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ABSTRACT T -

Temperature, humidity and light play a key role in
the development of P. hyoscyami f.sp. tgbaeina in the
tobacco"plant. The conidia of tﬁ%s obligate parasite
germinate at temperatures between 0 and 30°c. The
optimum temperatufe for germanation is between 15 and
20°¢C. Varying intensities of artificial light have no
effect on percentage ge;mlnatlon. However conidia are
markedly affected by ultraviolet 1rrad1at10n. The -

el

thin walled conidia cgn withstand prolonged storage at
low temperatures. Conidial germiination is inhibited by

low concentratlons of carbon dioxide. '

P. hzoscxaml f.sp. tabaciha conldlalhodge in the
depressions between the epidermal cells above ‘the anti-
clinal walls, anq commencg to produce shdrt germ tubes

within 60 min. gn an optimal enviroment. ' An appressorium

forms immediately at the tip of the germ tube above or ‘
Vgear an anticlinal wall separating adfacent epidermal
eells. The cuticle and epidermis are usually penetrated
between 1.5 and 3.5 h. after 1n66ulatlon near an anticlinal
wall. A flange forms around‘ﬁhe,infectio . tube, between

the appressorium and host wa11t ‘After penetration the-
multrnacleated ptbtoplasm surges through the penetration‘
tube from the appressorium into a spherical vesicle,

tabdtt 12 ym in diaﬁeter. An electron-transparent plug is
formed in the inner end of the penetration tube. A 'nipple’,

"about 1-2 um ih width, be&tﬂs to form on the vesicle and “

»
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develops,ipto a iobulate, carrot-shaped hypha,hwhich may .
branch, prior to passing thrpugh'tpe lower epidermal,w7il,
into a palisade- ¢ell ,or ;n in:ercellular space. In the
epidermal cell the vgsicle and hypha are always. surrounded
by host-cytoplasm,-gpd,a sheath, or ‘extrahaustorial
"matrix is not present. ’Dict}osomes aré always freSent ‘ | ’
alongéide nuclei and tuﬁu;ar vesicles, numerous inlthe
cytoplasm, often prqject through the fungal piasmalegma
into the fungal wall. o

Once thé intracellular hypha leaves the epiaermal
cell it develops in the intercellular spaces of the -
host tissue. The inferpell&lar hyphae drow between the
hést cells, follow their contour and send haustoria of
various shapes and sizes into adjoining cells. As thé
int&rcellular hyphae age, they become increasingly)'
vacuolated. At 15-20°C, in low light and high relative
humidit§ the fungus develops extensiveiy in the leaf
tissue. Between 5 and 6 days-after inoéulation, knots of
intercellular hypha occup§lthé stomatgl chamber.
Juvenile conidiophores areﬁévident emergingv%rom the
Hyphal‘knofs. Under high relgtive humidity and dark;ess . }
the conidiophore matures. Five to 6 dichotomies occur “///
prior to thé ihitiagion of conidial ﬁofﬁatioﬁ. The
maturation on conidia occurs witgin 5 to‘ls minutes.
Sexual structures were present in tobacco leaves~dpring

the first year following collection. The 1979 Ontario oy

isolate of P. hyoscayami f.sp. tabacina lost its ability
'

iv




to preduce aptheridia and_ oogonia. | J .

Haustorial formation in P. hyoscyami f.sﬁ. tabacina
passes through tﬂree'stages, bulb, c¢ane .and coil, during . .
develdﬁhent. After‘host wall penetration, the haustorium
becomes bulp-shaped and grow§~ihto a straight hyp#a about

« 1-10 um-in- length- that bends at its tip to prodﬁcé a cane- .-
like handle{ The tip of éhe handle érow; into a torulose
coiled structure up to 50 umfln length. A papilla or
collar is never formed. The young haustorium is surrounded
by extrahaustorial matrix composed of a thin inner- electron-
bpaque layer dn the héu;torial wall and a much thicker
electron—transparént layer, thch extends to the extra-
haustorial membrane. The electron-transparent layer
frequently does not extend to the end of the haustorium.
Haustor}a accur in the mesophy%l, pélisade, lower and uppef
epidermis; ﬁormally the haustoria are filled with oigan-
elleé, occasionally éhey are,vgcuolated or shfﬁnken.

Starch accumulation/formation in infectgd tisgue is
different from Ehat in'the.ﬁealthy controls. Stargh degrad-

. . '] )
ation was retatrded as early -as 2 h after infection and this

1]

- retardation c¢ontinued throughout the-létent and sporulation
period. Sta;ch formation was retafded 3l~ﬁ after inocula—y
tion and thereafter: The,iéding_tesé served well for
indicating gross fluctuations in sta{pp levels during the
course of infection. The total- starch assay determined

. specific quahtities-of stgrch per gram of dry tissue.

After 5 days of infection a’considerable increase gin total

¢ - ’ ’
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proteins was apparent. Semi-purified tobacco leaf extracts
4
) - . had higher starch degrading activity at 5 or more days
after infection than at earlier periods of infection.
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INTRODUGTION

1.1. The History of Tobacco Downy Mildew

. 1.1.1. Taxonomy

- L
y The fungal organism, Peronospora hyoscyami f.sp.

.tabacina, is an Oomycete in the order Peronbsporg;es.
The order is characterizea‘by the formation of biflagel-
late motile‘zoquore; in th; vegetative stage of -the life
cycle. Sexual reprodqctiop”is characterized by game-
taﬁgial‘contact, which leads to the formatign of oospores.
All’the species of the Peronospofaceae are obligate
parasites. Diseases cgu;ed by this famiiy of fungal
pathogens are commonly referred to as the downy mildews.
Under optimal conditi@né P. hyoscyami forms asexual
and sexual structures on the host tissue, Unlike most mem-
bers of this group, P. hyoscyami lacks the motile zoo-
spore stage. ?he hyaline, ii&}psoidal‘conidia germinate
directly and infect host tidsue.

All members of the genus Nicotiana and certain

members ofythe Solanaceae demonstrate varying degrees of

-susceptibility to P. hyoscyami.

In 1933, Adam (McGra,t}’and Miller, 1958) closely

examined herbarium specimens of the tobacco downy mildew




v. .+ fungus. An attempt was made to"braséify the organism‘on
the basis of shape, size and structure of conidia,

* 'conidiophores and oogonia. Adam concluded that classifi-

cation could not be made on these characteristics. In . e

.addition, the péfhogeﬁ failed to attack Hyoscyamus niger,

aé'previously reported. by. de Bary (Wolf,‘l93§). The

orgapism was re-named ;erbhosgpra tabacina Adam (Wolf, T
1547), due to its aq'lity to infect shg Nicotiéna species.
Subsequent workers (Clayton and S£evehson, 1935; Wolf et \
al., 1936) in the field;were in égfeement with Adam and '

L

this name is widely used.’ . '

: Today's protocol for scientific nomenclature -

requires the use of the original name. -By convention the

downy mildew of tobacco or the blue mould organism will ,

be referred to as Peronospora hyoscygmi f.sp. tabacina

"(Lucas, 1980).

1.1.2. Early History -

The first record of tobacco downy mildew was made

T ety e s 7%t e

in 1863 by de Bary. He discovered it growing along the

T e

roadside in Europe, on Hyoscyamus niger (henbane plant) 5’
(Wolf: 1939). In 1885, in Talifornia, Farlow discovered

a downy mildew growing on Nicotiana glauca near San Diego

(McGrath and Miller, 1958; Wolf, 1939). Using the conidial

stage, Farlow identified the pathogen and named it

Peronospora hyoscyami de Bary (McGrath and Miller, 1958),

In the late 19th century, Farlow had the foresight to express

L 4

his congern over - this pathogen of tobacgp. He feared the




spread of .the mildew from the wild tobacco, N. glauca, to
the cultivated tobacco, N. tabacum (McGrath and Miller,

1 1958),

This organism has p}esent in the cultivated tobacco
~fields in Australia in the 1890's. Wolf et al. (1934) post-
ulated that the fungés was présent 30-40 years prior to
this date because cuitiv§£ed tobacco had beén grown in
Austtalia .since 1830. |

-

A In South America, Spegazzini de€sgribed a spec1es of

¥

Peronospora grow1ng in:N. longiflora, he named thlS organ1sm1a'
“a 3 ‘

Peronospora nlcotlanae‘§pega221n1 (McGrath and Miller, 1958).

-

~ This organlsm was mdrphologlcally dlfferent from Peronospora
\!
. zosgyaml descrlbed by de Bary (McGrath and Miller, 1958;

Wolf, 1947). The vegetatlve stage of the South American

Peronospora on tobacco was reported to contain motile zoo-

spores (McGrath and Miller, 1958)h‘

1.1.3. Tobaccg Downy Mildew in the United States

In.1921 P. hyoscyami was discovered for the first time
in commercially grown tobacco in Florida and Georgla
(Stevens an? Ayres, 1940) The losses caused by the dis-
ease were minimal. The reasons for the failure of the
pathogen to establish itselfein the Florida-Georgia region
are not known. The next appearance ;f‘ﬁhe fungds in
commercial tobacco was in 1931 (Clayton and Stevenson, 1943:
Stevens and Ayres, 1940; Wolf, 1947). Clayt&n and Stevenson

(1943), believed that the failure fo establish in the host - - °

in 1921 was due to the failure of pathogen to form ocospores.

7
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Effective eradication measures were taken in a small area

_where the pathogen occurred. Diseased plants were burned
or drenched with formaldehyde (McGrath and Miller, 1958).

A number of theories existed as to the origin of
P. hyoscyami in the U.S.A. The two main schools of thought

were: (a) the organism was indigenous to the U.S.A.

living on wild native tobacco and, (b) the fungus was
intrqéuced to California from Austrélia (McGrath and Miller,
1958; Stevens and Ayres, 1940; Wolf, 1947). Upon the
introduction from Aystralia, the organism established it-
self 6n wild tobaccd, N. repanda (McGrath and Miller,
1958) . '

The eastward progression of the pathogen has been
attributed to the increase (in irrigation in Mexico and
Texas, particularly in the Rio Grande Valley, after the
.first wogzd war. Because of the increased water suéply, -
the wild tobacco N. repanda, with its pathogen, P. hyoscyami,
*flourished and spread eastw;fd (McGrath and Miller, 1958; |
Wolf, 1939; Wolf, 1947; Wolf et al., 1936).

Commercially grown tobacco was estabLished’}n Florida

- and Georgia in 1910-1920's. The progression of the pathogen

eastward, may'haVe.been attributed to wind borne spores. )
(Wolf, 1947).

Once it was established in the southern United States
it spread northward as far as North Carolina and Virginia

(McGrath and Miller, 1958). Losses were minimal and the

disease wag contained in the seedbeds (Dixon et al., 1935;

.
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Dixon et al., 1936). Severe epiphytotics tlid occur in t$
seedbed for the years 1932, 1937 and 1938. In some
compunities 60-95% of the seedlings were killed (Anonymous,
1938). 1In 1938, infected tobacco plants were discovered
in the field in North Carolina and Virginia (Pinckare and -~
Shaw, 1943). The initiation of the disease in the field
was attributed to widespread contamination of the seedbeds.
After 1939, disease control was obtained in the .tobacco
_ seedbeds dge to tmproved cultivatiog\practices end'the use
‘oflfungicides (Wolf, 1947).

The‘southwestern tobacco growing area of the U;S.A.,
has served as a continualﬂieservoir of the blue mould
oiganism. The pathogen is maintained in the conidiai stage
on plants and by ocospores in the soil. It is the latter
-stage that is believed to guarantee centinual propagation
of the.organism (Vaileau, 1955). b

4 The northward progfessiqn of the organiem has been -

attributed entirely to the wind born conidia.

—

1.1.4. ?obacco Downy Mildew in Canada.Prior to 1979

In 1938 during the period of an ephiphytotic in the
United States, P. hyoscyami appeared for the first time in
‘southern Ontario (Stover and Koch, 1951). 1In 1940 infection
of seedbeds at the same 1ocat10n as.in 1938 occurred. At
that time it was assumed that the pathogen had overwintered -
in Ontario. i -

The first record”of a field infection in Canada was '

in 1945. It was attributed to the transfer of diseased plants
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from seedbeds to the fields. Further ipfections of fields

and seedbeds were repo;;ei‘in 1946 and 1948 (Stover and
Koch, 1951). Improved'farmiqg practices and the.use of
fuﬁgicides prevented the development of «P. hzosciamilin
tobacco after 1949. Cohsequently, in Canadg, tobacco

growers and others associated with tobacco induétry were

» . \ .

\ " ’
not aware of the pathogen or thought that it‘ﬁéi no longer

(

]

\

X

\]

a potentially hazardous tobacco pathogen.

Tobacco Downy Mildew in Europe, Australia
and Cuba

1.1.5.

In Australia, unlike Nofth America, the blue mould
rganism caused damage in the field. Wolf et al. (1934)

believed that P. hyoscyami had been present.in Australian

cultivated tobacco since 1850's.. In Britain g.‘ hyoscyami
was discovered growing on tobacco cultivated for virus
' ‘fresearégt\\ﬁy 1959, the'pathogen had spread to the
Nethé;iands and West Germany, causing mipimal damage.
By 1960, most European tobacco growing areas were affected

and the disease reached epiphytotic proportions due to

<

due to the disease

*

Total losses

the climatic conditions.
in 1960 were reported in Germany, France, Austria,
Czechoslovakia as 70-85%, 96%, 60—76% ahd[BQ-QO% reépectively.

Todd (lbél), estimated that the total loss in the

European crop in 1960 was 350"million dollars.

-

Blue mould was first reported in Cuba in 1957. Experts

attributed this to wind borne spores from Florida. The ",
organism did not appear again in that regior until 1979
(Lucas, 1980). 1In 1980, 90% of the Cubsn tobaged crop was

X

destroyed,
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1.1.6. Recent History of Downy Mildew of Tobacco
in Canada :
14
The 1979 Ontario blue mould epidemic demonstrates

how the interaction between a vigorous fungal pathdgen,

d

an extremely susc¢eptible host, ideal climatic conditions
and human error resulted in enorm;us losses.

In 1979, Fernlea Flowers Inc. ipstituted a new
procedure,avoiding the:usﬁal practice of growing plants in
greenhouses in Canada. ~About 99,000 young plants|or
speedlings' were grown in individual V-shaped containers
in quridg. While in Florida the young plants were infected
by P. hyoscyami, where this pathogen was indigenpus, €
Thefdiséase was not detected in shipment nor du ing planting
in the Ortario fields. Growers reported that the plants |
appeared. necrotic and unhealthy. Nonetheless th se'speedlings'
were planted in the fields alongside locally grown tobacco.

The tempeératures were relatively low, in the 6-20°C range,
during the day but much lower at night. Thes temﬁé:atures
were optimal for the infection and development of thé fungus

in the host. (Figures 1, 2, 3)

¢

Y
. On July 8th, 1979, the symptdms of t disease were

di Aosed by the local tobacco research station as cold
weatHer injury (McKeen, 1981; Schaus, l§8 ). In July the
fungus Burvived a hot .week of 30°¢ tempe at;res and con-
tinued to preaé from the'speedlings'to/ the local tobacco.

Local growerg were discouraged from employing eradicative

or protective thods such as the fungicide, metalaxyl.

-
The_growers widre \advised to continu¢ watering the cxrop




dﬁring the day for the high day temperatures w;uld kill the
fgngus and the fungus would not grow at temperatures above
i6°C. In contrast, this prolonged the infective period and
established)an exceedingly hiéﬁ inoculum potential in the
centre of the tobacco belt. By the end of August of that
year, blue mould was reported on 1,500 farms (McKeen, 1981;
Schaus, 1980). ‘The direcf losses to farmers in southern
Ontario were estimated to be greater than 100 million
dollarsyand in the United States and Canada together as
240 million dollars (Lucas, 1980).. The monetary loss
appeared to be greater than any previous plant disease loss
in Canada. | |
Although somé infection occurred in the field in
Ontario in August 1980, most farmers sprayed their tobacco
plagts with metalaxyl, a systemic fungicide. Consequently
the airborne cqnidia from United States caused no fﬁrther
damage.

L

1.2. Effects of the Physical Environment on the Disease

Cycle

1.2.1. Germination, Penetration and Development in
Host

g

On the host the firét indication of germination was
the formation of a small papilla at the side of the conidium.
The papilla develops intd a short germ tube (Shepherd and
.handr§k, 1963). At the distal portion of the germ tube a
club-shaped appressorium forms (Anonymous, 1938). An
ipfection peg forms under the appressorium and penetrateé
the leaf tissue aloﬁg the anticlinal wall (Lucas, 1980).

Once inside the host the hyphae develop intercellularly or

L 4
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intracellularly (Henderson, 1937; Milholland, et al.,

1980). The intracellular hyphae or haustoria are special-

ized feeding structures which procure nutrients from the

host. At a period 5-7 days following infection conidio-

phores develop on the lower leaf surface. The conidioj
phores ¥re dichotomously branched gtructurés bearing
ellipsoidal conidia.

Different studies on optimal tempefatures for conidial
germinaﬁion‘on the host have been reported at 10-20°C
(Shepherd,“1962), 12.7-18.3°C (Wuest and Schmitt, 1965),
15-17.8°C (Cruickshank, 1958) and 15-25°C (Shepherd and
Mandryk, 1963). The conidia were reported to be fragile,
short-lived structures, e#tfemely sensitive to ultraviolet’
radiation and high temperatures (Lucas, 1980). Sheﬁherd
et al. (i97l) discovered that conidia were ablé to: survive
under diverse enviro;ﬁental conditions, surviving for 45
days at 5°C and 30 days at 80% relétivé humidity (RH)
and 25°C.

Conidia attached to the conidiophores on the leaf
are able to survive 34 days at 5°C and 100% RH. This
surﬁival is prolonged to 3 ‘months if the co;idia are main-
tained at -20°C (Cohen and Kué, 19305. In contrast, Clayton
and Gaines (1945) showed that conidia held at lower temp-
eratures of 5-14 C survived the longest at 100% RH.

Errat¥c germination of the conidia on a day-to-day
ba;ig\fis been observed in most studies (Cruickshank, 196la;

Hill, 1966; Lucas, 1980; Shepherd et al., 1963; Shepherd

et al., 1971). A decrease in conidial germination
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following sporulation occurs within 24 hours (Hill, 1961).

Clayto;hand Qaines (1945), also found that the higﬁest

mean percent germination was obtained on_conidia collected

at 6:00 a} in the field, by ;1:00 a.m. most conidia

were dead. Generations of conidia on the same conidophore

drastically decrease in germinability when compared to the
~ °  initial spore generation (Shepherd, 1962).

Washing conidia in water removed an intrinsic in-
hibitor (Hill, 1966; Shepherd, 1962) and provided higher
and more uniform germination. Shepherd and Mandryk (1963),

( have shown that in addition to the intrinsic autoinhibitor,

the conidia have a requirement for riboflavin when germ-
inating in vitro. The host species, Nicotiana, produces
a leaf inhibitor which prevents germination of P. hxésczami
conidia. The greatest concentration of the plant ihhibitoﬁ

was found on the upper leaveé of the tobacco plant (Shepherd,

et al., 1963, Cohen, et al., 1980).

