Western University

Scholarship@Western

Digitized Theses Digitized Special Collections

1974

Ultrastructural And Biochemical Studies Of

Zoospores, Cysts And Germinating Cysts Of
Phytophthora Palmivora (butl) Butl

Christina E. Bimpong

Follow this and additional works at: https://irlib.uwo.ca/digitizedtheses

Recommended Citation

Bimpong, Christina E., "Ultrastructural And Biochemical Studies Of Zoospores, Cysts And Germinating Cysts Of Phytophthora
Palmivora (butl) Butl" (1974). Digitized Theses. 761.
https://irlib.uwo.ca/digitizedtheses/761

This Dissertation is brought to you for free and open access by the Digitized Special Collections at Scholarship@Western. It has been accepted for
inclusion in Digitized Theses by an authorized administrator of Scholarship@Western. For more information, please contact tadam@uwo.ca,

wlswadmin@uwo.ca.


https://ir.lib.uwo.ca?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F761&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/digitizedtheses?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F761&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/disc?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F761&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/digitizedtheses?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F761&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/digitizedtheses/761?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F761&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:tadam@uwo.ca,%20wlswadmin@uwo.ca
mailto:tadam@uwo.ca,%20wlswadmin@uwo.ca

-«

ULTRASTRUCTURAL AND BIOiEEMICAL STUDIES OF ZOOSPORES, CYSTS

: \
AND GERMINATING CYSTS OF:#hytophthora palmivora, (Butl.) Butl.

. _by
Ca%istina E. Bimggng

. Departgynt of Plant Sciences

4

Submitted in partial fulfillment
of the‘requirements for the degree of

Do&tor.of Philosophy

Paculty of Graduate Stqdies
The University of Western Ontario

London, Canada *

&

December, 1973
(© Christina E. Bimpong 1974




TO

AND

YAW

143}



ABSTRACT

Changes in ultrastructure, metabolic reserves and some
enzymes of the glyoxylate and tricarboxylic acid cycles in

Phytophthora palmivora (Butl.) Butl. zoospores during

motility and germination have been investigated.

" These changes were studied using freshly liberated zoo-
spores, in zoospores after 6 h motility and, following this
motile pefiod,iin cysts allowed to develop and germinat: for
2 h. '

Electron microscopic techniques were used to study
changes in fine structure occurring during these develop-
mental stages. Cytochemical identification of vesicle con-
tents and marker enzymes of microbodies and mitochondria
were also investigated. Quantitative microdetermination of
metabolic reserves and enzymes were by spectrophoto-

metric methods.

2oospores and cysts,of Phytophthora palmivora contaip
three major types of vesicles, distinguished on the Sasia of
their contents. Amozphous non-membrane-bound inclusions are
lipid, crystalline vesicles cbntain some lipid together with
other unknown material, and granular vesicles contain pro-

tein.
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After .6 h motility, no ultrastructural changes yeré

observed in metabolic reserves. However, during germination
all granular vesicles disappeafed, most of the lipids were
broken down and crystalline inclusions were partially util-
ised, leaving fewosmiophilic bodies in Qacuoles of germ
tubes. The breakdown products of lipid bodies and crystal-
line inclusiong appeared very similar.

A central vhcuole formed inside each cyst during germin-
ation, when cytoplasmi? material moved into the growing germ
tube and inclusions c?glesced and were broken down. After
1.5 h germination, few lipid bodies and lit£le cytoplasm re-
mained in the cyst body.

Microbodies were closely associated with lipid bodies
and mitogl®ondria, andwthey pg?ved to containa(-hydroxy dcid
oxidase. Succinate delydrogenase and catalase (peroxidatic)
activity was localised in mitochondrial membranes.

Quantitative assays‘ﬁf”metabolic regserves showed ;hat
lipids werg‘the major énqrgy source for motility and germin-
ation. Carbohydrates decreased slightly during motility but
increased during germination. Protein remained unchanged
during motility but irncreased du;ihg germinatioﬁ.

. Isacitrate lyase activi%y‘decfﬁaaed duﬁfng motility and
germination. MNAD-isocitrate dehydrogenase and ha}ate Qe--
hydrogen;se activities showed no significant changes after

6 h motility but increa#ed during encystment and germina-
tion. NADP-isocitrate dehydroqenaie ;;d succin;te dehydro-

genase decreased during motility but they increased during

’




germination. B - k

The key enzymes of the glyq\ylate cycle and the tri-
carboxylic acid cycle are present 1n zoospores and cystst
The possible roles of the two pathways during motility and

germination are discussed.
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CHAPTER 1
~ INTRODUCTION

-There have been many studles of fungal zoospores both

by mycologlsts and plant pathologxsts. Motility of zoospores
and the absence of a cell wall, makes this cellﬂtype uniéue a
‘among Ehe many an@ varied ééll types in fungi. Zoospore
motility resides in the possession of flagella, whip-like
appendagéa having a lashing or undulating movement by means
of which the zoospbre is propelled in water. Two distinct
types of flagellum are recognised on the basis of Fheir
major features (23).0ne,the whiplash fiaqellum, has a smooth
_ surface vhilst'the other, the tinsel flagellum, bears ar N
large number of exceedingly fine lateral projections, the
-astiqonena:,.yhich are arranged in two opposite rows along
the length of the flagellum.

