whiie hydrophobic cuticularflayers separate the

water phases of host and_funguss Howevor, suchla.process

cbuld possibly‘opergte during the early étages ofrhaustorial
development whgn tﬁe cuticle is penetrated and continual growth
’of‘thebhaustorium would raise its osmotic potgntial.

Evidence of such a flow may be tﬁe nuclear migration into
haustoria which occ#rs early in haustorium formation. Mount &
Bllingboe, (1968; j969) have shovn that the. nucleus moves just
prior to the cnset ;f nutrient tranSport from the haustorium to
the surface struptures. This suggests a distinct switch in the
direction ofAflow through. the neck during haustorial formation.
Thus as fungal development progresses the process of forming
haustoria may promote a cirqular fiqw of water. This could nét

explain translocation through conidiophores but could promote the

exit of solution through the necks of established haustoria.

: 2.3) Balanced growth.
The volume of solution flowing from the haustorium may
also be accommodated by volume increases during the growth and

sporulation of the surface mycelium. These processes provide

major eventual sinks for the nutrients and it is possible that the:
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volume increases and weights used in synthetié processes are
balanced with quanfities of solutes and water passing from the
haustofium. The paékaging of boﬁh solutes and water in spores
and their lossAat absiscion p:ovides the mo;t likely mechanism
aiding solution flow from thé haustérium. The high water content
éf powdery mildeW'5poreSv(farwood, 1950) is well established and
although it is thoughtjto be_impértant in germination at low
‘humidities‘it is élearly advantageous for the parasite to lose
large quantities of water during sporulation to promote nutrient
flow. The volume increases and losses could be estimated from
the relationship between hyphal dévelopmept, sporulation and

haustorial frequency in B. pisi as carried out by Hirata, (1967)

for B, graminis; he estimated that each houstorium was responsible

for approximately 1,5@0}1m 3

of spore Volumé per hour. If there
is the same passage of water through each haustorium of E. pisi
-then the hass transfer obscrved could be maintained by the flow of
a 3. solution of carbohydrate through the haustorial neck.

The efficient removal ofvsolutes froﬁ the haustorium is
also essentialvto maintain steady state transport from the host to
the.mycelium. vDirect evidence for this role of the mycelium has
also been obtained. Table8 shows that when the.myceliumvis
attached during exposure to ?ACOZ, the quantity of label retained

in the haustorial complexes vas similar to that in complexes

isolated from leaves where the mycelium was removed before an
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equivalént expOéure. Thgs in the absence bf the mycelium
transport across the vhole host-parasite interface is limited.
The control ofvtranSpbrt across the membranes of the interface
must thus be maintained by some form of transinhibition

(Jennings, 1976) where excessive concentrationg of solutes in the
matrix or in haustorial cytoplasm prevent further transport across
the extrahausfqrial membrane snd hausterial plagmamembrane. It
is unlikely that the conversion of solutes to insoluﬁle compounds
in the mycelium is a major fackor in maintaining the high Fluxes
across these membranes and frpm the haustorium to the surface
hyphae because mechanisms;driven golely by concéntration gradients
are untenable. Whére these conversions in the mycelium result

in & volume increase they wouid prbmbte SOIution.floﬁ from the

haustorium.

The ultrastrﬁdture'of the haustorial neck is also in
accord with the propoéed pressure flow mechanism, Ite cytoplaém
is different from that of the haustoriumvor hyphﬁe and contains no
orgahelles or vesiculqr components which‘would ?estrict flow
(Brackerg}1968; G4il, 1976). There are ﬁo‘cytoplasmic inclusions
in'cloée proximity suggestihg a §pecia1ised translocation mechanism,
The only evidence against solufion flow promoted by volume increases
in the mydeliﬁm is thaﬁ'during studies of primary infection of

barley by BE. gramini;, the transfer of 32P and )58 from the
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haustorium to the surface uiructures occurs prior to emergence
of the secondary hyphae. However, no flux data are available
for this stage of development and thus diffusion may be more

important there.

V) Bthirimol at the host-haustorial interface.