1.2.2., Sporulation

e ey

The production of conidia in P. hyoscyami follows a

diurnal cycle (Cruickshank, 1963). Sporulation occurs 5
N

At e v

to 6 days after infection. Sporulation requires a minimum

A

of 2 h of darkness. Spore formation in P. hyoscyami is

3 MEDNWI R

believed to result from a dark-induction phenomenon
; (Cruickshank, 1963). Optimum temperatures for sporulation
f have been reported as 15-23°¢c (Cruickshank, 1961b; Hill and
Green, 1965),. Hill and Green (1965), reported day/night
‘temperatures of 24/20°, 20/20° and 16/16°C resulted in the

highest goore production on infected leaf tissue. Day

f
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temperatures of 28°¢ or higher and niéhts below 12°¢
retarded pathogen sporulation (Hill, 1965; Hill, 1966).

Mihailova (1972), named two critical periods
in the life cycle of this pathogen. These are a periéd of
massive spore release which occurs during low relative
humidities and a period of hassive spore formation which
occurs at high relative humidities. Rapid change in the
felative humidity and temperature induced spore release
from the conidiophore. Wind, rain and mechanical shock
may serve as additional means of spore release (Hill, 19615.
. Cruickshank and Rider (1961), observed that infected

.

plants had higher transpifation rates prior to sporulation,

-

than healthy ones. The higher rates may create conditions

in leaf tissue that favor sporulation. In an in vitro

experiment Cruickshank ahd M;eller (1957) used infected
non-sporulating leaf discs and floated them onto sucrose-
mannitol solutions. This'method ailowed control of leaf
diffusion pressure deficit (DPD)/ and the ambient relative
humidity of the.chamber was controlled by glycerol-water
solutions. Results showed that the two factorg controlling
sporulation were relative humidity and the DPD of leaf ~
tissue. A relative humidity less than 97% or a DPD greater
than 3-4 atmospheres significantly reduced the dégree of
sporulation (Cruickshank, i3637 CruickshankanuiMﬁellef, 1957),
These experiments elegantly demonstrated thét sporulation
and spore discharge were governed by internal and external

water conditions.
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Cruickshank (1963), observed that light in the

blue region of the spectrum ;nhiﬁits épore ﬁofmatiﬁn

and causes deformation in séq;e shape. Cohen (1976), .
confirmed these results and éemonstrated that the inhibitory

. effect of light on é;orulation was greatlf influenced by

temperature. Temperatures from 19-24°C increased the

~inhibition by light while at 8-15°C inhikition was not evident.

1.3. Morphological Aspects of Host-Pathogen Interaction

1.3.1. Structural Changes in Host Tissue

Morophological changes occur in toﬁacco plant tissue
invaded by an obligate parasite. The physiological aspects(
of this interaction are not well understood ﬁowever, a
great deal of inveétigaticn has heen centered on the ultra-
structural changes in the ho;t—pathogen interaction.

.«

In Uromyces phaseoli (Pers.) Wint. var vignae (Barcl.)

(Heath, 1974), infection of cowpeas, a differenc¢e in chloro-
plast structure was obéerved following sporulation. 1In
early stages of infection the ultrastructural changes re-
sembled natural senescence. In later stages of infection
the chloroplasts lost their shape and membrane organization
(Heath, 1974). Heath (1974) related changes in chloroplasts
in infectéd—tissue with senescence and‘ethylene production.
Similar results were obsérved in rust infected flax and
sunflower (Céffeyrgg il'; 1972) and in lettuce infected

with beet western yellows virus (Tomlinson and Webb, 1978).
In each case, la;ge starch grains were present in chloroplasts

of infected tissue.



Commonly associated with rust infgc;}ons are 'green
islands"'. ﬁarding’gg gl: (1968) , compared the chlorophyll
content and ultrastructufe of infected tissue in the
'island' and its vicinity. There were no changes in the
ultraé£ructure in the 'green island', 84 h after infection.
In tissue in the immediate vicinity of green islands
considerable breakdown in the grana of the chloroplasts was

evident (Harding et al., 1968). In infections of Perono-

spora parasitica on cabbage, 'green islands' were not found.

Increases in respiration rate, soluble carbohydrate levels
and starch coﬁtent were evident in the infected tissue
(Thornton and Cooke, 1974). Starchvaccumulatioﬁ was common
in tissues infected with rusts, powdery mildews and déwﬁy
mildews (Coffey et al., 1972; Heath and. Heath, 1971;
Thornton apd Cooke, 1974). N
Host cells invadéd by haustorial bodies were char-
acterized by a thin band of host cytoplasm around the
haustorium. As the haustorium developed there was a
gradual increase in the volume of the host cytoplasm until
the cell was filled (McKeen et al., 1966, Peyton and Bowen,
1963). The apﬁarent'increase in the cytoplasm indicates
that the host has increased the synthesis of broteins. Such
kincreésed synthesis may compensate‘ﬁor the nutrients 1ost;
to the invading parasite (McKeen et al., 1968). Advanced

stages of colony development were characterized by an

increase imn the ribosomal content of the host. This is

Y
~

another possible indication of increased host protein

synthesis. In rust infections, host endoplasmic¢ reticulum

13
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is closely agspci;ted with the extrahaustorial membrane
(ér plasma membrane) (Berlin and Bowen, 1964; Bracker and
Littlefield, 1973). |

Clumps'of tubules and.vesicles are found adjacent to
theufunggl cell wéll (Berlin and Bowen, 1964; Peyton and
Bowen, 1963). The function of these vesicles or lomasomes
is not known, howéver they are more numerous in haustoria

than,on the intercellular hybha (Berlin and Bowen, 1964).
: ' y

LY

1.3.2 Structure of the Host-Pathogen Interface

The invasion of host cells by P. hyoscyami leads to
the production of specialized intracellular hyphae or
haustorial bodies. fraymouth'(l956), studying haustoria
iﬁ the Peronosporales, concluded that the shape of the
haustorium reflects the qu;ntity of nutrients it obtains
from the host ce%l. The normally tubed-shaped hau;toria
coil and branch in nutritionally deficient cells.

The zone of interaction between the host and pathogen -
has been the basis of many investigations (Berlin and Bowen,
1964; Bracker and Littlefield, 1973; Bushnell, .13971; Chou,
1970; Coffey et al., 1972;A;hrlich and Ehrlich, 1963a,b;
Heath and Hgath, 1971). fhe sheath represented the response
of the-hosthﬁo the fungal haustorium (Smith, 1900). Light
microscopy.studies'by Fraymouth (1956) éevéa;ed
that the sh;ath could'entirely or ;artially'enclose tHhe
haustorium qf‘the Peronosporales. P

Using the élpéprod,miéroécope, Ehrlich and Ehrlich

(1963a) concluded that -sheath formation in Erysiphe graminis

®



was a property of‘mature haustoria. 1In a succeeding paper

qon stem rust of wﬁeatx Ehrlich and Ehrlich (1963b) changed
Ithe terminology agd re-named the sheath, the zone ofv »
encapsulation.

Peyton and Bowen (1963), studying Peronospora

manshurica on Glycine max stated that the sheath was dense

staining material between the plasmalemma and the haustorial
wall. The area was re-named the zone;of apposition. The
three terms: sheath, encapsulation and zon;‘of apposition
have unfortungtely been used interchangeably. The céﬁfgsioﬁ
in the terminology was perhapé’unavoidable, however, thg
problem was furﬁher complicated by the comparison of
different taxonomic groups of fungi aﬁd different host El
combinations (Chou, 1970).

I shall use the terminology proposed b; Bushnell
(1972), where the extrahaustbrial matrix, 1is the zone
between the fungal wall and the plasmalemma of the host.-
The matrix itself may be composed of different layers or
zones. The ext;ahaustorial membrane %s a unit membrane”
which borders the ﬁost cytoplasm (Berlin and Bowen, 1964;
Asada and Shiraishi, 1976; Bushnell, 1972; Heath and: Heath,
1971; Hirata,%191}; Kohno et al., 1970; Peyton and Bowen,
1963). Bushnell (1972) concluded that the extrahaustorial
membrane cangot be formed by stretching the existing plasma
membrane. ‘Instead, new membrane is laid down which is a direct
product of the host-pathogen interaction. The dynamic nature of

the extrahaustorial matrix is unknown. Studies are restricted

to static electron-microscope pictures. Nonetheless, these
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types of data enable us to postulate the degree of interaction
between the host and parasite.

The sac (extrahaustdrial matrix) can be extracted

from cells infected by Erysiphe graminis (Hirata, 1971).
The sac is elastic in nature because it can swell or shrink
depending on the osmolarify of the éuspending solution.
The membrane of the sac (extrahaustorial mémbrane) is semi-
Vpermeéble in nature and extremely sensitive to fixation,
(Bushnell, 1971; Hirata, 1971). Littlefield and Heath
(1979), considered the possibility thatYthe matrix was an

] . . )
since it is so easily altered by

artifact 6f fixation
fixation methods.
Ehrlich and Ehrlich (1963a), working with rusts,
observed channels connecting tﬂe encapsulation iayer,.(or
the extrahqpstorial matrix), to the fungal cytoplasm.
These channels have not been reported éisewhere. Peyton

¢

and Bowen (1963), working with Peronospora manshurica

observedfthat the host plasmalemma around the haustorium .
had invaginations projecting inéo the'hoiﬁ cell.cytoplasm.
These 'blebs' or secretory bodies were evident only in
infected cells. ’

‘Peyton and Bowen (1963), - hypothesized that

'secretory bodies' were formed on the host cell dictyosomes.

-

From the dictyosomes they move to the plasmalemﬁa and dis-
charge contents into the zone of épposition (extrahaustorial
matrix). In'this manner the nucleus of the parasite,‘¥ia
ALmeséenger RNA, can direct the synthesis of proteins.

Vesicles have been observed around the haustorium, however
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their origin is difficult to determine (Bracker and
Littlefield, 1973; Ehrlich and Ehrlich, 1963a).

The infection of Pisum sativum with Peronospora pisi

"results in the formation of a penetration matrix. This

electron-dense material represented a potential site for
penetration (Hickey and.Coffey, 1977).~ The papilla
constituted the extrahaustorial matrix in P. pisi on P.
sativum. Papilla formation was found to differ according
to cell type (Kohno-et al., 1970).

»

Working with Pseudoperonospora cubensis, Peronspora

destructor, Peronospora brgssicae and Peronospora spinaciae

Kajiwara (1971), studied the ultrastructure of the haustoria.
In each case, the haustoria contained an electron—dénse layer

on the outside of the fungal wall. Adjacent to the dense

» zone was the electron—tran§parent layer of the encapsulatior.

Much controversy exists as to the origin of the electron-
dense layer found on the surface of the fungal wall.')Hickey
and Coffey (1977) felt that this dense staining zone haé a
direct relationship with the penetration matrix observed near
the penetration sites. Ingram'et gi.,‘(l976) stated: "Whether
the dark staining zone of the haustorial wall may be equated,
with encapsulation described as surrounding the haustoria of
other mempgrs of‘Peronosporales by Peyton and Bowen (1963) or
sheath around the haustoria of powdery mildews and rusts
(Bracker and'Littlefield, 1973) is a moot point, as is the

question as to its origin in the host, fungus or both. The

only reliable point of similarity between these structures is

.

L

"
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that they occupy a similar positioqﬂwith regard to the

-

haustorium and the protoplast of the host.”

1.4. Objectives

The release of conidia of P. hyoscyami into the
envirdnment represents an important sta;e in the fungal
life cycle. The effect of the environment on the airborne
conidié determines if a mild disease or a severe epiphytotic
will take place. Conidia are the principal means by which
the continued survival.and propagation of the pathogen are
guaranteed. In the laboratory, an attempt was made to
isolate the individual environmental factors and determine
the effect of éach on the spores. The three faétors I
worked with in various combinations were temperature,
relative humidity and light. Each factor affected the

germinability or viability of the conidium, thus it has a
?

‘direct effect on the ability of the pathogen to continue

its life cycle. This type of work has not been carried out
on the P. hyoscyami f.sp. tabacina isolate obtained from
the 1979 Ontario blue mould epiphytotic.

Investigations on the ultrastructure of P. hyoscyami
conidium have not been carried out. Studying this problem
will allow me to understand if the arrangement of membranes
and internal structures contribute to the siore's ability
to survive diverse conditions.

. The colonization and development of P. hyoscyami f.sp.

tabacina in the susceptible host, Nicotiana tabacum cultivar

Virginia 115, has not been previously investigated by electron

-



and light microscopy. In an attempt to study the life
cycle of this pathogen my work was subdivided into five
major phases:

a) pre-penetration,

~b) penetration, - . ,
. _ ' 2
c) early deveig;ﬁfiz%in the epidermal cell,

d) development of intercellular hypha, haustoria,
conidiophore and conidial formation and,

e) formation of sexual:sstructures.

1)

Ultrastructural studies of penetration, early development

and haustorial structure have been largely concentrated on
Vi .

the rusts and powdery mildews while very li;tle information

E ey

is available on the downy mildews.

The remaining objective of this work was to determine

the effect of the obligate parasite on the ultrastructure

of the host cells.

E e




CHAPTER 2 B \
MATERIALS AND METHODS .

2.1. Conidial Inoculation

Coﬁidia of Peronospora hyoscyami f.sp. tabacina vary

in germination ability within the same' spore population and

1]
between populations. 1In all ‘experiments, unless otherwise

v

stated, 5-10 week o0ld plants of Nicotiana tabacum cultivar *
. . g; 7
- 8
Virginja 115 were inoculated with a suspension of" 10 ~10"°

-

conidia per ml by means of‘sprayef with a fine nozzle. The
inoculated plants were maintained in thermostatically
controlled growth cabinets with day/night temperatures of
20/18°C, 100% relative humidity and a 12 h phetoperiéd at a
light intensity (LI-COR LI 1905-quantum sensor) of 45
microeinsteins per mf per sec (WEm~?sec”!). at 5 days post-
inoculg{ion the relative humidity in the cabinets was lowered

»

to 50-60% relative humidity, in order to prevent sporulation.

13

Fifteen hours prior to an experiment which required conidism,
plants were placed into plastic bags, tightly sealed and
placed in the dark at 20°C. Followfng a 12-15 h incubation

£

period > conidia and conidiophores formed a thin whtite lawn

- " -
N -

on the lowgr surface of the tobacco leaf.
' R
Following the 12-15 h tgxeatment, conidia were washed
off the lower leaf surface with distilled water and centrifuged,

at 250 rotations per min. for-15 min. The conidia were

-

resuspended in distilled water and conidial counts .were made




© e e s

*~ obtained at 24h
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with a haemocytometer. Iﬁ germination experiments, the
conidial concentration was adjusted to 10°-10°8 conidia/ml.
One to 2 drops of this COnidiél suspension~Were placed on
each 2 x 2-cm'l.5% Difco Bacto waéer agar block or 2 x 2 cm
tobacco leaf section. “A solution of 0.001% acid fuchsin in
lactophenol was used as a conidipgl stain and to prevent
further development or germination. Each experiment was
repeated 4 times. In each experimental ;reatment 4 fields
of 100 spores were counted. Controls were conidia germinated
on water agar at 20°C. The viability of a conidium was
determined By its ability to germinate. ‘Conidia of P.
hyoscyami @ere considered germinated if the length of the
germ tube was equivalent to one-half the diameter of the

-~

conidium.

2.2. Temperature Experiments

. 2.2.1. Optimum Germinatioh Temperatures

Conillia were prepared as outlined in Section 2.1. The

conidia seeded agar*blocks were placed in incubators at 5,

10, 15, 20, 25 and 30?C for 15 h and thqn the germination

counts were made._

2.2.2 Determination of the Rate of Germination

The 'rate of germination' was defined as the number of
conidia germinated in a given time period. It was determinegd
aé'temperétures of 5, 10, 15, 20, 25 and 30°C. The blocks of
seeded agar (as outlined in Section 2.l1.) were removed from
é;f: incubator ii;l h intervals for 8 h. A final reading was

st-inoculation.

! , . ©




22
2.2.3. Exposure of Conidia to High Temperatures

‘In orde; to determine the effects of high temperatures
for brief periods of time on conidia, seeded agar blocks were
exposed té each of 25, 30 and 35°C for~l, 2, 3, 4, 5, 6, 7
and 8 h periods. Following the heat treatment, the agar
blocks were placed at 20°C for 15 h and then percent germin-
ation was determined. Controls conéisted of conidia kept at -

20°C.

2.3. Control of Water Potential by Sucrose Solutions

Conidia (15 h old) were gently brushed off infected
spor:Eating leaves into 1, 2, 3, 4 and 5 @olaf‘suér;se

kolutionsi The molality at wgbch the conidia became shrunken a
was recorded. Conidia were allowed to remain in their re-
épective'éuéroée molarities for 24 h. Following this period
pere%zﬁ germination was determined. Té test the viability

of the non-germinated conidia, ¢he conidial spcrose'sofutions
were centrifuged for‘15—20 min. until a pellet was formed.

The supernatant was decanted and the spore pellet suspended

in distilled water. The procedure was repeated 4 times in

order to femove sucrose from the conidia. The washed conidia

were allowed to germinate on agar blocks and examined after

15 h.
. el

2.4. Humi&ity Experiments

Su¥furic acid solutions and salt solutions (Appendix I)

were\ﬁged to control relative humidity in a sealed vessel.
Coverslips (Corning Wo. 1, 22 sz) were gently appressed to

a lawn of conidia on the lower leaf surface. The cover slip

1
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with the adhering conidia was inverted over tubes (diameter

20 mm, iength 15 cm) containing suléuric aciq or salt solutions.

. The spores were placgd at 0, 50 and 80% relative humidity.
Zero percent relative humidity was obtained by placing the
cover slips in containers filled with dry silica gel. %The
- J

cover slips were sealed onto the tubes with sealiné plastic
(Elastoplast). The tubes were placed into sealed containers

at 5, 15, 25 and 35°C.  On consecutive days, samples weﬂl'
withdrawn from the treatments and percent ggrmination deter-

\\ mined. In germination experiments, the cover slips from the
humidity experimenté were placed on 1.5% water agar, so that
the adhering spores were in contact with:the agér sﬁrfaQéf
To faci%itate germination 1 to 2 drops of water were added

to the glass-agar interface. The samples were incubated at

20 C for 15 h and then tﬁe percent germination was determined.
/

2.5. Light Experiments .
T . %

2.5.1. Fluorescent Light
Conidia were® prepared as outlined in Section 2.I. The

seeded agar plocks were'exposed to fluorescent light at

1

intensities of 45, 150, 300 and 600 uEm_2 éeq_ in darkness

at 20°C. The percent germination was determined after 15 h
of incubation.

2.5.2. " Ultraviolet Light

Suspensions of conidia 10°-10%/ml1 were exposed to ultra-

. . -2 -1 - . .
violet radiation of 120 uW cm sec (General electric bulbs,

360 nm) for periods up to 1 h. The conidial solution was maintained

’




on a rotary shaker during ultraviolet radiatipn in order to
keep the spores in suspension. One to 2 drops of the conidial
suspension were removed at 10 min. intervals and placed in
water agar. The same procedure was followed_fd; controls
which were not exposed to ultraviolet radiation.

Additionally, conidia attached to the conidiophores on

2 x 2 ch leaf sections were exposed to UV radiation at 120 uW

cm'2 sec"1 for periods up to 8 h. At specific time intervals
: t - .

y
leaf sections were removed from the UV light and placed in .
distilled water. Theﬁéoﬁidia'wére washed off the leaVes and
placed on water agar\fortié h at 20°C. Germination counts

were made with aihaemocytémeter. LControls consisted of a
similar treatment, however the conidia were not exposed:to

UV radiation.

2.6. Exposure of Conidia to Carbon Dioxide Enriched Air

To test the effect of carbondioxide(eﬂz) on conidial

germination a closed chamber.system was designed to enable

control of co, in the air. (Diagram 1)

DIAGRAM 1: Schematic Diagram of the CO2 Apparatus
L 4
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The actual quantity of CO2 added to the test chamber

depended on the atmospheric pressure for that day. For
éxample, a barametric pressure of 705 mmHg, 9mmHg of CO2 was
required to give 1.3% CO2 in the test chamber. This was
accomplished by closing clamps B and P and evacuating the

test chamber to 18 mmHg. This was monitored by a 30 in.
%

(760 mm) manometer. With clamp B closed and D opened CO2
equivalent to 9 mmHg was put into the chamber. Clamp' E was
closed and B opened to admit air into the chamber.

Conidia were seedea onto water agar and exposed to 1,

5, 7.5 and 15% COz. The controls were maintained in air at

20°C and atmospheric CO, concentration (0.03%). Following

2

exposure to CO for up to 18 h, the percent germination was

2!
determined. Spores which did not germinate in the CO2 were

placed in air at 20°C for 15 h to test germination. Each

experiment was repeated 4 times, 4 fields of 100 spores each

were counted at each treatment.

2.7. Light Microscopy

2.7.1, Leaf-clearing Solutions

To obtain a clear observation of conidia on the tobacco
leaf surface th clearing methods were used.

1. Tobacco tissue was cleared in chloroform:lactophenol:
methanol (1:1:1) solution for 0.5 to 2 h periods until all
chlorophyll had been removed from tﬁe tissue sectioﬂs. The
;ections were stained subsequently with 0.001% acid fuchsin
in lactophenol. "

2. A graded ethanol series of 20, 50 and 70% waé used

to clear the tobacco leaf tissue. The leaf sectiéns remained

it
3

D T T T R




in 70% ethanol overnight. This clearing method was used

priof to staining with Lacmoid (Sigma C.I. 51400}.

2.7.2. Staining Procedures

Acid fuchsin (0.001%) in lactophenol. and 0.01% Lacmoid
(Sigma), acidified with 1 to 2 drops of glacial acidic acid,
were used to stain the fungus during development, penetration
and development in the host tissue.

Jacques' staining procedure (Jensen, 1962) was used to | ‘
staih haustoria, extrahaustorial matrices intercellular
hyphae and sexual structures. Leaf sectioné were dehydrated
in a graded ethanol series (50, 74, 80, 90, 100, 100%), with
5 min. at @ach concentration. The ethanol clearing was fol-
lowed b§ staining the leaf sections for 20-30 min. in a con-
centrated solution of methylene blue in absolute ethanol.
Then the’tissue.was placed in a saturated solution of
erythroéin B (Fisher) in clove o0il for 5-10 min. The leaf
sections were removed from the clove o0il and placed in a
wash, solution composed of equal parts of xylene and
ethanol. This wash removed the excess clove o0il from the
tissue. The final wash consisted of ‘absolute 'xylene for
1-4 min. Tﬁe staining tissue was mounted in 2:1 Canad;
balsam in xylene. The tissue was examined by means of a

Zeigs light microscope.

2.8. Electron Microscopy

2.8.1. Transmission Electron Microscopy (TEM)

Discs 1 mm in"diameter were cut from tobacco leaves and

fixed for 2 h in 4% glutaraldehyde in cacodylate buffer at
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‘examined in Philips 200 electron microscope operated at 60

[A)

§H 6.8. The material Qas rinsed twice in fresh buffer and
post fixed for 1 h in 2% osmium tetroxide. After fixation
the material was rinsed in water and stained in 5% uranyl
mégnesium acetate for 20 min. at room temperature, dehydratéd
in a graded acetone series of 20, 50, 70, 80, 90,’95 {20 min.
each) and 100% acetone twice at 30 min. éach. Following the
final acetone series the material was plaqed in propylene
oxide for 20 min. The propylene oxide was gradually replaced

with Epon-Araldite plastic in varying proportions. Two hours

at 3:1 propylene to plastic, 1:1 for 2 h and 2 changes of pure

plastic 16 h each. During the enibedding process the discs

and the plastic:propylene solutions were placed on a rotary
wheel t6 facilitate infiltration of the leaf tissue with
plaétic. The plastic was made by adding 4.4 ml EPON 812

-
(Lédd Sci. Co.) to 3.6 ml Araldite. The two chemicals were
stirred slowly untii they were totally mixed. To this
mixture 20 ml DDSA (Dodecenyl succinic anhydride) was added
and the entire mixture was stirred. To this final mixture
0.2 ml DBP (dibutylphthalate) and DMP-30 (tri-dimethylamio-
methyl phenol) were added and mixed thoroughly. The fresh
plastic and specimen were poured into moulds and placed in
an oven for 24 h at 60°C. Thin segtions were cut with a
diamond knife on a Porter—Blum ultramicrotome. Silver or
gold sections were mounted on uncoated 200 x 200 mesh copper

grids and stained in lead citrate . The grids were

kV with 50 um objective aperture.
Spurr's low viscosity embedding medium was used

occasionally instead of Epon-Araldite (Spurr,1969).

~1
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'278.2. Scanning Electron Microscopy (SEM) :

Iﬁfected tobacco tissue, 1 x 1 cm, was placed in 4%
glutaraldehyde in 0.1 M siiigm cacodylate buffer pH 6.8 for
2 h. The tdséue‘was washed 5 times in buffer, 5 min. for
each wash, and placed in 1% osmium tetroxide for 2.5h. The
material was washed in distilled water, 3 timés at 10 min.
per wash, and passed through an ethanol\éeries (50, 70, 890,
90, 95, 100, 100%), 5 min., per ethanol concentration. The
material was then ready for critical point drying (see Section
2.8.3.).

To study the internal structures of the leaf infected
with P. hyoscyami in the SEM the procedure was mogified
slightly. Plant tissue, 1 x 1 cm, was«fixed ig 1% osmium
tetroxide in 0.1 M phosphate buffer pH 7.2 for 24 h at 0°C.
Tﬁe next morning fresh fixative was added for 4 h atf4°cC.

The material was rinsed 4 times, 15 min. per wash. The plant
tissue was placed between &wo sections of pith tissue

soaked in ethanol. Thin secgtions of pith tissue and infected

"tissue were made using a hang\hicrotome. The thin sections

of plant tissue were washed and separated from sections of

_pith in distilled water and added®o 1% unbuffered osmium
tetroxide for 60 min. The tissue was passed through a graded
ethanol series (20, 40, 60, 80, 95, 100, 100%), 30 min. at _
each concentration.- Foliowing ethanol treatment the specimens

were traﬁsfered immediately to the specimen chamber of the

critical point drier.

2.8.3. Critical Point Drying (CPD)

Tissue from 10Q2 ethanol was placed in the specimen

\
-

-
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chamber of the Sorvall Critical Point drying apparatus.
With the inlet and outlet wvalves closed, the tank valve was-

slowly opened to admit liquid carbon dioxide (CO into the

2)
tubing. By ‘slowly opening the inlet valve, the liquid CO2 was
admitted into the specimen chamber. When the chamber was full

of liquid CO the inlet valve was closed and the system

2t
‘allowed to eguilibrate for lé min. Followin%'equilibration,
the inlet valve was opened first and then the outlet valve.
The chamber was flushed with liquid CO2 for 15 min. The‘CO2
flow was monitored by observing the rate of bqbble formation

in the water created by the exhaust from the chamber. The
above procedures of flushing and equilibration were repeated

6 times. During this period, the tank liquid displaced the
sdlvgnt (ethanol) in the specimen. The chamber pressure was
maintained at 800 psig (pounds per square inch-gauge). After
the last flushing of the system, the inlet and outlet valves
were closed and the specimen chamber was immersed in a beaker
of water at 60°C. The pressure in the specimen chamber rose

to 1,500-2,000 psig. The system was allowed to equilibrate for
5 min. At this point, the solvent in the plant tissue was

réplaced by CO At the critical temperature of C02.(45°C) the

2"
fluid in the chamber is at equilibrium and cannot separate into

v

its respective vapour and liquid states. The fluid in the
chamber was slowly exhausted at 100 psi/min. Once the chamber
had been depressurized, the specimen preparation was complete.
The dry tobacco tissue was mounted on SEM mounting stubs with

double-sided adhesive tape. The specimens were then sputter- .
»

coated with a mixture of gold:paladium (1l:1) for 10 min.

\
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2.9. Starch Analysis in.Infected Tobacco Leaves and Healthy
Controls .

©2.9.1. Plant Pre-conditioning and Inoculation

Nicotiana tabacum cultivar Virginia 115, plants were pro-

~

pagated in a greenhouse to the 4 leaf stage of development.

To remove high starch levels from the 1éaves, the plants were
ttansferred to dark growth cabinets. The.témperature was 18°C
and the plants remained in darkness for periods up to 3-4 days.

f
The dark treatment was followed by a day/night regime of 12 h/

12 h at 150 uE m—2 secfl for 1 to 2 days. The experimentai
plants were infected by using a conidial suspension of P,
hyoscyami. Control plants were subjected to the same exper-
imental treatments, except inoculation. The light/dark periods

were adjusted as desired for each experimental treatment.

2.9.2. Macroscopic Detection of Starch

The detection of starch in whole leaves was achieved

by placing the leaves in boiling water for 20 sec. The

leaves were removed from the water and placed in a solution

of 95% ethanol. The leaves remained in the ethanol solution
until the chlorophyil had been removed from the plant tissue.
Then cleared leaves were removed from the alcoho@ bath and
placed in a 0.2% solution of iodine in potassium iodide (IKI).
To prepare this solutioﬁ, 2 g of potassium iodide was dissolved

in 100 ml of water and then 0.2 g of iodine was dissolved

in the potassium iodide solution. This method provided a

A

semiquantitative measurement of .small amounts of starch in
b

the tobacco leaf. The presence of starch in the leaf was

detected by the preseﬁce of ‘a blue color in the alcohol i

,
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cleared leaves. After the leaf accumulated a limited amount
of starch the blue color did not intensify. The presence of
small amounts of starch in diseased and healthy leaves was

*;easured quickly- by this method throughout the day/night cycle

and up to 6 days after infection. 4

4

. 2.9.3. Total Starch Aésay

Tobacco leaves were collected from infected and control
plants and tested with the IKI solution (see Section 2.9.2.).
This gave a quick indication of the amount of starch accumula-

tion/depletion in the test leaves. At 1, 3 and 6 days after

f

infection with P. hyoscyami, 10 g of leaf tissue was ground

in a Waring blender in 80% ethanol. This solutiPn, containing
macerated leaves, was centrifuged‘at 15,800 x g for 20 min.
The supernatant was discarded but the pellet was resuspended
in 80% ethanol. The washing of the pellet continued until

all tﬂe*traces of soluble sugars had been removed. The super-
natant was tested with the Anthrone reégent for the presence
of sugars. Washing continued until thé supernatant did no£

turn blue when the Anthrone reagent was added. A blue color

£

indicated the presence of soluble sugars. The remainder of
the procedu}es for extraction of starch was followed as des-
cribed by Jenseqﬂ(l962). ‘Glucose was used as a standard.
The final results were recorded in terms of mg of starch/g

of dry leaf tissue. “

2,10. Enzyme Assay

L3

In order to determine the activity of starch-degrading

¢ enzymes in diseased and healthy tobacco leaves 10 g of tobacco
&




i

T

32

leaf tissue was Homogenized on ice in 0.1 M Tris-HCl buffer
at pH 7.0. The homogenate was centrifuged at l4,£60 X g at
5°C for 30 min. The protease inhibitor, phenylmethyléuifonyl
fluoride (PMSF), which was. added had no influence on the
tobacco leaf extract containing the starch-degrading enzymes.
The phemi;al was not added to the supernatant.‘ Following
centrifugation, the supernatant was mixed in equal proportions
with saturated ammonium éulfate at 5°C for 30 min. The con-
tents of the solution were centrifuged at 14,460 x g at 0°C.
The pellet was resuspended in 5 ml of 0.1 M phosphate buffer
at pH 6.0: |

" The enzyme activity of the starch degrading‘enzymes
was assayed by adding soluble potato starch in 0.1 M phos-
phate buffer at pH 6.0 (Lintner soluble starch) to 3 ml of
the reaction mixture. The mixture was placed on a shaker
at 37°C. At 1 h intervals 1 ml aliduots of the mixture
were removed and added to 49 ml distilled water. The
relative enzyme activity was.determined by measuring the
amoﬁnt‘of starch remaining following amylolytic activity.
To the 50 ml starch and watef solution 2.ml of the IKI
solution were added. The blue color that resulted was measured
at an absorbance of 620 nm. To quantify the starch, a starch
standard curve was prepared. Excess IKI qu‘used to prevent
depletion of the IKI solution due to dilution. To each 25 ml

of standard starch solution at different concentrations 1 ml

.of IKI solution was added. One ml IKI was added to 25 ml

distillegd water to zero the spectophotometer (Bausch and Lomb).

Protein concentrations of the samples were determined

according td Lowry et al. (1951).
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RESULTS

* -

3.4. In Vivo Development

3.1.1. Disease Development in the Field and .
in Growth Chambers @

The 1979 Ontario blue mould epidemic provided an
opportunity to observeAthe development and progression of
P.- hyoscyami under field conditions. The tobacco ErOp in
1979 was daméged to such a degrée that growers ;ut down
the infected fields (;;guré 1). The field sxﬁptoms in

July and August were characterized by large numbers of

chlorotic and necrotic lessions on the tobacco plants

‘(Figures 2, 3). In the early dawn hours the fungus obtained

sufficient moisture for sporulation. Conidia and conidio-
phores deVeloped‘on the lower surfaces of plants infected
for more than 5 days. Under continued optimal humidity
the fungus sporulated on the upper surface of the leaf.’
In growth chambers a similar.disease cycle was obtained.
In low ligd! (45uE m“zsec‘l),’a 12 h day/night regime and
day;;ight temperatures of i8/20°C, tobacco leaves infected
with P. hyoscyami develéped chlorotic lesions 2 to 3 days
following infection (Figure 4). At 5 days or morezfollow—’
ing infection conidiophores and donidia developeq first

on the lower (Figure 7), then on the upper (Figure 6)

33
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tobacco leaf surface. A drop in thé relative humidity

L4 ‘
retarded the development of the fungus inside the host

resulting in the production of large necrotic leaf lesions

-

(Figure 5). -

3.1.2. Host

Tobacco leaf tissue (Figures 8-11) observed Hy *ight *

- -

microscopy exhibited large jigsaw-shaped upper and lower
‘ %
epidermal cells (Figures 8, 1l1l), devoid of chloroplasts
‘.
and containing a larger cenfgal vacuole. Immediately below'
[]

the upper epidermis, the palisade cell layer (Figure 9)

" was composed of -tubular cells arranged spafsely with large

intercellular spaces between them. BeIbw the palisade layer
lay the spongy parenchyma cell laYef. These cells were

larger and interconnected (Figure 10), with extensive .
- 1 4

intercellular space between them. The lower epidermis

v

(%igure 1l1) was similar to the upper epidermis in: appearance.-

. 3.1.3. CoLidioPhore and Conidial Formation ;

—.

Conidiogenesis for the Ontariq isolate of P. hyoscyami

occurred in 5 days at\15/20°c day/night temperatures, a ’
12/12 h day/night regime and 100% RH. Under the;egcondiﬁions,
fungal development in hosk tissue was extensive. The inter-
cellular h&phae grew injthe ingerceliular,spaces of thg host.

( = ‘|l
The hyphae followed the host cell %all for long distances

without haustorial formation. ‘Division at the actively

growing tips was always dichotomous‘(Figure 24). As the*
fungus invaded healthy tissue, the older sections of the

intercellular hyphae became empty and devoid of

S

&
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cytoplasm (Figures 86, 90). Within 5-6 .days of
inoculation in ambient relative humidity,segments of inter-
cellular hyphae formed knot-shaped structures (Figure 12)

in the stomatal chamber. Occasionally a éingle inter-
cellular hypha was seen iﬁ the stomatal chamber (Figure 13).

b

Conidiophore +initials were presént in the stomatal chamber.

4

*In darkness and high humidity the pre-emergent conidiophore

developed into a conidiophore and emerged through the

stomatal aperture (Figures 14, 16). One to 8 conidio-
phores were observed emerging from single stoma (Figures
14, 15).

The conidiéphoré initial elongation and branching
‘ TT—..

commenced within,l h (Figure 17). The branching was

dichofomous, 4 to 5 dichotomou§ divisions were required
prior to the initiatiorm of conidial formation. The first

indication of conidial formation was the appearance of

small ball-shaped enlargements on the ends of the conidio-

phore branch (Figure 18). Conidial formation was not

synchronous on all branches of a single conidiophore.

i
Individual branches were observed to contain conidia of

different sizes (Figure 19). 'Mature ellipsoidal conidia

were released into the air once the relative humidity had

dropped below 95%.

3.1.4. Sexual Structures

Sexual structures of P. hxoscxami were observed in

8-12 day old infected tobacco maintained in growth chambers

i

at 20°C, 12/12 h day/night and ambient relative humidity. .
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The immagure oogonium, 46 um in diameter, appeared
to coﬂform somewhat to the shape of the intercellular space
(Figure 20). ’Older oogonia‘appé%red as spherical, thin
walled, dark staining, structures. Qsmall club shaped
anthefidium, 5 um in diameter, was often observegd aq;acent
to tﬁe oogonium (Figurg'ZI). In the same host tissue

.

fertilized dogonia were observed (Figures 22, 23), The
oogonium had a well.defined'reserve globule and a thick

oospore wall with a ceéntral globular body (Figure 22). /

3.2. In Vitro Conidial Germination

The germination responses of P. hyoscyami conidia

at constant tempefgéurgs are summarized in Figure 109.
The minimum,optimum and maximum temperatures for conidial
germinatidn following 24 h incubation were 5, 16-20 and
30°%C respectively; The fastest germination (Figﬁre‘lld)
occurred at 15 and 20°C. Germ tubes formed within 1 h
of inéubation at‘these temperatures. At 5 and 10° é
lag iﬂ'germination of 6 and 2 h respectively was appareﬁt. -
Maximum percent germinatﬂon’was obtained by 15 h ét 10°¢c
and 24 h at 5°¢c. 'At 25°C Yermination comménqed within 1 h,
however only 68% germination was obtained within a 24 h
incubation period. At 30°C germination rate was very low,
reaching 1.5% ge;mination after 24 h of incubation.

| Exposure of P. hzoscxami conidia to temperatures of
25, 30 and 3$°C for .1 h intervals up to 8 h was followed

by an incubation pefipd of 15 h at 20°C (Figure 1).

Exposure of conidia ‘to 8 h at 25 and 30°C and 7 h at 35°cC,
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50% of the conidial population remained viable. An 8 h
exposure at 35% produced 0% survival of fhe conidia,
however 50% of the conidial population remained viable
after 1.5 h at exposure to 35°.

Germination- of P. hyoscyami conidiayin fluorescent
light of varying intensities from 45 to 600 uEm~2sec™!
and darkness had no effect on conidiglkgermination (Table
8).