Results of the present study indicqte that ethirimol
was réadily absorbed by isolated haqstorial complgxes of B, pisi -
P, sativum and isolated mesoPhill prot0p1§sts of P. sativunm,

It was rapidly concentrated in the compiexes to an internal
concentration 20 times greater thaﬁ that of the ambient medium
bﬁt did not accumuléte significantly against a concentration
gradient in mesophyll brotoplésts° These findings strnﬂgly
suggest_preférential accumulation by powdery mildew haustoria in
infected plants;‘ They are pertinent to the distribution of
ethirimol in the host, absorption by the parasitc and to the
mode of aétioﬁ of fhiq fungjéide and are'discusééd.in‘detail under
those headings. A criticél-discussion of the method employed_«

'is also included.

A) Distribution and mevement of ethirimol,
Bthirimol and'the closely related dimethirimol are

thought to be tranSported in the apoplast of the le~fl (cavell,



336

Hemingway & Teél’ 1971). They follow the trapspjration stream
moving_acropetally'accumulating at the leaf margins vhich are
regions of high evapotranspiration. There is no evidence for
basipetal translocation which is charact@ristic of compounds
transported in the symplast (Price, 1973) . HMovement is further
restricted in woody plants where the;e fungicides do not readily
move from the leoaf veins and here the éystemic activity is
reduced.

Feterson & Edgington (1976)studied the uptake‘by
?otato slices ofva largé spectrum of systemic pesticides, including
ethirimol and concluded that the property of a pesticide to be
'trgn3pofted in the sy@plast depéndsvupon its retention in the
symplast. They obtained no evidence for the retention of
ethirimol. | The uptake of ethirimol ﬁy isolated pro£0p1asts
indicates that absence of symplastic transport is not due to its
inability to penetrate the plasmamembrane of the host. _ However,
efflux kinefics from protoplasts werc not studied and thus the‘
degree of‘retention by pea mesophyll cells was not elucidated
and Teterson & Edgingéon's hypothesis not fully tested.

Peterson & Bdgington (1976) questioned their data on the
~uptake of étﬁirimol. It penefrated more slowly than other
pesticides and they éuggested,that fhis was because it was more
lipophobic than other compounds tested. ‘They also fhought that a'

reversible binding process may occur either intra - or

¥



intercellularly. The advrantage of studying influxes with
isolated protoplasts is that results are not confused by
cell wall binding and since & similar kinetic of uptake was
obtained here as for potato tissue %t is more likely that
renetration is limiting and that if bihding oc;urs, it is
at intracellﬁlar sites,

Protoplasts have previocusly been used for studies
of pesticide uﬁtake'(Boulﬁare & Camper, 1973) but no attempt
vias méde to maintain protoplast integrity. The method
(Methods, VII, B) aescribed here measured uptake into intact
protoplasts only and avoidedvthe‘effects of damdged cells,
No checks ﬁere‘made on the viability of the profoplasts, but.
Ruesink & Thimann (1966)-have shown that protoplasté from
ﬁgggg coleoptiles remained viabie‘in a similar ionic isolation

medium for several days.

B) Absorption by the.pérasite.

The absorption'of systemic‘fungicides by powdery
mildew‘fungi is little understood (Bent, 1978). From the
'apoplast of the host, fungicides can move to the fungal cytoplasm
ei%her_by passing through the cuticle of the host and then
traferse'the cuticular layer, cell wall and plasmamembrane of
‘the fungus or through the epidermal cytéplasm and thgncé to the
haustogium by way of the pathways discﬁsscd iﬁ detail above for

mitrients.
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The transcuticular pathway.
Bthirimol méy penetrzte the cuticle more readily
than nutrients since it is a relatively lipophilic compound

(Shone & Wood, 1973) although less so than many pesticides,

Proof that ethirimol is-absorbed Ey spores of B, graminis
,through‘the plant cﬁticle was obtained by Bent; (1970) who
observed marked reductions in spore germinatiqn on leaves
aftcf root treatmdnt at a coﬁcentration,of 5 ppm. Thus it
is unlikelyvthat the protectant activity of ethirimol is
tofally dependant on its absorption by the haustorium.