Ultraviolet irradiation (120 uyWem™2sec™!) at 100%
RH and 2009 resulted in a 50% reduction }n viable conidia
on glass glides after 5 min of exposure (FPigure 114).
For comparable exposure of conidia iq.water, 50% reduction
in conidial germination was obtained following a 60 min.
exposure périod. Figure 115 shows the effect of UV (120
uW cm~2sec”!) irradiation on coﬁidia attached to the
conidiophore on a surface of a tobacco leaf. Following
3 h of UV‘irradiation 50% of the conidia remained viable.
Thg control conidia remained 60% viable up'to 8 h.‘

The swelling and shrinking of P. hyoscyami conidia
was controlled (Figure 112), by sucro;e solutions of vary-
ing molalities which exhibited differing water potentials.
At water potentials up to -27 bars all éonidia remained
turgid while at -141 bars 98%_of the conidia in the solution
were sgrunken. The conidia remained in the sucrose solutions ‘I
for 24 h (Figure 113) and germination of 100% was obtained

at d - .5 bars.Percent germinatidbn declined sharply reaching

0% germination at -I141 bars.
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Carbon dioxide enriched atmospheres of 1, 5, 7.5
and 15% inhibited germination of P. hyoscyami conidia
(Table 7). A 2 h exposure of conidia to CO; enriched
atmosphere led to gradually higher percent inhibition
from 1 to 15% CO,, the greatest inhibition occurred at
15% COp the least at 1% COp. Holding the conidia in the
COy enriched environment for up to 18 h produced a |
decrease in the inhibition. Comparison with conidial

germination by Botrytis cinerea and Aspergillus niger under

similar experimental conditions was made. The spores of
B. cinerea were slightly inhibited at 5% C0,. Spores of

Aspergillus niger were not inhibited at any COp concentra-

tion used. Normal germination levels, equal to that of

the controls, were obtained once the spores of P. hxosczami,

B. cinerea and A. niger were removed from CO; enriched

atmosphere and placed in air. ,
Storage of conidia at relative humidities of 0, 55

and 81% and teaferatures of 5, 10, 25 and 35°C {(Table 6)

showed that the highest percent spore survival occurred at - .

5°¢c, at all relative humidities. Factorial ANOVA analysis

(Appendix 2) was performed og the storage data. This

analysis showed that the length of storage gF conidia was

affected (at p<0.001 level of significance) by temperature

and relative humidity.




3.3. Germination, Penetration and Early Development

The conidia of P. hyoscyami are ellipsoidal (Figures
25, 30, 31, 32, 35), 15 x 22 uym in size, and tapered to-
ward the attachment point ~(Figures{ 30, 33 - arrows). Prior
to germination, the quiescent conidia were full of dark-
staining protoplasm (Figure 35). Electron microscopy
(Figure 45) showed that the quiescént thin walled conidia
were filled with numerous ngclei, mitochondria and electron-
dense particles. The conidial cytoplasm contained a few
vacuoles and at the pointed end of the conidium a scar
(Figures 30, 33) marked the point of attachment of the
conidium to- the c0nidiophore. Examination of the conidial
scar in thin sections (Figure 46) showed a pore formed due
to a break in the fungal wall. The conidium of P, hyoscyami
.does not have a papilla: Conidial shrinkage and collapse
(Figure 50) of the conidial wall occurred when the conidium
d{ied.

A summary of times required for infection of upper
epidermal cells of a susceptiblé tbbacqo leaf are given in
Table 1. Figures 25-28, graphically depict the process of
germ tube formation (Figure 25), appressorium formation
(Figure :26), penetration (Figure 26), vesicle fofﬁation
(Figure 27) followed by hyphal growth through the epiderma;
cell and into the surrounding hést cells or intercellualr
spaces (Figure 28).

Infection was rapid; the fungal hypha grew throﬁgh

the epidermis and into the adjoining tissue or intercellular




spaceshby 2.6 - 4.1 h fbllowing inocula;ion.

« The first indication of morpholoéical changes in the
germinating conidium was the change in the appearance of
the spore protoplasm where small vacuoles coalesced to
form larger structures (Figures 48, 49). The increasingly
vacuolated conidi@l cytoplasm resulted in the displacement
of the cytoplasmic contents to the periphery of the conidium
(Figure 49).

Conidia from the .inoculation drop lodged in the
depressions of the epidermal cells (Figures 29, 32, 33)
where water collected and remained for the longest period
of time. The lowest leaf depressions were directly above
the aﬁticlinal wall kFigures 32, 33). It was in this con-
stricted space that the conidium produced a germ tube, 3-4
um in diameter (Figures 25, 31, 33, 36). The‘gérm tube
formed near the pointed tip of the conidium (Figures
3}, 32). On susceptible tobacco, the germ tube usually
remained short, not moré than 10 uym in length. Germination
of conidia in water on glass slides, lead to production of
germ tubes up to 400 um in length (Figure 41). On 1.5%
Difco Bacto agar, the germ tubes pranched and formed long
hypha (Figure 42). Occasignally an appressqfium developed
without the formation of a germ tube (Figures 43, 44). The
qsrm tube was,?lways constricted at its point of origin
(Figures 33, 53). Sufficient protoplasm to fill the germ

tube flowed from the conidium (Figure 36). The club-

shaped appressorium formed at the end of the germ tube and
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15 pm in diameter formed in less than 5 min, at the tip of

41

A
was filled with cytoplasm (Figures 37, 38, 53).

At +this stage the conidium was devoid of cytoplasm

(Figure 51)%. Occasioﬁally, small circular structures

or conidial inclusions remained in the conidium (Figure 38).
These .structures were not observed in the electron micrographs,
only in conidia stained with Lacmoid and observed by means

of the light microscope.

The protoplasm that flowed from the conidium into the
germ tube and appressorium contained electron-dense granules,
cytoplésm full of free ribosomes and lafge numbers of
mitochondria (Figure 47). The plasma membrane\of the
conidium remained in the empty conidium (Figures 52, 53).
The spore wall broke (Figure 53) and new wall material was
formed around the germ tube. The plasma membrane of the
conidium was continuous with that of the germ tube and
appressorium (Figure 53). The portion of the appressorium
in contact with the leaf and adjacent to an anticlinal
wall, developed an infection tube about 2 uym in width, which
paséed through the host epidermal wall (Figures 54, 55, 56),
but produced no change in the wall electron-density. A
flange was present around the penetration tube between the -
epidermal and appressorial_ walls (Figures 34, 39, 55).

" Following penetration, a large spherical vesicle 10-

the infection tube inside the epidermal cell (Figure 27). R
While the protoplasm moved into this vesicle, a plug began

to form at the inner end of the infection tube (Figures 27,

v
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55, 56). The éontents of the appressorium emptied into the
vesicle and plug formatiop was completed (Figure 57).
Small amounts of cytoplasm remained in the tube and the
appressorium (Figures 54, 575.},The plug congisted of
small pieces of,electron—denseﬂmaterial (Figure 57). A‘
wall, surrounded the vesicle and was continuous over the
plug (Figure 57). ' oo

Hyphal growth was initiated as the vesicle formed a
'nipple' like projection at the end distal to the epidermal
wall (Figures 40, 58). ’'The 'nipple' and the vesicle were
filled with numerous nuclei, with closely associated
dictyosgmes and larée numbers of mitochondria (Figure 58).

In the 'nipple' itself, large numbers of spherical and tubu-
N [

lar vesicles were observed (Figure 58). Tﬁe nipple usually

developed into a lobulate carrot-shaped body (Figures 28, 58).

The ultrastructure of the carrot-shaped body showed it was
filled with large numbers of mitochondria and nuclei. The

host plasma membrane surrounded the carrot-like vesicle
N -

(Figure 54). ‘

A small guantity of the host cytoplasm &as found in
a thin layer between.the host plasmalemma and the tonoplast
(Figures 54, 58). A break in the plasma membrane due to
fungal penetration was nevef observed. Occasionally a
b;anch'formed and invaded an adjacent epidermal cell
(Figures 28, 60). After growing through the epidermal cell,

the hypha grew into a palisade cell (Figure 59) or inter-

cellular space. This was made possible by the morphology




of the tobacco leaf wﬁere the palisade cells (Figure 9)
were separated from each other and projected from the
epidermal cells somewhat like pegs-on a drying board.
The chloroplasts, mitochondria and cytoplasm in the
infected host cells appeared to be healthy (Figure 59).
Host cytoplasm accumulated at the point of entry of
the fungus (Figure 59),’but in other regions of the
host cell, it formed a thin band around the invading
fungal structures (Figure 54, 69).‘

Actively growing regions of thé fungus were always .
packed with dense protoplasm (Figures 58, 59, 60). Fungal
nuclei were about 3 um in diameter, and each contained a
small nucleolus (Fiqure 61). Several nuclei were present
in the ungerminated conidium, germ tube, éppressorium,
vesicle (Figure 45), and hyphae. A Qictyosome was
always at tﬁe side of each nucleus (%igures 28, 60, 61).
Blebs on the nuclear enveiope were.observed projecting
iﬁfo tﬁe a@jacent dictyosomes (Figure 62). The tubular
elements wereAnﬁmerous in the cytoplasm (Figures 58, 60)
and often projected through the plasmalemma into the
fungal wall (Figure 64). The fungal plasmalemma was
always convoluted (Figures 57, 60, 64). “

A few lipid bodies were found in the conidia“and
hyphae (Figures 45, 54). No glycogen or protein crystals
wefe detected in any part of the fungus. The mi£ochondria \
were elongated; contained distinct cristae (Figures 58, 60)

" and were abundant, especially near the growing hyphal fips.

[F9)
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Vacuoles occupied at least one half of the space in

" each conidium but were not plentiful in cytoplasm in

actively growing regions (Figures 58, 59).
Small‘electron—transpafent vesicles were humerous

ih the cytoplasm in the actively growing regions (Figures

58, 60). Occasignally a distinct centriole was observed
beside a nucleus (Figure 61). A dictyosome was always
found adjacent to a centriole (Figure 61). Plasmalfem-

masomes were often observed (Figure 65) in close proximity

r
to the fungal wall.

3.4. Haustorial Formation

3.4.1. Light Microscopy

Bulb shaped incipient haustoria of P. hyoscyami
(Figures 68,‘69,'95A) were present in several kinds of cells
of the tobacco leaf; théupperepidermis, palisade, spongy
parenchyma and lower epidermis. Fungal intercellular hyphae
followed closely the cell walls of fhe host cells (Figures
68, 70). Haustoria fofmtd along certain portions of the
intercellular hypha. Long stretches, 400 - 800 u:; of
hyphae were observed without haustorial bodies. Haustorial
. formation*was occasionally observed to consist of_cl%sters
of haustoria radiating from terminal portions of intercellular
hypha into adjacent cells~(Figure 72).

The bulb-shaped iﬁcipiqnt haustorium developed into

a caneshaped body (Figures 67, 71, 74) which reached up to

10 - 15 uym in length. Branching of theéanewshaped structure

was occasionally observed (Figures 71, 73). Continued
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growth ana development of the haustorium resulted in a
torulose and spiralling structure reaching lengths up to
50 um (Figure 73). !

In infections 7 days and older, some shrunken or
collapsed haustoria (Figure 7;) were observed in host cells.
The shrunken haustoria were often found adjacent to turgid
haustorié’in the same host cell. -~

A dark staining layer immediately adjacent to the

haustorium (Figures 74 - 77) was evident when sections of

leaf tissue were stained with Jacque's stain. The dense

layer partially (Figures 74, 75) or entirely (Figure 76)
enclosed the haustorhnnﬁpd the dark staining layer was
present around shrunkgn haustoria (Figure 77). The inter-
cellular hypha of the fungus did noﬁ have a dense layer on

the periphery of the fungal wall (Figure 75).

3.4.2. Electron Microscopy

Haustoria developed only from hyphae ‘that were in
contact with the host wall. How;ver a hypha might be in
contact with the host wall for a long disténce (200-400 um)
without haustorial formation. The first sign of haustorial
formati;n was a slight bulging of the hyphal wall into the
host wall. Serial sections of haustorial penetrations did
not contain evidence of papillae. By the‘}xhe the incipient
haustorium had been formed, the fibrils in the host wall
(Figure 81 - arrow) had reoriented in the vicinity of thé
haustorial neck. The host-wall pore was about 1 um in

diameter. At the edge of the pore a small amount of host

wall was out-turned around the neck of the haustorium




e R PETTVIC ST O e 1 o

e b IS

NP W evs

-

-

(Figure 81). The cane-shaped haustorial body (Figure 95B)

enlarged until it was about 3 um in diameter (Figure 78).

The haustorial wall was continuous with that of the mother

Hypha,dFigures 67, 78). The young haustorium was charact-
eristically full of cytoplasm (Figures 78 to 85) which
contained mitochondria (Figures 83, 85), nuclei and
endoﬁlasmig reticulum (Figure 82). Occasionally atypical
mitochondria were observed in irregularly shaped young
haustoria (Figure 91). A large dictyosome was always

R el

present adjacent to the fungal nucleus (Figure 85).
Vacuoles were not observed in the incipient hé;stdrium Y
(Figuresk7§, 80) and in the mother Hyphae adjécent to the
haustoria. Vacuolated haustoria were observed in‘the later
stages of haustorial development.

Due to coiling of the haustérial body (Figurer95c5
more than one section through the-fungal body was observed
(Figure 84). Associated with the haustorium was material
located between tﬁé fungal wall and the host cytoplasm.

The zone was characterized by two layers. Immediétely
adjacent to the funga& wall was"an_electrpn—opgaue layer
(Figure 67) and an outer eléctron—transpa;ent layer

(Figure 67). The electron-dense layer, 0.3 - 0.5 um in
thickness, encased tpe'entire haustorium (Figures 78, 79,
80, 94). The electron-transparent 1"&5; up to 3 um in
diameter, enclosed the hauséprium eptirely (Figures 78, 81,,
64) or partially (Figure 83). Dark-staining membrane-bound

vesicles were interspersed in this zone. Pores were observed

in the inner opaque layer (Figures 67, 82). This layer was
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usually somewh?t thicker near the base of the haustorium
'(Figure 81l). Proaections from the host cytoplasm.(Figure )

82, curved arrow)'were in contact 5ith the electron-dense

layer. Haustoria developing in the large central vaéuole

of the host cell contained cytoplasmic. strands which

connected the cytoplasm around the haustorium to the

layer of cytoplasm lining the inside of the host cell

(Figure 85).

The host‘plasma mémbrane was not broken by the
fungus, instead the membrane covered the haustorial body
(Figures 81, 85). Host cytoplasm was located in a band
between the hést plasma membrane and the tonoplast (Figure'
78)i In sections it formed a .thin layer‘around the fungal
body (F‘gures 67, 78, 83). “

Up to 8 days post-inoculationIdegradation and dis-
orientation of host tissue was not obseréed. Host cyto-
plasmic organelles, mitochondria, chloroplasts and nuclei
(Figures 80, 83, 84), had a normal structural appearance.

As the haustoria matured they became %gnger and more
vacuoL;ted ({Figures 81, 84).

Ultrastructural changes were apparent in the adjoining

mother hyphae. Young hyéhae (Figure 66) contained a densely

staining cytoplasm full of mitochondria, nuclei and dic-

tyosomes. As the hyphae matured increasing number of .

vacuoles were observed in the cytoplasm (Figures 86, 87, 88,
89). Eventually the hyphal cytoplasm was devoid of contents

(Figure 90).
) . -
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Collapsed or shrunken haustoria were occasionally
observed in cross section (Figures 92, 93, 94), while
the mother hypha which produced the collapsed haustorium

reﬁained turgid (Figure 94). In cross section and long-
‘. . V
itudinal section the electron-opague layer and elect n- s
' . -

transparent layer we€re prominent (Figure 92) and the fu qu

*

wall was conveluted (Figure 93). "The host cytoplasm

adjacent to collapsed haustoria appeared normal (Figure

94).

3.5. Starch Accumulation and Degradation in Infected and
Healthy Host Tissue

During electron microscopic studies of dev@lopment
of P. hyoscyami in susceptible tobaccdy diseased leaves

were fixed in the morning following a dark period at 1 to

2 days after infection. More starch was observed in '

Pl

chléroplasts of diseased (Fiqures 100, 101) than healthy

leaves (Figure 98) for periods up to 4 days post-inoculation.

Howsver, when the leaves were examined on day 5 or there-

after the reverse was true (Figure 102). Abun8ant starch

R

granules were found in healthy leaves (Figure 99) while at

the same time starch granules were not present in the 6 day-
. v,

infected tissue.

The IKI test (Section 2.9.2) enaﬁled the investigator
to follow starch accumulation/degradation throughout/the
infection.cycle. Plants inoculated for 36 h were plgced
ih.zﬁrkness with uninoculatgd control plants. 1In infected.

plants, starch formation was similar to that in the healthgf
‘ 1

controls (Table 2). ~This profile was m%intained for up to
e .

2
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cells iSargent et al., 1973).

The intimate aSSOCiation‘of tubular elements and
spheripal vesicles, which bleb from the d;ctYOsomes,
with the fungal wall, and their great abundance in drowing
hyphae, indicated that they play a role in wall synthesis
as several investigators have claimed (Groves et al., 1970;
Mollenhauer and Mogre; 1966). Groves et al. (1970) have
suggested that the vesicular membrane fuses with the plasma
membrane, and the vesicular contents areTuseé’as wall

components. \ ’
. -

’

Fré&—WysSling and Miihlethaler (1965) claimed that
carbthdrates appeared'to be,produced in Golgi vesicles.
Perhaps :the tubular vesicles were filled with soluble
cytoplasmic g-~1, 3-glucan (mycolaminaran); which"Wang and
“Bartnicki—Garcia (1980) claimed may be thé reserve carbo-
hydrate of oomycetes. It may be'coincidental that phé'
'diétyOSomes genérally are restricted in the fungi to the \
oomycetes (Bracker, 1967a) and they are the ones which
contain mycolaminaran.

Powell and Bracker (1977) showed that the so-called

'finger print' vacuoles of zoospores of Phytophthdfa

palmivora have a.high content of mycolaminaran and mycola-
minaran phosphate. 'Finger priﬁt' vacuoles were not
bbéerved in P. hyoscyami hyphae and myelin bodies were
seldom fgund. /

The intjmate association of the dictyosome and'nucléﬁs
was similar to that in other ocomycetes (Mollenhauer and

Moore, 1966) and lends support to the work of Moore and
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remained significantly higher in healthy tissue than 6
day inoculatéd tissue (Figure 105).

Starch degradation monitored with the TSA test
exhibited a slightly different -profile. In early infgction
(Figure 104) total stgrch guantities were not significantly
different between healthy and 2 h infected tissué. A
marked difference in total leaf starch was apparent at
6 days following inoculaticn. Starch levels were sign-"
ificantly higher'in healthy tissue than 6 day infected

tissue (Figure 106).

Crude enzyme extract from healthy leaves degraged

potato starch at the same rate as extract from the dis-

eased leaves up to 3 days after infection (Figure 107)..
4 .

On the fifth day and thereafter, extract from the diseased

fleaves degraded potato starch more rapidly than extract

from the healthy leaves.
Total proteins (Figure 108) in the enzyme extracts
were significantly greater in the infected tissue starting

»

at 4 days and thereafter.

bt}
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CHAPTER 4

DISCUSSION

4.1. In Vivo Development ,

In growth cabinets under oétimal conditions fungal
development was examined in the host tissue. This mar%s
the first time that this process has been documented for
Cghis species. The hypha of P. hyoscyami grew in the inter-

cellular spaces of the host tissue. Due to the nature of

tobacco tissue, with its abundant intercellular spaces sin

|
v A

the palisade and spongy parenchymaﬁ fungal development
was not constrained. The hyphae closely adhered to the
host cell walls. Within 5 days of development and relative
humidity below 98%, hyphal anFs were observed in the
stomatal chamber. This mdrks/the first report of this
type of strﬁcture in the downy mildews. At low relative
humidities, below 98% , the hyphal knots form in the
stomatal chambers, Q:ing as reservoirs of fungal material.
An increase in relati&e humidity to 100%, resulted in an
immediate formation o% conidiophore initials from the
hyphél knots. . |

An attempt was made to study sexual development in
P. hzoscxami. Oqspores, oogonia and antheridia were observed

in heavily infected host tissue. My isolate of P. hyoscyami

lost the ability to produce sexual structures in 1980. Work
-«
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in this area has been limited. Krober (1969) using tobacco "
infected withlg. hyoscyami could not produce infection with

oospores. He concluded that field infections by oospores

do not occur in this species of Peronospora.
' M
In Peroncspora parasitica Pers Ex. Fr. (Ohguchi and

Asada, 1981) oogonia are rarely found. Michelmore (1981),

showed that Peronospora parasitica contained homothallic
. . N ‘
and heterothallic isolates. Additionally Bremia lactucae
4

was observed to be heterothallic with twovdistinct com-

patible types. Mycelia of two opposite compatibility

types needed to be established in the same tissue zone

to obtain oospore formation.

I believe a similar situation may exist in P.

hyoscyami f.sp. tabacina. The loss in the ability of

the 1979 Ontario isolate to produce sexual étrucfures may .
h%e attributed to the loss of a cofmpatible mating type.

required for the sexual phase in the life c¢ycle of this

pathogen og‘pobacco;

4.2. In Vitro Conidial Germinatign

A Qual purposetgxistediin conducting basic germina-
tion experiments under varying temperatures, light, ;elative‘
humiditieg, aNd concentrations of CO, on the atmosphere.
First the experiments allowed me to describe the relation
of conidia Ao the varying environmental factors. The iso-
late of P. hxosczami used in my exper}ﬁsnts waé‘obtained

during the 1979 blue mould epidemic in Ontario. The data

on thigyisolate were compared to data from current studies

r
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of P. hyoscyamji in Europe ani Australia where field
.infections are more common than in North America.

N
The second reéson for the study of conidia, was that
airboxne conidia are the maih inoculum of this obligate

] .
parasite. The distribution, disease cycle, epidemiology

and problems associated with control P. hyoscyami are

all factors directly associated with the ability of the

o
~

conidium to germinate.

Optimal temperatures for germination of the Ontario
isolate of P. hyoscyami were at 15 to 20°C and an optimal
germination rate was obtained at the same temperatures.
Cruickshank (196la) found that for an Australian isolate

‘.

of P. hyoscyami, after 1 h the same total germinatiog‘ '
occurred at 20, 24, 25 and 30°C. The percentage germihat}on
at 27°c was sigﬁifiCahtly greater than at-any other tehpei-
; ature. Clayton and Gaineé (1945) found that the optimal v
temperatures for germination were 1.5 - LQOC and 17 - 26°C
,while Wolf et al. (1934) discovered that'germination of this
species started within 2 h at 7 - 15°C and 5 h at 21°C.
They obtained no derminat%on ét 26°C. Shepherd (i962)

and Hill (1969) reported optimal germination temperatures

at 15 to 20°C, (Krober (1981) in Européjybtained optimum

germination at %emperatures from 18 to 22°C. The consider-

-
.

able difference in germination data may represent real
differences in'germinétion ability from isolate to isolate.
Conidia can withstand high temperatures of 25 - 35°C

for .periods of up to‘8 h. The experiment shows that while

germination is not possible at 30 and 35 C conidia are not ///

K]
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destroyed at these temperatures, they retain their ability
to germinate at lower temperatures.

Gefminability of P. hyoscyami conidia was not
influenced by light or darkness. 1In contrast Fried and
Stutevilie (1977) showed that spores of P. hyoscyami
germinatgd equally well in diffuse light and darkness but
were inhibited by direct light. i}

In my experiments ultraviolet irradiation proved
to be detrimental to the survival of the conidia. The

degree of the effect depended on the conditions of the

conidia during UV irradiation. The most complete eradica-

-

tion of conidia occurred in air, while water provided a
protection layew. The least effect was observed for conidia
vhich remained on the conidiophore. In contrast, Shepherd
et al. (1971) showed that conidia in dry air at Q% RH were

§§6re.resistant to UV irradiation than conidia in water.

-/

+

As sucrosge molarity increased from 1 to 5 reshﬁting
in a decrease intj@ewater potential of the éolutions,
there was an. increase ii.thé percentage of shrﬁnken conidia.
A similar response curve was obtained when the conidia were
allo&ed to germinate in their respectivé sucrose solutions.

a ; .

An increase in-sucrose concentration and thus a decrease in

water potential, led to an‘increase percentage of shrunken
i a@d ungérminated conidia. Germination of P. hyoscyami- ‘
’qpnidié, a downy mildew, unlike gérmination of some conidia
éf powdery‘miIAews, requires moisture{ ‘

N Conidialulongevity was greatest at low temperatures

_regérdreés of relative humidity. At a temperature of 25°C

~



and a high relative huﬁidity of 80% conidia survived for
less than 3 days. Hill (1962) and Krober (1981) found that
spore survival of P. hyoscyami was favoured by low tempera-
tures, and low relative humidi;ies. Clay£on and Gaines
(1945) observed that spores at cooler temperatures,
regardless ‘of relative humidity,suryived £he longest.
Cohen and Kué (1980) were able to store conidia for 3
months' at -20°C and 34 days at 5°C and 100% RH.

The extreme sEnsitivity of P. hyoscyami conidia to
CO; in the air came to my attention upon accidental incuba-
tion.of conidia with yeast cultures. The apparent problem -
with germination.of P. hyoscyami was. shown to be gﬁe to the
production of CO, by the yeast cultures. 1In the iiteratpre

Botrytis cinerea (Brown, 1922) has been recorded as one of

the most sensitive fungal organisms to CO2. My experiments
have shown a remarkable sensitivity of germinating conidia
of P. hyoscyami to 1% C0O, while B. cinerea was slightly
inhibited at 5% CO;. Alternatively, CO, from 1 to 15%

had no effect on germination of the spores of Aspergillus

niger. .The ®hysiological nature of the inhibition remains
unknown, however the inhibiting effect of COy on conidia
may be reversed to a large degree if the conidia are allowed -

to incubate in air at 20°cC.

)

4.3. Germination, Penetration and Early Development

To determine if the spores of downy mildews should be
classed as sporangia or conidia requires morphological exam-

ination. Viennot-Bourgin (l9§}) stated that, sporangia of
- b . ».
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the Pefonosporacéae have a distinct apical modification of
the wall, the operculum: The operculum or papilla, swells
during final stages of maturation. With the losé of the
operculum there has been a concomitant loss in the ability
to produce zoosp#*es (Shaw, 198l). Electron micrographs
(Figures 45, 46) show the absence of papilla in the asexual
propagules of P. hyoscyami. This doﬁhy'mildew has lost

its ability to produce zobspore;. Consequently, the asexual
propagule is a conidium. M ?fﬂ' S ’

A small amount of in}o;mation was available on the
development of P, ﬂzosczami in the sgsceptible host N.
tabacum. Krober and Petzold (1972) conducted electron
and light microscdbe studies on susceptible and ;esistant
tobacco, howevef.their investigations were carried out on
leaves 12 - 120 h after inoculation. My work centered on
morphological changes in conidia and host tissue inv;ded
by P. hzosczami 0 to 6 ‘days post inoculation.

N &

The cytoplasm which at first was dense and full of

naclei, mitpchondria, dictyosomes and eleé;ron-dendéM?ranules,

was characteristic of a'metabolically active protoplasm.

With increased formation of vacuoles, the cytoplasm was \

.puéhed to the perimeter of the sporg. The vacuoles may

increase the pressure on the cytoplasm thus allowing the

flow of materials into the newly formed germ tube and

appressorlugy/ ‘ y

The production of the germ tube and the appressorium

-

on the viable spores and the lack of appressorial formation
Je

“
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on media or water, indicated that appressorium formation®' -~ = *
was a reaction to the ;ost. Shepherd and Mandryk (1563)’
_only observed the branching of the germ tube of the .

tobacco mildew when spores were germinated under optima1

conditions. The long and torulous germ tubes seen iM*water

5

on glass. slides were ‘attributed to a lack of riboflavin. f

Spores of Peronospora parasitica inoculated on liver ‘medium,

produced germ tubes which grew towards the liver and formea
i L 2 -
. swellings or lobes in the .agar (McMeekin, 1981).
S |
! Because the leaf surface was very uneven, the

)

conidia probably rolled into, amdlodgédin, the depreééionS'
thatfollowédthelines of juncture between'epidermél ceflé;
“ ' This fact has never been observed before. As d result,
appressoria, which wérerproducéd with or without short .
germ tubéé, were usually above or adjacent to the anticlinal
walls. The infébt}onlpegs, which originated on the lowerjw
surface of the appressoria,\were close to thé anticlinai’
walls because of the gosition taken byfthe conidia on
the tobacco leaf and because the germ tubes and appfessoria
#

grew from the lateral wall of the conidia directly to the s
‘leaf. |

Fungal penetration ét the junction of epid;rmal cells
hasibeen reported in many parasitic fungi (Cummingham and
Hagedorn, 1962; Pierre and Millar, 1965; Young, 1926).
Brown and Harvey (1927) mentioned\that it was a well kqown
tendeécy and considered the junction between epidermal cells
to be a poiht of weak mechanical resistance, aliowing easier .

R

mechanical penetration than elsewhere.

>

, ‘
My studies showed that the epidifmal wall was thickest

-

.
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above the anticlinal wall. Electron microscopic studies
of wall penetrations in tobacco indicated a chemical
penetration process because there was no infolding of the
wall and the opening had a smoéth margin.

Wood (1967) suggested the possibility of wax ducts
in the cuticle and ectodesmata in outer epidermal cell
walls forming a passage for the fungal pengtration tube.

I did not observe wax ducts or ectodesmata in the tobacco
eéidermal wall.

Water appears first and remains longer in the depres-
sion between the cells than on other leaf areas ahd con-
sequently development readiiy occurred above the anticlinal
wall. sy

The chemical composition and function of the flange
around the infection pore between the appressorium and
epidermal wall was unreported previously. The flange may
be cuticle and wall materiai that hag been degraded by
P. *hyoscyami enzymes and pushed up around the infection
tube as it pressed through the'wall.; '

I found that P. hyoscyami pas;;d through the epidermal
wall into the epidermal cell and not between the anticlinal
walls as Lucas (1980) reported recently. Henderson (1937)
discoﬁergﬁxthaﬁ“in éddition to penetratién.through the
epidermis, P. hyoscyami penetrated leaf hairs on the tobacco.

In my work penetration via the latter route was not observed.

Chou (1970) reported that g.'parasitica passed between the
anticlinal walls of the epidermal cells. The apparent blue-
print for the mechanism of entry must differ amgng species

of Peronospora.




The fact that protoplasm from the appressorium and
germ tube was able to 'surge' into the gpidermal cell to
form a vesicle indicates that turgor pressure was greate;
in the appressorium than in the epidermal cell. It may
be postulated additionally that the pressure was equalized
by the time most of the cyfoplasm was forced into the
epidefmal cell. My hypothesis must be tested in the‘future.

A small amount of protoplasm with a nucleus was left
in the infeqtion tube and. appressorium. The protoplasm
left in the penetration tube appeared to continue its
aptiﬁity and synthesize a wall on the outer side of .the
plug. The plug protected the fungué from the external
environment and allowed it to increase its turgor pressure.
All obligate fungi either form a plug (Chou, 1970) or a
septum in the inféction tube (McKeen and Rimmer, 1973).

The fact that the infection vesicle was spherical
‘probably indicated that its wall was flexible while the
vesicle was enlarging. If a wall were not-present atgall
times,. we should have detected its absence in some oﬁ our
sectioned material unless the wall was forméd extremely
quickly. Formation of a vesicle in the epidermal cell has
been observed. in a number of downy mildews. The downy,mildew

of grape, Plasmopara vitigola, forms a vesicle®in the

stomatal chamber (Lanécake and Lovell, 1980). Brémia
lactucae (Sargent, 1981) forms pr;mary vesicles in the
epi&ermal cells of lettuce. Unlike P. hioscxami, the
veéicle of B. lactucae developed into a secondary vesicle

which left the epidermal cell and invaded the adjoining



.

“'. .

: ) , b (
cells (Sargent et al., 1973). S

The intimate associatiOn(of tubular glements.and
;pheripal vesicles, which bleb from the chtYosomes,
with the fungal wall, and their great abundance in drowing
hyphae, indicated that they play a role in wall synthesis
as several investigators have claimed (Groves et al., 1970;
Mollenhauer and Mogre, 1966). Groves et al. (1970) have
suggested that the vesicular membrane fuses with the plasma
membrane, and the vesicular contents arefuseé'as wall
components. o . g ,

Fré&—WysSling and Mihlethaler (1965) claimed that
carbohydrates appeared'to berproduced in Golgi vesicles.
Perhaps :the tubular vesicles were filled'wiﬁh soluble
cytoplasmié g-1, 3églucan (mycolaminaran); which“Wané and
»“Bartnicki—Garcia +1980) claimed may be thé rese;ve carbo-
hydrate of oomycetes. It may be'coincidental that phé'
'diétydsomes genérally are restricted in the fungi to the ‘
oomycetes (Bracker, 1967a) and they are the ones wliich
contain mycolaminaran.

Powell and Bracker (1977) showed that the so-called

'finger print' vacuoles of zoospores of Phytophthdia

palmivora have a.high content of mycolaminaran and mycola-
minaran phosphate. 'Finger priﬁ£' vacuoles were not
bbéerved in P. hyoscyami hyphae and myelin bodies were
seldom fgund. < g

The intjymate association of the dictyosome and'nuciehs
was similarX to that in other oomycetes (Mollenhauer and

Moore, 1966) and lends support to the work of Moore and
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McLear (1963) who claimed that-The dictyosbme were formed

by a series of vesiculations of the outer component of

‘the nuclear envelope. Although P. hyoscyami does not pro-

e * . 13 . ) ‘
duce zoospores it hasJi®etained its centrioles.

* The- hyphae in the epidermal cells caused only a
§light mddification and nc apprent. damage to the host
cytoplasm., There was an increase in the amount of‘hos£
cytoplasm around the point ofﬁéntry, and a thin iayer of
" cytoplasm covered the hypha. Sargent (1981) reported the
closera;sociation of the host nucleus and the primary

& « ’ '
vesicle infection on lettuce by B. lactucae. This
positioning of the nucleus relative to the vesicle was
oﬁservea ogcasionaily in P. hyoscyami infections of tobacco
epidermal~ce11;.

The formation 5fta plug in the infection tube, Oﬁce
the apéreséorium'éﬁcytoplasmic contents formed a vesicie
in ‘the epi@éymélléell, represents a unique adaptation of —
this pathogen to iEs environment. I gzlézve that the plug
protegts‘g..gxpéezami fro% an unfavourable external environ-
ment and allows én inerease in the turgor pressure inside

- .

its_besiclg. 4 ) o
The rapidit§ of dermination, apéressorial formatfon,

Pé§gtration o%scutrb;e and epidermal wall, aéd vesicle N

formation was impressive. P. hyoscyami was able to-send

its hypha throughlihe epidermal’cell énd into a palisade M

cell or intercellular spéce within i.6 E after inoculation.

P. hyoscyami infected its host much more rapidly than other

fungél pathogens. The imperfect fungus, Botrytis cinerea,

L4
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required 7 h for'penetratioh (McKeen, 1974), while the

B [
ascomycete Erysiphe graminis required about 10 h (McKeen

and Rimmer, 1973), Peronospora parasitica (Chou, 1970)

required 6 h and Bremia lactucae about 5 h (Sargent et al-,

,

1973). Plasmodiophora brassiéhp (Aist and Williams, 1971)
1 4
infected its host in about 3 h after zoospore encysgiment;

this was approximately the time required for P. hxoscxamif
‘ .

The' very short infection time“énabled the tobacco pathogen
to escape desiccation and to commence a new life cycle

inside the host. -

4.4. Haustorial Ultrastructure

”Jg24.l. Penetration of the Host Wall #”

Prior to haustorial formation in P. hyoscyami there

wds no host reaction or paéilla formation in susceptible
tobacco. Accumulation of electron-dense mat?cial between
the hdst_plasma membrarfe and the ﬁost cell wal; was an
eérly sign of penetration in some Phycomycetes. A host

reaction, often called a papilla, forms in the infection

of potato by Phytophthora infestans (Hohl and Strossel,

L]

1976), and of peas‘by Peronospora’'pisi (Hickey_ and Coffey,

1980), Peronospora viciae (Beakes et al., '1982).

Both mechanical and enzymatic action appear to have '
been involved in theé passage of P. hyoscyami hyphae éhrough
the tgéacéo cell wall dur{ng haustorial formation# The
infection pore was élear—cut éxcept for a small amount of

L ]

- » . .
out-curling of the host wall towards the intercelldar hypha

which could be caused by the pressure of the haustorial

-

/

-

-

.
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neck. Thigmotropism does not appear to be responsible

for penetration of the host wall during haustorial

L

formation. The intercellular hypha of P. hyoscyami

were frequently in contéct‘with host 'cell walls for

[

long distances without haustoriq} formation.
> -

. 4.4.2. Terminology

In the description of the haustorial apparatus an .

[

attempt has been made to use general descriptive terms

rather than conflicting and confusing terminology.. The

confusion has resulted in part because the coating around

the haustorium was first observed by means of the light

-

microscopel(Fraymouth, 1956: Rice, 5927; Smith, 1900)

- and Iater by mean§'of the electron microscope'(Berlin

and’ Bowen, 1964; Bracker' 1967b; Chou, 1970; Coffey, 1976;

'

. Heath and He@th 1971 Hohl and Strossel 1976; Ingram

et al., 1976~ thtlefleld and Heath, 1979 ' McKeen, 1974;

McKeen ¢t al., 1966; Peyton and %33;2/ Lgss)v The inter-

A}

facq oetween tge heustorium wali an the p&d%ma membrane

63

“the extrahaustorial membrane) may be composed of a varlable ’

number of components in dlfferent host-pathogen comblnatlons.

A great problem'w1th the current terminology is that the,

é\Eatést’number of the'host-gathogen studies have beeﬁ

‘

carried. out using rusts and powdery mlldews (Berlzn and

. Bowen, 1964- cnéng and Hander, .1982; Coffey, 1975, Heath

and Heath, 1971; ﬂlttlef;eld and Heath, 1979), and as a
-

: result,workars studying the dawny mxldews have attempted

o ”‘4‘ . "
L ’ coe 7

» . .
¥ . .
;(’ N v L [ . L ) < -

P R . .

© to ude tﬁh same torminology. “The author agrees with Chou 8
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FI%?O) statement that confusion ip terminology was perhaps
unaQoidable because the origin, nature and function pf

the various structpres Qere largely unknown, and the use
of terms was complicated by comp;rison of taxonomically
different groubs of fungi. Components within this inter-
face between the fungﬁs and its host have been called:

- zone of apposition (Cﬁéu, 1970; Peyton and Bowén; 1963),
encapsulation (Berlin and Bowen, 1964; Ehrlich and Ehrlich,
1963a; Ehrlich and Ehrlich, 1963b; Heath and Heath, 1971) &\
sack cBuéhneil,w 1971; Hirata, 1971), sheath (Bracker,
1967bhpﬁou, 1970; Fraymoutﬁ,'l956; Peyton and Bowen, 1965),
‘ilar (Beakes et al., 1982, Langcake a¥d Lovell, 1980),

extrahaustorial matrix (Beakes et al., 1982; Bracker and

_Littlefield, 1973; Bushnell, 1972) and encasement (Hickey ¢

and Coffey, 1980; Hohl and Strdssel, 1976). N

Smith (1900) working with the Erysiphae used the

term sheath in reference to a sac-like covering around the

Héustorium on the powdery mildews. The term encapsulation

L4

" should be reserved for the zone between the inactive or

.

shrunken haustorium and its host. 1In today's research, /

a2

' . 3
.Sheath and encasement are occasionally used as synonyms or

to deplict gpe formation of a collaf-iike area around the .