Transcuticular transport may be aided by remcval of the

surface waxes.by the surface,spores and hyphae of B, rrominis
(Day‘& Scott, 1973). Hewever, reccent obsorvatioﬁs by M. Martin
(personal communication) have shcown fgsion of the surface waxes
of spores of B, pisi and F. sativum occurs, thus the tracks

free of wax piaﬁeiets.observed by Day.& Scott (1973) may have
resulted frém detachment of waxgs with the hyphae rather than
their degradation on the surface. There is no evidence that
other antimildeﬁ sysﬁémic fungicidés cross the cuticle and when
spores glight»on a leaf treeted systemically with benomyl,
iridemorph, triforine,‘triarimol or triamiphos, they germinate and
produce normal growth tubes and apprgsoria (Bent, 1978).
Fungicidal action is evident-oﬁly whén,the‘cutjcle and epidermis

are penetrated,
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The haﬁstorial pathway;

Where transcuticular movement is restricted,
absorption by the haustorium is cssential for en anti-
‘mildew fungicide to be effectivé.y Where-transcutiéular
movement of ethiriﬁol does occur. absorption bylthe
haustorium may fscilitate the control of established
colonies., Furthermore as concentrationg of systemic
fungiéides in plants are generally low (Bent, 1978) and
these coﬁpounds are also being continually degraded by the
plant, such preferential accumulatibﬁ by the haustorium may
be very jmportant particularly where-the_fungicide
concentration bccomés critically depleted,

The neck bands which attach the extrahaustorial
membrane to the neck of the haustorium are a barrier to the
movement of solutes (Gil & Gay, 1977) but it is not knoﬁn
whether fungicides are‘élso restricted. The influx of
fuhgicide into the isﬁlated complexes most probably represénts
transport acréss the exﬁrahaustorjal membrane but the
possibility of influx through this neck region cannot he
totally-excluded. Thereafter it accumulated in two
compartments within the complexes which have been resclved by
. analysis.of efflux kinetics (figs. 42 & 43). The extra-

haustorial matrix is an amorphous region with little internal

“complexity (Gi1, 1976) and thus it is most likely that at least
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1

one of fhese compartments iz within the haustorial cytoplasm,
The ethirimol is distributed in a ratio of 7:3 in compartments
which show fast and slow efflux kinetics and from the influx
.data both of these accumulatevagainét a concentration
grqdient. This may under estimate the extent of the
accumulation for in experiments using both protoplasts and
isolated‘haustorial complexes the washing procedurcs necessary
to remove the radioactive ambient medium from the cells may
hove allowed the effiux of ethirimol, Cram (1969) has shown
that to measure the ion flux across the plasmamembrane of
Nitellata short uptake period (1ess than 1 miﬁute) fqllowed by
a rapid wash is necessary. Futufe‘studies using isolated
profoplasts and haustorial complgxes should concentrate on
raﬁid washing. Gu&_gi_gl (1978) and Heldt & Sauer (1970) have
described prémising methods using n;butyl phthalate and
silicone oils és non—aqueoﬁs t%aps fhich-permit rapid separationl
by.centrifugation of fragile cells and organelles from an
incgbation medﬁum. This method destroys the integrity of the
sample)Dekhuijzen_~§_é;, (1978) has usqd a gentle non-destructive
method tovmeasure_uptake of nucleotides by isolated plant
protoplasts by sampling the loss of these compounds from the

ambient medium during uptake.__ These methods warrant further

trials particuiarly because they would permit‘experiments over
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shorter beriods and enable accurate estimafion of fluxes and
permeability coefficients of thé extrahaustorial membrane for
particuiar solutes. ‘ The shorter washing would thus avoid
influx into intracellular comparfments vhich have slower efflux
kinetics. In Nitella cells and C1 " ione this is the vacuole.
‘However, despite these technical imperfections, this approach
_rhas clearly demonstroted that haustoria accumulate this
fungicide and these experiments have given the first indication
of the cellular distribution of a systemic fungicide in the
infected leaf.

The mechanism of accumuwlation by the haustorial
complexes has not been fully elucidated. At ambient
goncentrations exceeding 50 rM the concentra?ion within the
complexes exceeded the aqueous solubility of ethirimol
(appfoximately 850 FM)‘gnd suggests that some intracellular binding
or‘partitioning into 1ipids may occur, - Such processes would
expiain the.felatively slow secénd stoge of effqu which was
obsérved when a significant propbrfion'of the ethirimol was
retained after a three hour washing period.‘ ﬁasy removal of
most of the ethirimol with methanol also suggests that
partifioning into 1ipid may be more imporfant than true binding
14