1

neck of the haustds}um (Berlin and Bowen, 1964; Bracker and
Littlefield; 1973; Peyton and’Bowen,, 1963).  Bracker (1967b)
recommended that sheath be used in #ts original sense as

first descr%?ed by Smith (1900). Bushrmell (1972) stated/

,fthat the sheath was prduced as the extension of the papilla,

while Kohno et al, (1970) stated "thus, we distinguish the

P L
’

) .. ‘ W
. : ' ) (ﬂ A

-

v

-



sheaths from the papillae tentatively until we can clarify

the origin' of the sheaths'. In 1976 Ingram et al (1976)

14

summarized the situation in the following mannher, "whether
the dark staining zbne of the haustorial wall may be
equated wieh encapSulation described as surrounding the
haustoria 6f other members of the Peronosporales by Peyton
and Bowen (1963) or sheath around the haustoria of powdery

mildews and rusts (Bracker and Littlefield, 1973) is a

L

moot point as is the questién as to its origin in %he host, ]
fungus or both. The only reliable pg‘nt of similarity
. ') 3 .

between these various structuyres is that they occupy a’
-4

similar position with regard to the haustotium and the

1

protoplast of the host".

I have adopted the tdrminology originaily &efined ‘\ .
r o ’

and used by Bushnell (1972). The extrahaust&&ial matrix

(EHM) , is the liquid orfgelid substance between the, extra-

S

haustoriel membrane (or plasma membrane) and the haustof%gl‘
wall, Bushnell stated that it was equivalent to the sheath
matrix’ of Bracker (1967b), thedencapsulation of Ehrlich a

and Ehrliéh (1983a, 1963b), the zone, of apposition*of Péytone

L3

’“and Bowen (l963)and the encapsulatlon descrlbed by .Berlin

and’ Bowen (1964) Heath and Heath (1971) use ‘the term

[

extrahaustorlal matrlx 1n tbelr dlagramatlc representatlon
of the fungal and hOSt structures assoc1ated with a dikaryotig

'haustorlum in rust 1nfect10n of cowpea leaves. chkey and

. l

. Coffey (1977) and Béakes et al.(1982) present strong circum-

stant1a1 evidence of-dlrect ontogenlc relatlonship between

the penetratlon matzlx (papilla) and the extraheustorlal matrlx.

¢
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4.4.3. - Haustorial Electron-Opaque Layer .

The electronsopaque matrix surrounding the haustorium
in the susceptible leaf of N. tabacum occupied a siﬁilar

position and resembled the zone of apposition around the

haustorium of P. manshurica as described by Peytqn and
R -

Bowen (1963). However, the zone of apposition did not appear

ag dark and had smoo€H"inner and outer surfaces,:while the

4
electron-opaque matrix around the P. hyoscyami haustoria

varied in thickness and the outer surface was"irregular. Chou
(1970) showed the presence of an electron-denses layer on the
surface adjacent to 'the hlustorial wall of P. parasitica.

l’ '

He‘qonsidered this zone an jntegral part of the haustorial

wall. Since the elecEron—qpaque zoné is opaque,'éf variable
thickness and has an irregular outer surface, I 5elieve it
is not part of the wall, but part of the interface.

Kajiwara (1971) reported the presence of an electron-

dense layer, .15 to:.20 um in thicknesé, as an integral,

a4 . .
component of certain downy mildews. In Peronospora destrucgtor,

1

B. brassicae and P. spinaciae the electron-dense zone was
simila; in appearance qnd.;osition to the electron-opaque
patrix in P. hyoscyami. The électron-den?e layér in P.
braséigae was composed of membrane-bound vesicles which were
not pfééent’in the dense matrix of P, hyoscyami. In pea
infected Qith P: pisi, §‘den;e-staining haustgria; matri#
lwas frequen£ly much thicker at’ the pr;ximal end of the
\haustoriuﬁ. Apparentlg'the electroﬁ—opaqué matrix adjaéent
to ;};e ha}xstorial yail'-is characteristic ok the downy mildews and

' L] : .
serves some functidﬂf A similar dense layer was observed

P §



-

.around the haustorial wall of rust fungi. Coffey (1976)
postulated that this material was a majér determinant in
'resistance. This was not the case in our susceptible

tobacco. .

-

4.4.4. The Electron-Transparent Haustorial Layer

The outer'maérical layer, the electron-transparent
layer, did not aiways extend to fhe ena of the haustgrium.
It was found in the néék region, middle portion and/or
tﬁe distal portién of‘tﬁe hépstorial'body. Frayméuth (1956)

L Y

used the light microsc0pe—to study the haustoria of the
Pgrbnosporales and made a similar o;servation; She believed
thaé the sudden increase in growth of the_gungus bﬁfét thp
sheath (or theextrahaustérialnmtr;x).

_The eiectroq;transparent matrix appears to be a very
1mportan£ layer. It.is a transmission zone between the host
and the f&ngus.i My electron mlcrogréphs show the blebbing
ofihost cytbﬁlésm iﬂto this zone. it was through this
layer that channels of host'éytoplpsm ran and were connected
to'the:éfgctron-dEnse—layer. |

| Thé*matrig was’ ;lways present around young haustoria.
It appreared to be similar in ;ppea:apce to the”cgilar and

< ¢+ . '
encasement in the pea downy mild ickey and Coffeyy 1977),

encapsulation in P. destructor on onion (Kajiwara, 1971) and
th; elgcgfon-fransparegt matrix>in P. viciae on peau}Beakes
et al., 1982).0 ' A .
Ih é; hzosgxami'tne §1ectronrtranspﬁreat matr{x con-
N ﬁgihed.dembrane-bqund\inéiébionp and‘tpe.host cytoplasm

-

» . o

> » - * . -
R . - .
i . b /
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blebbed into this layer. Beakes et al.(1982) élso obsérved
membrane-bound vesicular inclusioné in the electron-transparent

~ zOne. Soybeans i‘fected by Phytophthora megasperma var sojae

@

,(Stréésel et al., 1982) and treated with the systemic fungi-
. 4
cide metalaxyl had eIécfron%transparent wall appositions.

In metalaxyl-treated peas infected by Peronospéra pisi, the

L . .
enc&seﬁgnt (my electron-transparent matrix) was present around
“ ’ e * )
the haustorial body. The zone had three distinct profiles;

bilayered, unilayered or vesicular-layered (Hickey and Coffey, .
- _ ; . i ‘

1980). In contrast, in-smeceptibleytobacco infectedgy“g.lggsgﬁmﬁ.the

electron-transparent zone had a uniform appearance.

The extrahaustorial matrix (Hickey and Coffey, 1977)

around Uromyces phaseoll var viénae haqstoria in the suscept-
. .

ible cultivar appeared to be somewhat similar to the electron-
;ransparént layer of P. hyoscyami. Both were apbarently formed
by dgposition from the host cytoplgsm. “ .o

At present very littngi:forﬁétion exists oﬁ tpe
chemical composition, thsiblogy_and origin of the extra-
hauséorial matrix.‘ In powdery mildews the haustorial body can
be separated from‘theAmatrix (Bushnéil, 1971 Hirata, 1571).
Such experimants haye reQeéled that the exﬁ?&éa&storial métri#

behaves as a semi-permeable membrane (Bushnell, '1971) amd is

»

ot

composed of-an eldastic matefial (Hirata, 1971) . When labeled.

}4C glucose was given to the host, radioactivity accumulated -

AN

/ ; "in the hauﬂﬁorial wall and not in the extrqhausto:ial'matrix

-

(Bushnell; 1971). } S .

ki

, - " ’_ . ~ -4 s <
' Certain invesf{igators haVe_sugdésted.that the electron-

lucent layer in  rusts may‘sf an artifact of preparation'becaﬁse

¥
Tow

- + . '
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its size and compostion varies with the fixatives used
! L
AI;‘ ”

(Littlefield and Heath, 1979).

4.4.5, The Extrahaustorial Membrane

' A unit membrane was present around each haustorium of

!

P. hyoscyami. The membrane was continuous with the plasma
membrane of the host. Bracker and Littlefield (1973) pro-
p posed that the extrahaustorial memprane is the plasma

membrane. The membrane cannot be formed by stretching the

¥ -
[

existing host plasma membrane, instead new membrane was

v

synthesized around the haustorium. The newly formed mem-

brane is characteriskic of théﬁﬁost—pérasite interface. 1In
'powde}y mildews the/strength of the extréhaustorial‘membrane
allows the excision of the e§trahaustorial matrix from the+
haustorium (Hirata, 1971).

Chou (1970) showed a considerable prolifgration of
host p%asmalemma at the tiﬁe‘of incipient jhaustorium form-
ation in P. parasitica (Ff.) Tul. on cabbage; In g.‘viciae-
infég$ion of peas, the extrahaustorial membrane became
incfeqsingly lobed and the lobes extendéd into tﬁe host

cytoplasm (Beakes et al., 1982). Beakes et al. (1982) believed

" that the conyoluted plasma membrane may serve to increase the

[

v

absorptive capacity of the haustorium. Ingram et al. (1976)

attributed the lobinj‘of’thebplasmalemma to progressive aging-

of the haustorium. 1//»
" In downy mildews of turnip and‘graée KajIwara (1971)

and Beakes et gl.v(1982r‘had no clear evidence of plaémalemma

around the haustorial body. Infections of P. spinaciae’ and

]

P. parasitica on spinach and radish respectively were

’

]
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characterized by a break in the plasmalemma around the fungal

haustoriuﬁ (Asada and Shiraishi, i976; Kajiwara, 1971),

'resultlng in direct contact between the host and pathogen. .
‘The extrahal&torlal membrane of P hyoscyami was

coﬁ%inyous around the intracellular hyphae. Contact between

the host cytoplasm and ghe haustorium was restricted to the

cytoplasmic strands connecting the host cytoplasm to tﬁe electron

transparent layer of the haustorium. Convolutions and

lobes were not presen@'in the membrane at any staga of

haustorial development. | N .
Occasionally a membrane on the outer surface of the

.electron-opaque matrix was observed. It was sandwiched

between the’%lect;on—opaqoe layer and the electron-trans-

parent layer. I consider tﬁis to be a remnaﬁt of a membrane

L)

from the breakdown of the blebbing vesicles, and not the
9

host plasma membrane. ‘ ’

4.4.6. Host Response to Fungal ‘Invasion
/ ‘ ‘ e

The response of the ‘susceptible host to the presence

4 4

of haustoria and intercellular hyphae appeared to be mii?mal
up to 8 to 9’days following inoculation. The host cytoplasm
formed a ﬁﬁin layer around the peruirzy of the epidermal,
pallsade and spongy parenchyma cells. ThHe mltochondrla,
nuof:i~and chloroplaatids”showed no structural signs of
degradation o£ distortion. |

: In B. lactucae on-’lettuce, Sargent (19é1) ﬁreouéntly
observed a close assoqiation between'the host endoplasmic~

L. ‘ A3
‘¥ reticulum and the mature haustorium. A similar close




association of host endoplasmic reticulum and extrahaustorial

membranes was shown in infected peas by Peronospora viciae L

(Beakes et al. 1982) and occasionally in the infection of

A

tobacco by P. hyoscyami.
The most striking observation in my work on the haus-
toria of P. hzosczamié was the blebbing of the vesicles from

the plasma membrane of the host to the electron-transparent

- -

layer of the fungal extrahaustorial matrix. This provided -
evidence for the proposed theory that the haustorial matrix,
particularly the electron transparent layer, may be of host

origin.

4.4.7. Ultrastructural Changes in Aging Haustoria
and Intercellular -Hyphae

i

Most investigators will %agree that dense cytoplasm in
young haustoria is an indication of metabolically active
haustorial bodies (Langcake and Lovell, 1980; Tommerup, }981).
In gi hyoscyami the young haustoria and adjoining “inter-

E— . : .
cel}ular hyphae were characterized by abundant mitochondria,
dictyosomes, endoplasmic reti%uldh’ nuclei, and associated

.

nucleoli and few small vesicles. The maturing haustorium
was characterized by a change in shape from a cane to a coil,
In P,~hyoscyami plasmalemmasome’s weie observed adjacent to

the haustorial fungal wall. Plasmalemmasomes. were present

in abundance on Maro cultivar of pea which is less suscep&ible

to P..viciae (Beakes et al., 1982). Their function and
, s . “
significance has not been established. ,
were obsebxgg

*

7Shrunk§ﬁ and collabsed haustoria in cells

h.

which also contained turgid haustoria. The cause of the

G

collapge was not known. - Béakes‘gg al. j198§)‘ﬁaintained
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thattthe loss of haustorial turgor may' result iﬂ Byphal
coilapse as a result of pressuré exerted by the QOst pro-
toplast, or alternatively, the impaifment'of haustorial
funétion} to absorb and traﬁslocate nutrients, may cause

' premature senescence, and lysis of interéellular hypﬁ&e .
;Z§ulting in haustorial collapse. I maintain that if pres-
s%reiwas éxerted bylthe host bfgtop1@s£ it would be equal
on all walls of, the hést ce1l. It would be expected
gherefore Ehat all haqg&gﬁia in aupdrticular host cell
would be collapsed. 4in P. hioscyami collapsed haustoria
were.observéa adjacént to healéhy‘haustoria in the same
host cell. Thﬁs the hypothesis proposed by Beakes et al.
'51982) does not apply in this case. I suggest that the
collapséyof the haustorial structures represents a natural
- Esgége in the aging of the haustorium. , This hypothesis allows
for thé presence of healﬁhx and collapsed haustoria in the
same ho;f cell.

<

. o
4. 5. Starch Accumulation and Degraahtion in Infected and
Healthy Tissue

In:my pre;iminary inveséigatibns I observed a greater
abundance 6f.starcﬂ in infected leaves during tﬁé electron
microscoby investigations. This phenomenon has been quite'
coﬁmonly ébser&ed by investigétors working with rusts and
'poégeryxmildews. The seldom used iodine test provided a
quick metﬁod for determining the presence or absence of

starch in whole leéf tissue. The test had a limited sensitiv-

. A} .
. ity for concentrations above approximately 110 mg, of starch

per gram of dry leaf tissue, there was .no further intensification

4 .

s . ¢
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[]
of blue color. However, the IKI test indicated that starch

accumulation was not a constang?characteristic of the disease.
By following starch formation/degradation i? became apparent
that healthy and infected tissues differed in their re-
spective ability to accumulate starch.

The highly specigzc TSA test revealed that in early
and late stages of infection the infected tissue contéined
lower starch levels during starch degradation and accumulation
phases. |

In a recent review of starch ig plant tissue§ Pfeiss
(1982) noted that, "very little is known about the initia-
tion or regulation of starch degradaFion in the chloroplast".
Sucrose actilas the major carbon soufce for thé synthesis
- of starch in the chlofoplasts {Preiss, 1982). Starch aegrada—
tion/accumulation is controiled by enzymes located in the
cytgplasﬁ and the chloroplasts of plant cells (Rreiég,
1952). In turyd light cS\trols and regulates enzyme activa-
‘tion and inhibition in t::\Qgigggplast (Buchanan et al.,
1981). A numbe? of enzymes seems tQ be involQed in starch
degradatiqn and formation (Abbott and Matheson, 1972; Kakie
and Sugizaki, 1970; Okita and Preiss, 1980).  Dunn (1974)
belieéeg that in Xizg a—amx}ase is the only enzyme that has
the ability to initiate degradation of the starch granulg.

In infected host ®issue invaded by a biotrophic para-
- site the nogmal cycle of accumulation/degradation of starch
is disrupted (Preiss, 1982). Whipps and Lewis (1981) des-

cribed several factors that influence the amount of storage

_‘carbohytrates in infected tissue includ;ng;'the stage and




~

] 74
intensity of infection, the rate of photosyntk}.esis of ‘
infected host éissue, fhe rate of translocation of sucrose
from other parts gf the plant, the activity. of synthetic
and degradative enzymes ind the loss of soluble carbohydrates
froq the host to the fungus. Tissues invaded by fungal para-
site oft€n undergo changes in chlorophyll content (Hardingl
et él., 1968; Misra and Biswal, 1981), change in the levels
of soluble and non-solpble sugars (Inman, 1962), necrosis’
and_starch acgumulation and/or degradation (Inman, 1962;_

omlinson and Webb, 1978; Tu, 1979). Diurnal cycling of
starch and soluble sugars ﬁas been observed in some healthy
plants (Chang, 1979; Kakie and Sugizaki, 1970). Differences
additdionally exist between young and old healthy éobacco
plants. Younger plants deérade starch more efficiently
than older plants (Preiss, 1982).

Increased amounts of starch have been reported iﬁ
rust, powdery mildew and virus infected leaves‘(Allen and
Dunkle, 1971; Céffey EE.El" 1972; Jones and Dainello, 1982;

Okita and Preiss, 1980). Tentoxin, a toxin extra%ii? from

Alternaria alternata has a marked influenée on the degrada-

tion/ accumulaElQp of starch in host tissue. Its action,

an increase in sygEhesis or increase in degrad!!ion, is

influenced by the host plant (Hanchey, 1981).

The starch-degrading abilities of extracts Eyom healthy

\

and diseased tobacco tissue were tested on potato starch.

This simple test was carried out to give a quick indication

.as tg which extract exhibited higher‘amilolytic activity.

Extracts from infected tissue at 4 days and thereafter showed
. ) ) .
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significantly greater amylolytic activity than the controls.
Simubi?neously; the extract froﬁ infected tissue had a
considerable i”qréase in total proteiné. . .

These results indicated that the behaviour of Epe
enzymes in the course 6f an infection is ver} coqbiex aﬁd
requires an experimental design in which the s;agch—degrading
enzymes can be purified and theif respective specific
‘enzymatic activities determined fbr healthy aﬁd infected
tissue. ’ o v ' )

-_Increéses in eﬁu&matic activity in infected tissues
"have been observed in a numbér.of host-parasite syétems

.
(Voliva §E al., 1982). 1Increased levels of peroxidase,

A

B-glucosidase and RNase in4%issue infected by P. pardsitica

were observéé at 3 to 4 days following infection (KluozéwskiV\
and Lucas, 1982). Tgbacco'infeqted by P." hyoscyami £, sp.
tabacina contained high levéls of B-glucosidase, peroxidase

and phenoloxidase (Edreva, 1974; Edreva, 1975; Edreva and
Georgieva, 1980). ' The significance of these enzjmes is

T

% . * N
) not understood. Reports of starcp—degrading enzymes in

»

gé?lthy plaq&f of Nicotiana tabacum are varied. Thorbe and

Meier (1974) reported high levels of the étarch\dégradfng

N

enzyme phosphorylase and low activity of ac-amylase, maltase .
B ¢ -
and R-enzyme. Abbot and Matheson (1972) found low and con-

stant levels of a-amylase and no B-amylase in tobacco.

The significant change in total starch content in in-
fected leaves of N. tabacum #n comparison to that in healthy

leaves, an apparent increase in amylolytic activity and
¥ ' ‘ : . ) .
the increase in total protein with infection indicate that'.

3 8 <

e \ ‘ ‘ e ’
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P. hyoscyami has an immediate and continuing'effect on the
' .
‘starch degradlng enzymes of Nicotiana tabacum. - nizzgz&

that the fungus has no deleterious effect on the chloro-,

.+ 7 'In contrast Georgieva and Edreva (}974) showed that .

. . . B .
in the parenchyma causes, first chlorosis then nuclear d

Ehaﬂges in chloroplast ulprgstrudture occur;ed, -

4.6. Effects of Fungus on Host Chloroplast Ultrastructure ,

= P 3

My elect icrographs of g.‘tagacum plants'infected

. et A
with P. hyoscyami uﬂ to 6 days after ipoculatioﬁ, indicated .

L )

plasts and host organelles in ‘general.’ Sections‘of leaf
tissue at % days post-inoculation haé chlo;oblasssdthat‘

.. ~ . ” .
retained their normal appearance. Chlorosis may octur while
. * . “r
the chloroplasts stitl retain their normal stackingsof the

thylak01d meémbranes. Chlorosis in infected tissdes was. not

L)

caused by degradation of the chloroplast as su%gested by

Edreva and Georgleva (1980). The fungus possibly destroys

1

the chlorophylls in tHe host tlssuqu leading to the protf

dyction of chlorotic areas.
the initial growth of hyphae of gnhxosczamiflsp. tabacina

resulting in further chlorosis. - -

In my work degenerékibn of thé‘chLoroplast and yhost

g b . .
cell contents bccurred .11-12 days post-indculation.s 1In
& - . Y o : .
agre%ment with this findiﬁg Heatth (1974) observed no differ-

ence bet the ﬁltrastructdresAof heakthy and diseésed

tissdes\l .
L4

arly 1nfectyon. In contrast, Coff-ei et 9__., .
L8

(1972) wo:klng with Melampsora 11n1 on flax and Pugﬁlnla T

helianthi on sunflower, showed that at ! dayszgqstfinocu;stion.

vy » ;o T

Y
1~ - - )
. \. ! Ly , .
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Figure 1.

3

Figure 2.

" taken during the blue mould epidemic in 1979.

PLATE 1

A field of tobacco cut down during the 1979

blue mould epidemic.

&
Mature tobacco leaf infected with P. hyoscyami
f.sp. tabacina. ,Observe the large number of

c.
necgxotic and chlorotic lesions on a,single

leaf surface.

Fiirre 37’ Mature tobacco plant with necrotic lesions

~on the lower leaves. The photograph was

x2.5 .
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Figure 4.

Figure 5.

Figure 6.

Figure 7.

PLATE 2
-

)

Chlorotic lesions on leaf of Nicotiana tabacum

infected with P. hyoscyami f.sp. tabacina at
3-5 days following infection.

Chlorotic and necrotic lesions on tobacco

leaf infected with P. hyoscyami f.sp. tabacina

at 8 days post-inoculation.

Upper surface of tobacco leaf infected with
P. hyoscyami a£ 7 days foilowing infection
and 100% relative humidity. Observe the mat
formed by the conidia and conidiophores.
”
Lower surface of tobacco leaf infected with
P. hyoscyami f.spl tabacina. <Chlorotic areas
(arrow) in the leaf were often associated with

mats of conidia and conidiophores.






Figure 9,

. -

Figure 10.

a

Figure 1l1.

PLATE 3
Top view of upper "epidermal cells in N. {

tabacum. x850

Palisade cells in N. tabacum. Observe the
large intercellular spaces between adjoining

groups of palisade cells. x1,100

Large cells of the spongy 'parenchyma forming a

jigsaw-like network of cells below the palisadé“

‘layer, in a healthy N. tabécum leaf. x1,500

-

Lower epidermal cells in N. tabacum, similar

in appearance to upper epidermis (Fig. ‘8).

x1,100
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Figure

Figure

Figure

Figure

12.

13.

14.

15.

PLATE 4

Light micrographs of’ conidiophore development

in P. hyoscyami on susceptible tobacco.

Hyphal knot, in infected ﬂ. tabacum leaf.

x1,500

Fungal hypha in the stomatal chamber of

the tobacco leaf. x1,800

-
v

Young conidiophore initial emerging from the

stoma of a susdeptible tobacco leaf. x1,500

-

Eight’conidiopho;e stems emerging from a
single stoma on the lower tobacco leaf

surface. x750 ’
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PLATE 5

’

, " Figure-16. Young unbranched conidiophore on the lower
surface of a leaf of N. tabacum formed at 6
1

days post inoculation and after 4 hours of

darkness at 100% relative humidity. x1,500

Figure 17. Branched P. hyoscyami f.sp.: tabacina conidio- .

phore. Branching commences after 4-5 h

e

in the dark and 100% relative humidity.

- x900

\

phore branches, at 5-6 h of darkness and high “,/

Figure 18.. Swellings at end portions. of the conidio-

relative humidity. Mark beginning .6f conidial

.
»

formation. x300

L4 ‘K‘—‘

Figure 19. Mature-conidia on the conidiophore of g.'

.Qxxoscxa‘mi f.sp. tabacina. X600

&>/’\
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®  PLATE 6

Formation of sexual structures of P. hxosézami

f.sp. tabacina in the tobacco leaf.

.

Figure 20. Young oogonium of P. hyoscyami f.sp. tdbacina
in the host tissue. Observe the darkly
stained cytoplasm. The oogonium wall conforms

to th¢ shape of the intercellular space. x1,100

Figure 21. Mature oogopium and antheridium of P. hyoscyami '
f.sp. tabacina. The antheridium (arrow) lies

f ) on top of the oogonium. x1,100-

Figure 22. Oospore of.P. hyoscyami f.sp. tabacina in the
tobacco leaf.. Observe the light statning
periplasm (arrow) that surrounds the oospore.

x1,100

Figure 23. Oospore of P. hyoscyami in tobacco. Observe

the large granules in tlie centre of the

®Woospore. x1,300
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Figure 24.

_A. Empty conidium”on the surface of the host: '

e : - - .-

A schematic diagram depicting the developmental

stages of P. hyoscyami.,f.sp. tabacina.in the

susceptible host, N. tabacum., g .

3

leaf. ) . .
.

’ N e

B. Prlmary vesicle and branches in the epidermal
cell. ' ) . i ) _ .
C. Intercellulgr hyphae follow the interééllular
spaces of tqe host. . L.
D. Haustorium forms in host cell. | 3
E. Hyphal kﬁots\in the stomatal chamber préceed
‘conidiophore formation. - . J

F. Branched conidiophores form on the lower .

[

epidermal surface.

. .

G. Mature conidia form in darkness and high - -
relative humidity’within 6-7 h.

H. Heavily infected host tissue at 6 days L
following inoculation was characterized

by conidiophores.on the lower and upper

epidermél surface.
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Figure 25.

Figure 26.

]

PLATE 8
Diagrams depicting structures formed during
germination, penetration and development of
P. hyoscyami f.sp. tabacina in the epidermal

cells of N. tabacum.

A conidium with a gérm tube (G) on the upper
epidetrmal cell surface. TO-tonoplast, PM-

plasma membrane, CW-cell wéll.

¢

A

A conidium that is partially filled with
éytoplasm and opaque globules (IN). The
germ tﬁbe is short and the appressorium (A)
has a fine infection peg*(PP) which has
pushed host- wall material aside (F). The
infection peé is adjacent to épe anticl}nal

wall of the epidermal cells.

~






PLATE 9

Same series as Plate 8 (cont'd)

Figure 27. A spherical vesicle (V) joins to an empty
- infection tube, appreésorium (A) germ tube
and conidium (S). There is '‘a plug (P) dn

the infection tube next to the vesicle.
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PLATE 10 ~ cr "y
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. ) -
Same series as Plate 8 (cont'd) ’ '
L4 “
Figure 28. Early infection bodies of P. hyoscyami f.sp.
tabacina in a susceptible tobacco leaf. ,
. Observe the intracellular hypha in the tobacco

cell and the large amount of intercellular-

space between the palisqdé cells.
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Figure 29.

~(\

Figure 30.

a-

o A
Figure: 31.

-

Figure 32.

- Figure-33.

?igure 34.

.
WY ¢
- . . >
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[ a
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S ? PLATE 11
LA i

7 % ; .
(Scanning electron micrographs of P, hyoscyami

~

‘f.sp; tabacina conidia infecting susceptible N.

tabacum var Virginia 115 leaves.

A 1ow-power view.of the surface of tobacco ieéf
supporting conidiaf Thg conidia are lodged in the
depressions above the anticlinal walL;,Qi\the
epidermal cells. x500

A conidium with a prominent scar (arrow) at the
tip. This marks the point of attachment of the
conidium to the bganch of the conidiophore. x2,000
A conidium with a laferal germ tube. OBsgrve that
its connection to the conidium is restricted in
size. ‘

A small_germ tube and curved appressorium. Observe

¢

that the conidium lies in the depression of the

+

leaf. x2,000

- A conidium with the appressorium growing down

into the depression of the leaf. Observe the

. attachment scar (arrow) and the emergence of the y

germ tube at the side of the conidium. x2,000

L
-

A part’of an appressorium that has broken away
from the infection tubé in the tobacco leaf.
Observe the flange (F) around the pefimeter with
a core of cytoplasm or plug, the width of Fhe

infection tube, in the centre: 'x5,000

-
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" : . PLATE 12 '
- . .Light micrographs of conidia, germ tubes,

., appressoria and.vesi&les formed on the surface._

~__

-

-of a susceptible tobacco leaf.

< Figure 35. iA quiescent conidium with dark staining oytoplasm. -«

. -t x1,200

&

Figure 36. A conidium with a short germ tube emerglng from
' ” »”
its lateral wall. 15,200 -

4

Figute 37. A club shaped appressdrium attached~to a conidium.
Jﬁv/ - The dark staining cytoplasm has migrated from
the conidium into the aépressoriuﬁ. x1l,200
Figure 38. A‘con;dium and appressofium.;.The app:esserium
i . is full of ‘cytoplasm whi}eAthe-conidiué,contains
some .cytoplasm and circular inclusions (IN).
x1,200

Figure 39. A flenge (F) stained with acidified Lacmoid

E

at the end of an appressorlum The clear tube
between the conidium and appressorlum is the
infection tube. xl,ZQO

Figure 46. A vesicle with a 'hipple' in a epidermal cell.
the‘epherical body outsiae the epidermal cell

is the‘appressoriﬁm. The arrow points to the

'nipple' or branch of the vesicle. x]1,200
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Figure

Figure

Figure

Figure

PLATE 13 /

41. A conidium germinated in' water on a glass

slide. Observe the long germ tube. x1,200

42. -A germinated conidium on 1.5% Difco Bacto

agar. It has a long germ tube. .x700
o

43. An uncharacteristic germ tube and appressorium
which occasionally formed on susceptible

tobacco leaves. x1,200

L]

44. An uncharacteristically long appressorium
which‘ﬁad the ability to produce a successful

infection in the tobacco leaf./ x1,200 N
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Figure 45.

/

Figure 46.

|‘[\.

Figure 47.

L 4

PLATE 14

<

Transmission electron micrographs of conidia

of P. hyoscyami f.sp. tabacina on suscegtible
- ,
tobacco leaf. _ !

, (
* . : N .

A section of ungerminated conidium. Observe

the thin wall, large numbers of mitochondria

. 2 Do,
-~

(M), lipid bodies (L), and five nuclei (N).

x7,200

A/section through the attachment scar of the

<

conidium. x15,300

O
oy o .
A seiction through part of a conidium which

has germinated and some cytoplasm has emptied

. into the germ tube. Observe the large numbers

of mitochondria (M) and an abundance of free

ribosomes. x18,500
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Fiéure 48.

Figure 49.

Figure 50.

L 4

Figure 51.

e

PLATE 15

€S
3

A section of an ungerminated conidium, 1 h
post-inoculation. ‘Observe the large number§

of vacuoles (VA) and small amount of protoplasﬁ
which is adjacent to the cell wall. Several
electron-dense bodies are~present in the conidium.
x6,300

A section of a nongerminated conidium, 2.5 h
post-inoculation. The small vacuoles (VA) have
coalesced into large. vacuoles. The protqplasm
at the periphery of;theconidium.is granular in
appearance. x6,7ob

A section of a non-germinated conidium, the
coﬁvoluted cell wall of the conidium indicates

the loss of turgidity due to water loss.

x6,700 ’

’

.

A section of a germinated conidium. The
protoplasm has migrated to the appressorium.
Observe that the plasma membrane (PM) has

remained in the empty conidium. x7,000
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Figure 52.

Figure 53.

(

PLATE 16

A section though a conidium that has germinated
and produced a germ tube and an appressorium.

' <
The plasma membrane (PM) and a large central

vacuole (VA) remained in the condium. x9,300

A secion of an empty conidium and part of an
appressorium (A). Observe the continuation
of plasma membrane (PM) into the appressdrium
and the break in tﬁe spore wall at the point
yhere a germ tube forms. A large vabuole‘(VA)
remains in the conidium. The protoplasm in

the appressorium is densely packed with nuclei,
mitochondria and electron-dense particles.

x9,300
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PLATE 17

Transmission electron micrographs of
structures formed in susceptible tobacco
epidermal cells infected with P. hyoscyami

f.sp. tabacina.

Figure 54. A section throﬁgh an empty appressorium (A),

an infection tube and a vesicle. Observe

the thin layer of cytoplasm in the appressorium

and the electron-transparent plug thaf fills

the inner end of theAinfection tube. The
infection ﬁolé ié‘adjacent to an anticlinal
wall (AW). The vesicle contains a few vacuoles,
two nuclei (N) with nucleoli and numerous
mitochondria (M). A thin layer of host
cytoplasm (arrow) surrounds the vesicle.

x20,400
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s : , p@ATE 18
Same'serigs as Plate .17 (cont'd)

Figure 55. A section through.part of the appressorium,

partial plug in the infection tube (P) and

:part of the vesic}le (SV). The electron-
denﬁi'flange (F) is present between the

_ appressorium and hqst wall. x19,400 -

Figdre 56. A section through the appressorium (A),
infection tube, plug (P) and vesicle (sV).
x24,000 ¢

Figure 57. @ section through a plug (P) and a portion
of the infectién vesicle. ' Observe the plug
which is electron—transpagent except for
scattered electron-dense particles. A
fungal wéll (FW) separates the plug and
cytoplasm. Thé:ﬁnmml cytoplasm (FC) contains
many tubular vesicles and the plasmalemma
(PM) adjacent to the vesic?lar wall is
irregular. and tubules'project into éhe fungal

wall (FW). x70,000

P
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Figure 58.

Figure 59.

PLATE 19

Same series as Plate 17 (cont'd)

Micrograph of a part of vesicle and a 'nipple’
(NI). The cytoplasm is dense and contains.
numerous round tubular vesicles. Obserye the twg
dictyosomes (D) beside the nucleus (N) withv

its associated nucleolus (NU). Host cygbplasm
(HC) surrounds the fungus. The host plasma
membrane, hogt cytoplasm (HC) and konopIast

membrane (T) encase the fungus in the epidermal

7
cell. x16,000 .

A section of hyphal branch (B) which has
penetrated é palisade (PA) céll. Obéervé
the healthy host chloroplasts (CH) while the -
fungal hypha contains few vacuoles, denée

cytoplasm’and numerous mitochondria. x11,300






Figure 60.

™

-and conyoluted. Numerous tubular elements (T)

- (FW) forms a thin layer around the branch.

-

PLATE 20

\‘,‘«w

Same series as Plate 17 (cont'd)

A hyphal branch (B) that.has passed through
an anticlinal (AW) into an adjacent epidermal

cell.” The fungal plasmalemma is very uneven

are present in the densely packed cytoplasm.
Two dictyosomes (D) are adjacent to the nucleus.

Host cytoplasm, adjacent to the fungal wall

The tonoplast (TO) membrane forms the outer .

membrane layer on the hyphal branch. x15,300

14
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Figﬁre-6l.

Figure 62.

Figure 63.

PLATE 21

-

. . A

Same series as Plate 17 (cont'd) )

A thin section through a fungal nucleus (N)

and its nucleolus (NU). Dictyosomes (D) ére
frequen;&y—associated with the nucleus.

Spherical and tubular vesicles are associated

with the dictyosomé. Observe a distinct )
centriole (?O) adjacent to the nucleus. Note

the nine gr&ups of centrlipetal tubes in a

\

cartwheel structure. x37,000 ,

A section through a nucleus (N) that is
blebbing off vesicles. The arrow points to
a bleb-on the nuclear envelope. x47,300

A section through barﬁ of a nucleus (N) and
surrounlhng‘cytoplasm in a growing hypha.

Note the large distinct nuclear pore (NP)

in the nuclear membrane. x71,700
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Figure 64.

* Figure 65.

(

. PLATE 22°

Same series as 'Plate’ 17 (cont'd)

A thin section through a vesicle.

Observe the large number of spheriéal and
tubular vesicles (T) adjacent to the con-
voluted plasma membrane of the fungus.

Arrog points to a vesicular element passing
through the plasmalemma opening into the

fungal wall (FW). x43,700 . T

n

The J@arge cluster of tubules (L) (plasmalemmasome) .
adjacent to fungal wall. A smalf number of

lipid droplets are seen in the vesicle.

x43,700 B \

*







Figure 66.

PLATE 23

A thin section of an intercellular hypha
of P. hyoscyami f.sp. tabacina. Observe
the many nuclei (N) each with a nucleolus
(NU). The ﬁyphal cytoplasm is denseiy pabked

containing large numbers of mitochondria (M)

rl

and a few vacuoles. x13,300

- v
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PLATE 24

Figure 67. A diagram of a cane-shaped haustorium which is
constriqcted at its neck where it passes
through the host wall (HW). The extrahaustorial
matrix is adjacent to fungal wall (FW), and is -
composed of two layers that vary in thickness,
anélectron-opaquelayer with pores (arrow) and
an electron-transparent layer. The eftra-
‘haustorial matrix ig éurrorﬂded-by the plasma
membrane (P, extrahaustorial membrane), a thin
layer of host gytoplaém (C), and by the tonoplast
(). The host cells 6f N. tabacum contain a

large central vacuole (VA).
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Figure

Figure

Figure

Figure

Figure

Figure

68.

69.

70.

7.

73.

PLATE 25

. Light. micrographs ’

}ntercellular hypha (H) with a cluster of
young haustoria. Most of the young haustoria’
(HA) are surrounded by an extrahaustorial
matrix . that is deeply stained with

methylene blue and erythrosin. x1,200

Section of intercellular hypha (H) a bulb-

shaped haustorium (HA). x1,500

Intercellular hyphae which closely*follows
the host cell walls. Arrow points out a

héustorium in the epiaermal cell. x800

An intercellular lobulate hypha that has
produced a loné branched haustorium (HA).

x1,500

A cluster of haustoria in epidermal cells
.

(arrow). x1,000

A long torulose haustorium -stained with acid

‘fuchsin. x1,600
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Figure

Figure

Figure

Figure

74.

75.

76.

717.

)

PLATE 26

Same series as Plate 25 (Cont'qd)

+

A haustorium with a large darkly stained
extrahaustorial matrix (EHM) at its base.

x2,500
A haustorium with a darkly stained extra-
haustorial matrix (EHM) except at its ‘tip

and base. x2,500

A haustorium with a thin extrahaustorial

matrix (EHM) in some regions. 'x2,500

A shrﬁnken haustorium (HA) with an extra- i

haustorial matrix (EHM) at its base. x2,100
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Figure 78.