co

in the complekes._ The biochemical fractionation after 5

feeding indicates that lipids and in particular triglycerides

are relatively abundant in the haustorium,
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An aiternative mechanism of accumulation to be
considered is that cthirimol follows an electrochemical
gradient. The negative potential inSidQ plant or fungal
cells ( Barber 1968‘; Slayman_gi_gl, 1970) selectively
favoﬁrs the accumulation of’cations (Dainty, 1562). The
K of ethirimol is 4.8‘(Shone & Wood, 1973) and thus gt pH
6.5 which was.used for most uptakevstudies very few charged-
moieties would be expected and rapid acéumulation by such a
mechanisnm seemé unlikely, This was sﬁpported by similar
uptakc rates at Ambient tH 4.2 and 6.2, Sinilarly, absence of
any pH effect is uncharacteristic of an active transport
process, but for a iipid partition it would be the intra-
-.cellular pH'which'is responsible for the extent of accumulation,
The lifear relationship of ethirimol uptake with concentration
also suggests a passive process, but concentrations higher than
_400 rM were not tested because of the poor wéter solubility of

gthirimol,

C) Mode of acﬁion.

The haustorium is a possible site for the toxic
action‘of systenic fungicides., .Several systemically active
compounds huve been shown'to affoct the‘morphology of p§wdery

.mildew:haustoria (Dekkér & Van der_Hook—Scheur, 1964; Sijpesteijn,

- 1972; Yaul & Scheinpflug, 1978) - and as mentioned above for sSome
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fungicides, primary infecticn and the commencement of
haustorial formation eften coincides with the first signs

of fungicidal activity. Similarly uvsing the fungicide

oxycarboxin to- control Uromyces phaséoli on french bean,
Fring & Richmond (1973) observed_thaf necrosis occurred
first in the haustorium and that intercellular h&phae-were
disrupted in a later stage. Results‘such as these indicate
that the fungicide.eithef affects metsbolic processes which
afe specific to the haustorium or the fungiéide is
specifically lécated or accumilated in the haustorium,

14002 labelling experiments discussed above

The
indicated that the metabolism of the haustérium is quite
distinct from the host‘plant and Hycelidm ahd such studies
provide a basis for further studies ofvthe mode of action whére
the haustorium is a suspected fungicide target. Although
ethirimoliis‘active at spore germination, other sites, possibly
in the haustorium méy be affected. The bioghemical mode of
action.of ethirimol is not yet fully understood; Bent (1970),
on the basis of reversal renctions, suggested that folic acid c-1
trgﬁsfer reactions may be inhibited, Recently Hollomann (1978)
has shown that metabolism of adenine, but not its synthesis, may

also be  specifically inhibited. The intracellular

concentrations at which ethirimol is active in spores are not



344

preciéely known but on a dry weight bhasis they are not thought
to exceed those occurring in the host viz. a few parts per
million (K.,Bent, personal communicatipn). Thus fungicidal
action of ethirimol may be more marked in hauétoria where
compariéon of absorptioh by isolated haustorial‘complexes and
isolated protoplasts cleafly indicates a preferentiai
coqcentration by the haustorium. The enhancementAof

fungicidal activity by concentration of a compound in the

pathogen is cdmmono Yarwood & Jacobsen (1950) have shown

thaﬁ sulphur is accumulated in lesions <f E, grominis, Results
showed that-transfeg of 14C rhotosynthates from the host to the
mycelium was inhibited by ethirimol. This suggests haustorial
malfunctéon although it is possible that the effect'may also

result from impairment in the nutrient sink of the mycelium,

VI) Concluding statement

The techniques ﬁsed in this =tudy have permitted the
fullest characterisation of the physiology of the haustoria of
cany fungus sg far achieved. The major findings are;
1)  haustoria absorb nutrients from the host;
2) identified translocates and sinks occur ot the
haustorial interface and in the mycelium;
3) _transport across the ﬁnterfaCial ménbrgnes and
translocation to the mycelium are achievéd by specialised

rocesses:.
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4) hauﬁtoria readily accumulate an anti;mildcw
systémic fungicide,
Although the haustorium hasAa degree of autonomy

and absorbs nutrients from the host, its efficient functioning
“in host—pa?asite transport also dependé upon active
barticipation by the hbst and mycelium. However key
processes appedr to oceur at the interface betwcen the
haustorium and the infected cell and thisrsfudy has laid a

basis- for their full elucidation,
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