PLATE 27

A section through a cane-shaped haustorium
which is constricted at its neck where it
passes through the host yall. The haustorial
wall is covered with a thin electron-opaque
layer (Z) that is surrounded by an electron-
transparent laye; (ET) containing electron-
opaque pa;ticles. Next to the extrahaustorial
matrix (EHM) is a very thin layer of host

cytoplasm which is bounded by the tonéplast

(TO). x17,400
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Figure 79.

Figure 80.

PLATE 28 '

»

RS

An apparently inactivg‘haustorium. It does not

g

contain organelles and is surrounded by an.

electron-opaque .layer (Z). The fungal wall t)
(FW) continues from the hypha (H) to the

haustorium. x10,100

¢

-
-~ - 13

Intercellular hypha and young haustogium (HA).

The haustorium is bulb-shaped, contaiﬁs dense

cytoplasm, and is surrounded by an electron-
opaque layer and host cytoplasm. A host
nucleus and two chloroplastids with large

starch granules (SG) are present in the host

4

14

tissue. x12,400

14
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Figure 81.

\/\ .
. ~—

~ PLATE 29

-
Section through a young haustorium (HA).

The ‘host wall is turned toward the inter-'

ce%lular hypha (a}row) while the host wall
. .

adfacent to the haustorial neck undergoes a
o~ '

change in the orientation of microfibrils.

Immediately adjacent to the plasma membrane

(PM) lies the host cytoplasm (HC). x31,900

.

A
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PLATE 30

Figure 82. A cross section of haustorium that contains
~ long strands of endoplasmic reticulum, three
mitochondria (M), lipid (LI) and large vacuole
(v). The haustorial plasmalemma is markedly
indented. The electron-opaque layer (Z) has
pores (arrowhead) and is in contact with
elongated blebs or vacuoles. The thick
electron-transparent layer (ET) contains many
vacuoles or blebs and is some instances has
strands of cytoplasm through the electron-
transparent layer that make contact with the
" ,electron-opaque layer (2) {(curved arrow).
The host cytoplasm appears to be blebbing >

into the electron-transparent layer (ET) of

the extrahaustorial matrix (EHM). x10,700




136




PLATE 31

; Figure 83. A longitudinal section through a portion of
the haustorium (HA) that contains mitochondria,

vacuolas and dense cytoplasm. The electron-

opaque layer (Z) is continuous along the haus-
torial wall but the electron-transparent layer
(ET) only extends part way along the haustorium.

A thin layer of host cytoplasm (HC) surrounds

- the haustorium. x25,400
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Figure 84.

PLATE 32

[}

Two cross sections of a coiled haustorium.

One section is surrounded by a greater quantity
'

of electron-transparent material (ET)‘tBan the

other.r Dense host cytoplasm (HC) surrounds

the extrahaustorial magrix. Host chloroplasts

(CH) , mitochondria (M), and a large host nucleus

(N) and nucleolus (NU) are adjacent to the

haustorial segments. x14,000

o e i M e T
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Figure 85.

’

- PLATE 33

A young haustorium suspended in a céty—
lédonary—cell vacuole (V). Cytoplasmic
strands connéct it to the relatively thick
layer of cytoplasﬁ (HC) that surrounds the

extrahaustorial matrix of the haustorium.

- The electron-opaque layer (Z) has pores or

gaps. The host cytoplasm (HC) passes thfough
the electron-transparent layer (ET) in several
places and comes in contact with electron-
opaque layer (Z). A large nucleus (N) with

an adjacent dictyosome (D) is present in the

haustorium. Observe the haustorial plasmalemma

is very irreqular. x38,200
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€>/fﬂ Figure 86.

Figure 87.

. PLATE 34

A sectigpn through a branching haustorium. ’
The adjacent intercellular hypha (H) is -
high}y vacuolated wnile the haustorium

contains dense cytoplasm. The hyphal

fungal wall (FW) is continuous with the

haustorium wall. x18,200

A thin section of a haustorium inside a

lower epidermal cell (E). The haustorium

and adjoining hypha are vacuolated. Observe
the thicker host-wall (HW) on the lower

portion of the epidermal cell. . The epidermal -
celllcontains a very small amount of cytoplasm

and no chloroplasts. x8,900
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Figure 88.

Figure 89.

{

Figure'90.

Figure 91.

-

PLATE 35 ~

A longitudinal section of an intercellular
hybha (H}) and a haustorium. Observe the

*
close contact between the intercellular

hypha and the aqjacént palisade cell (PA).

xX6,800 ot

A cross section of 'a highly vacuolated

intercellular hypha (H). x15,800

A longitudinal section of intercellular
Hypha. The haustorium and hypha (H)‘Efe

E ]

almost devoid of cytoplasmt x8,000

A young haustorium and adjoining hypha (H).
The afypical mitochondria (M) in both
hypha and haustorium are irregular in shape.

x2%,900

»*
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Figure 92,

Figure 93.

Figure 94.

PLATE 36

-~

A longitudinal section through a collapsed
haustorium that is surxpunded by a thick
electron-opaque layer (Z) and an electron-
transperent layer (ET) that form the extra-
haustorial matrix (EHM). x18,500

A croés section ofla collapsed haustorium,
The haustorial wadl is greatly indented.

The extrahaustorial matrix is composed of

an electron-opaque layer (2Z) and an electron-

transparent layér (ET). x15,800

A cross section of collapsed haustorium
L .
with a thick electron-opaque layer (Z) and
e i
a less developed electron-transparent layer.

v

The adﬁacent intercellular hypha and host
cytoplasm appear normal with no structural

disorientation and degradation. x12,400

“»
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PLATE 37 -

Figuré 95A-C. A schematic diagram depicting the
developmental stages of haustorium in
suséeptible host N. tabacuﬁ. Young
bulb-shaped haustorium (A), cane-shaped

-

haustorium (B) and coil-shaped haustorium «

(C).
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PLATE 38

Figure 96. The duantitative relationship between iodine
(IKI) test and total starch assay (TSA)
v
measurements. The iodine test gives semi-
I3

guantitative measurements over the lower

portion of the total starch range.

Figure 97. Leaves cleared in alcohol and stained in IKI

solution. The leaf on the left (IKI +++)
t
contains starch while the leaf on the right

(IKI -) does not contain starch. xl1

g
S
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Figure 98.

PLATE 39

AN

A section of ‘a chlgroplast in a healthy leaf

" which was fixed after 12 h of darkness. The

Figure 99.

chloroplast contained no starch granules. .

x26,600 e

13 4 ' ’ ° @&

-3

A section of chloroplast in a healthy leaf

which was fixed aft%F 8 h of light. Observe

.the presence of thp'large ;tarch granule (SG).

x26,600

1
&3
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Figure 100.

Figure 101.

PLATE 40

A section of 2 <chloroplasts after 12 h

of darkness. The tissue was infected 2 days
prior to fixation. Observe the starch (SG)

in the plastids in the host cell adjacent to

the fungal hypha (H). x18,000

A section of a chloroplast in infected tissue
‘ 5 .3
after 14 h of darkness and 4 days post-

inoculation. Observe the presence of

»

starch granules in the chloroplast. x24,200







PLATE 41 -

Figure 102. A section of infected tissue at 6 days
post-inoculation. The section was obtained
after the plants were exposed to 8 h of
darkness. The fungal déveiopment it~ leaf
tissue was extensive. Chlorop}gsts* - ;.

’

.in the infected host cell show nqQrmal
v L *

thylakoid stacking and no starch granules.

Observe the presence of the interceéllular

‘hypha (H) and haustorial body (HA) in the '

adjoining host cell. x15,300

£
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Figure 103. Starch Formation - Amount of starch present
\\,f in healthy and diseased leaves aft;;_they
were exposed té 1igh£ for gpecific time periods.
Twenﬁy four h prior to il?uminatiOn the '
diseased leaves were inoculated and all plants
)

put in darkness. The amount of starch »

in the infected and healthy leaves was’

- significantly different at the second, fourth
and twelfth h (p < 0.05). #
- - i ’
/ H - Healthy Plants I - Infected Plants
J
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,.Figuie 104.

»

i

»

‘Starch Degrgdaéﬁon - Amount of starch present
_in healthy and diseased leaves after they were
put in darkness for sgécific beriods of time.
The dibeaééd‘leéves were inoculated when they

"entered darkness. Previouéiﬁo entering
kness all plants were in light, a 12%h
light-d;rk regime. The amount of staéch in
‘the infected and ﬁéaithy leaves was not
siénificant;y different at any test time
(p > 0.05). Arrow indicates the time of ~

inoculation.

H - Healthy Plants I - Infected Plants
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Figure 105. Starch Formation - The bar graph shows the

amount of starch present in healthy and diseased

-

leaves after they were exposed to light for “°

e
3

. specific time periods. Thirty hours prior
2

to illumination'all plants .were put in darkness.

Inoculation of leaves occurred 6 days previously.
The amount -of starch in the infected and
healthy leaves was significantly different

at the second, fourth and twelfth h (p <

0.05).
“ o . .
H - Healthy Plants . I - Infected Plants N
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4 Figu;e 106. :

g 7 °
. . - '
Starch Degradation - The bar graph shows the P
B . - A4
d)
amount of $tarch present in healthy and -

diseased leaves after they were put in darkness
for specific’periods of time. The diseased

leaves were,s inoculated 6 daygs previously and

plants had a 12 K light-dark regime. The

. amount of starch in the infecte® and healthy

leaves was significantly différéﬁt at all’

g

test times (p < 0.095).
4

H - Healthy Plaxts I - Infected Plants
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Figure 107.

Figure 108.

The amount of potato starch remaining after

it had been mixed with crude extract from

healthy and diseased leaves for 1 h. The .

extract was taken from diseased leaves after
-3, 4-5, and 6~7 days. The amount of starch
degraded by the crude extract from the
diseased leaf was significantly greater than
that degraded by the crude extract from the
healthy leaf et day'6-7 (p < 0.01).
H - Heaithy Plants . I - Infected Plants
I

4

The total protein in healthy and diseased
tobacco ieaves at 0, 4 and 7 days post-
inoculation. There was a significant
difference between thé:diseased and healthy
eaves on 42:

s 4 and 7 .{(p < 0.01).

H - Healtﬁy Plants I- Infected Plants
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o Percent germination -of P. hyoscyami f.sp.

tabacina aﬁ constant temperatures of 5, 10,

15, 20, 25 and 30°c.

}

.
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Figure 110. Cumulative percent germination over time

of conidia of P. hyoscyami f.sp. tabacina

on water agar at temperatures of 5, 10, 15,

20, 25 and 30°C.
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Figure 111.
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Total percent germination of P. hyoscyami f.spJ -
tabacina conidia® after exposure to 25, 30 and
. -
35°C for periods up to 8 h and then incubation
(o} "/
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Figure 112. Effect of changing water potential (bars)
as controlled by sugrose solutions on

turgidity of P. hyoscyami conidia.

Figure 113. Effect of water potential (bars) as controlled

by sucrose solutions of varying molalities on

conidial germination of P.-hyoscyami at 20°c

. after 15 h incﬁbation.
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Figure 114. Effect of ultraviolet irradiation fat 120

_2 -1 ) ~ i
uW cm sec ) on total percent germination

of P. hyoscyami f.sp. tabacina conidia in air
(100% RH, 20°C) and conidia suspended in water

(29°%0).

N
Control, conidia in air on
glass slides .
Conidia in air exposed to UV .
Control, conidia 'in water

Conidia in water exposed to UV
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" Figure 115.

»

Total percent germination of conidia of P.
hyoscyami f.sp. tabacina., The conidia remained

attached to one conidiophore during exposure
| : T .2 1
to'ultraviolet light (at 120 wW'cm sec J .

for different time durations.

’ -

o——-—--9 Con§£81 germination of
. untfeated conidia
@----------- @ Conidialgermination following

UV tfreatment

.
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Table 1. The time-course of infection of upper epider-
mal gells of 6 week old tobacco leaves of one
- cultivar Virginia 115 by P. hyoscyami f.sp.

tabacina.

Time After
Inoculation (h)

Stage of Fungal
Development

inoculation

0

0.5 - 2 " conidial germination
1.0 - 3 appressorial formqtioﬁ
1.5 - 2.5, penetration and formation of vesicle

2 r
1.7 - 3 growth beyond vesicle
2.5 - 4 growth to base of epidermal cell
2.6 - 4.i -ené?ance into intercellular spaée'

v - or palisade cell
L -
e, - ,
4 . ’/ 4




o+ 1872

Table 2. Time required in liéht (150 uE m-zsec:l)

for starch formation in healthy 1eaves‘and‘
leaves heavily infected with P. hyoscyami

f.sp. tabacina for 36 h.

Hours in Light "Healthy Infected
0 - —
{
1 a . + J
t . s :,‘)/i
7
2 ++ o
3 ) 44+ . +4+4
x

BTt D s e B e T Bbi Tl t o e E

ST, T T uppye

B e otiia L T
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‘ ’

of starch in healtﬁy tobacco leaves, and lgaves

Table 3. Time required in darkness for degradation

heavily inoculated with P. hyoscyami f.sp.

tabacina, 2 h after entry into darknesaf

5

Hours in Dark . Healthy ~ Infected
4 Coay, ‘ | 4+
6 +4+ 4+
8 ++ ~ +++'
10 ) ++ : +++
12 ‘ "y ++
14 - - . ++
o 16 - ++
‘18 . - ' +
. 20 - -

2 scale range intensity of. IKI
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Table 4. Time required in light (150 ye m sec ) for
starch formation in heaithy leaves and leaves
heavily infected with P.. hyoscyami f.sp.
tabacina for 6 days.
I
, — - o
Hours in Light ‘ Healthy Infected
.0 - T -
[ ‘ .75 . . -
1 ++ =
1.5 ++4+ ) + '
2 “++4 . ++
: ’ \ ,
3 . +++ +4+
‘5 +++ L+

@ scale range ihtenéity of IKI

-
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Table 5. Time required in'darkness for degradation of
starch’ in healthy tobacco leaves, and leaves

heavily infected witWwP. hxoscxaﬁi f.sp.

tabaciﬁé 6 days after infection.

e

a
- scale range
N *

intensity of IKI

-

[N

*

’
' Time in Dark’ ' . Healthy Infected
. ’ N -
0 ‘ 2+t +++
‘ 2 * +++ oy
4 b4 ++
6 . ++ ot
8 ++ -
.10 + -
: , 12 .- -
-
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; Table 6. Percent viable cenidia of P. hyescyami f.sp.
) tabacina after storage ag var?%ﬁ{ﬁn?e‘rat@res'
and relative humidities. g »
v ‘ | o
Relative Days of * - Average Percent 'Viable at .
Humidity - Storage 5°C 15°C 25°C ~—35°C
L4 L -
0% 3 14.2 3.0 2.0 0.]5
17 0.0 0.0 0.0 0.0
s 28 0+0 0~ 0 0.0 0.0
32 0.0 0.0 0.0 0.0
55% 3 49,1 ° 9, 4 4.9 0.0
17 - 39:5 7.4 0.0 0.9
. 28 23.6 5.5 0.0 0.0
~ 32 24.5 0.0 0.0 0,0y
81% 3 “95.9 86. 2 0.0 0.0
17 63.8 75.0 0.0 0.0
28 40.9 0.0 0.0 0.0
-32 14.1 0.0 0.0 0‘.0
\ '
3statistical analysis Appendix 2, * )
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Table 7. Percent inhibition of Lpore germination of
- X - . .
P. hyoscyami f.sp. tabatina, Botrytis cinerea
. i ¥
~and Aspergillus niger caused by carbon dioxide *
¢ enriched atmospheres at different concentrations.
$ Inhibition . - _° ‘Test Counts
in Germination 100 - Control Counts X 100
~ Concentration of . .
Coé"in air 1lg 5? « . 7.5% . ‘ 15%
‘Time ¢ Inhibition in Germination of P. hzosciami
-2 h . 49 57 . 90 100
18 h ' 0 36 - 70 ' 91

$ Inhibition in Germin&tion of B. cinerea
2 h 0 60 100 100
18 h ] 0 0 0 100
. § Inhibition in Germination of A. Eiig£~
2 h - - - : -

18 h 0. 0 0 0

h - hours’

® . reading not obtained for conidia, required 15 h to

'germinate

Statistical analysis in Appendix 3
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X Table 8. Effect of flourescent light from 45 to T
600 uE m “sec”! and darkness on the conidial ]
3 » -
- germination of P. hyoscyami f.sp. tabacina.
. a . “\
Fluorescent Light Intensity Average Percent Germination

-2 -1
(uE m sec )

45 ' 90
> 150 ' 8?
300 . 91
600 . - 90
dark (control) 88 '
- ) -
v J

e Hi“’ihi’:ﬁ

¥ Lt o s RO Ry

R TR U
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APPENDIX T .

Y [

Composition and concentration of solutions used to provide
. T

the statgd!theorétical relative humiditfes within sealed

glass chambers at 20°C?.

Concentration Theoretical Relative
Material Used of Solution Humidity
Watér : -—- 100;60
Sucrose | 0.10 Molal , 99.85
Sucrose ) ' 0.20 Molal 99.62
Sucrose 0.30 Molal l 99.43
Sucrose - 0.40 Molal ‘ A 99.24-
Sucrose :  0.50 Molal 99,04
(NH) 4S0Y saturatedP 81.0
'Ca(NO332'4H20 Satufated : 55.0
CéCl2(anhydrBus) - 0.0,
N

a Theorefical relative humidity values vary slightly at different

—

temperatures. S /

b An excess of solid phase was ‘maintained in contact with”

the'liquid phase df,eachsaturatedsolutidn.

189 ‘ ‘ ’
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- APPENDIX 2

Statistical analysis (Facﬁorial ANOVA) ‘of data presented

in Table 6. 0
Source of -8um of - Degrees of Mean
Variation Squares Freedom ’ Square F
Temperature(T). 2.25500 3 0.751600 - 553.46
: ' *
R. Humidity(R) 1.20509 2 0.602545  443.70
4 *
Time (t) 0.82260 3 0.274200°  201.91
) : *
RXT 1.44731 6 . 0.241210  177.62
R x t 0.69241 6 . 0.115400 84.97
T x t 0.78840 9 0.087600 64.51"
*
RxTxt 0.95222 18 0.052900 38.95
Residual’ 0.13041 96 . 0:001358 -
Total . - 8.29344 143 - -

*Significant at p<0.001




APPENDIX 3
: 191

Statistical ang]ysis of data in Table 7.

Time of Exposure ID : X 02 t-statistic
- 50 .
to CO x
2
P. tabacina T
2h 0.8, 1.6, 1.0, 1.2 1.15 0.117
o ]:-5.34(p<.002)
18 h 2.6, 2.6, 2.64 3.7 2.88 0.303— |
| . ' ‘ - —13.83(p<.001)
B. cinerea .
2 h 4.5, 4.5,4.0, 4.0 4.25 0.83—
18h 0 - - -
A. niger s
2 h ‘ P00 - -
18 h .0 : T -\

ID50 - Inhibition dose of 50 percent was determined by randoﬁ]y chosing
pairs of replicates’'from 1% and 5% C 9 treatments. The 50%

inhibition valués were found by interpolations. Means and
standard deviations of these values were computed-and employed
for t-test. !

- *7ddta not avaiTab]e P ,
0 - IDg, could not be calculated due to 0% inhibition
‘ ‘ . ’

~
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