 Several kinds of zoospores are recognised in the sub- '
division Mastigomycotina on the Sasis of the number, type
and orientation of the flagella they possess. Members of
tho Chytridio-ycctel ptodnco uniflagellate zoospores which
po-lo-l a single, posterior vhiplazh-type flagellum and those

of the Hyphochytriales possess a singlq, anterior tinsel-

type flagelium. Biflaqillnto :oosporéﬁaqg-tho Plasmodio-




phorales have two whiplésh flagella attached to their
anterior;ePd. The primary zoospores of Saprolegniales have
a whiplash and tinsel flagella attached at the anterior end.
The secondary zoospores of fungi of this order and the zoo-
spores of the Peronosporales ajz laterally biflagellate,
possessing one whiplash and on; tinsel flagellum.

It is with this last group of zoospores that the pres-

ent investigation is concerned and, in particular, with the

laterally biflagellate zoospores of Phytophthora palmivora,

a member of the Peronosporales and an important pathogen

causing black-pod disease of cocoa (Theobroma cacao).

Zoospores haye several important functions in the life
cxgles of fungi of this order:. 1In several species, they
initiate a new generation. This may be by germination of
resting spores to produce zoospores exclusively as in some

members of the Peronosporales, e.g. Albuqgo candida. Other

speciges in this group, e.q. ythium spp., produce zoospores
from germinating oospores, or oospores germinate by hyphae,.
Two other very important functions perfqrned by zoo-
spores of species parasitic on .plants, are those of spore
disseminatiop and of inféction. The role of zoospores in
disease dissemination is well documented, including review
articles of Waterhouse (102) and Hickman and Ho (52).
Blackwell (11) emphasiaed' the importance of the ability of

parasitic Phytophthora Qpeciel, to live saprophytically for

long period; as water moulds followed by dispersion in

water to fields or gteen-house-:vhore they may again parasi-

- . R R « . 2




tise crop planté. Working with Phytophthora fragariae,

Hickman (49) correélated the gradual increase in the distri-
bution of strawberry red core disease with the direction of
wéter drainage to lower lying areas. In subsequent studies
on the effect of water drainage 6n infection of strawberries
by seospores, Hickman and English (51) were able to account
for the occurrence of the disease ‘'in freely-draining land
with high raiﬁ?all, as well as under conditions of impeded
drainage and lower rainfall.

Evidence for water transport of inoculum, presumably as
zoospores, has been reported b? many other workérs for soil-

borne plant pathogenic members of the Peronosporales in soil,

stream and irrigation water. Thus, for example, Phytophthora

cryptogea and P. parasitica were isolated from surface drain-
age, polluted shallow wells, brooks and ponds supplying
commercial tomato houses (9). Klotz et al. (62) isolated

P. citrophthora, P. parasitica and P. syringae from water

sources for litge acres of citrus orchards. The importance
of irrigation water as a method of dispersal is well docu-

mented for many species including P. parasitica var. nicoti-

anae (70, 95), P. cactorum (67), P. cinnamond (107) and

other Phytophthora spp. (66). For example, Thomson's recent

studies with P. patasigica and two other species (94) indi-
cates that the fungus is ipreid by recycled irrigation
Qater, and that zoospores can play a significant role as sur-
vival or dispersal Jnits. Chlamydospores (thick-walled sur-

vival cells) and sporangia were iéolated in field soil from

t




infected orange g}oves. The chlamydospores in field soil

germinated to'pfodgce porangia in irrigation water. The
sporangia, on germination, released zoospores into irriga-
tion water 5 mi; after the field soil was innundated.
These zoospores remained motile in irrigation water for up
to 20 h at 20°C.

In xixg studies on the potential of zoospores or cysts

as inoculum:units in soil, was investigated by Mehrotra

{68). Some zoospores of P. drechsleri and P. megasperma

2
var. sojae remained motile in soil for up to 30 and 20 h,
respectively. With the use of a modified Atkinson's soil
perfusion apparatus, the results showed that added to soil

as zoospores or cysts, P. drechsleri retains infectivity

for up to 15 days compared to P. megasperma var. sojae in

(Jl’

which infectivity lasted for only up to 24 h in non-sterile
soil. After encystment and germination of the zoospores,

survival apparently occurred as hyphae or sporangia. Thede
results indicate differenées in rates and modes of survival
among different species. Thus for example, Zan (105) repor-

ted that added to soil as zoospores, P. infestans survived

for 10 days in the form of gerﬁ tubes. In P. cactorum,

zoospores were demonstrated to survive for sevgral weeks in
soil as cysts (67). Turner (98, 99) reported that zoospores

(or structures produced by them) of P. palmivora rémained

i
viable in soil for more than 6 months.

Although wind dispersal of caducous sporangia (or o

conidia) is the most important dispersal mechanism in most

~
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Peanosporales attacking aerial parts of plants, zoospores
may a}so be equally important in other species. Thus heavy

infection of cocoa pods by P. palmivora occurred when high

rainfall was combined with periods when night temperatures

fall to 20°C (40). At this temperature, a high percentage

‘of sporangial germination was by zoospore liberation in-

stead of direct, germ tube germination (21). Drip or rain-
splash distribution of inoculum also plays an imporfant
part in the development of diseases caused by these aerial

pathogens; Examples are P. palmivora, and P. infestans

under overhead irrigation (83). Hhetherqthis pbenomenon is
a .resdlt of spo:pngial or zoospore dispersal has not always
been determined. - However, Buddenhagen and Young (16) found
zoospores of P. ilicis in drops of water hanging ffg; holly
léaveg during rainy weather.

Leaf penetration experiments with P. infestans (76)

have shown the success of zoospores as ino&ulum. After
&
encystment, germination and appressorium formation, pene-

tration of potato leaves occurréd. On the other hand,
o

di}ectly germinating sporangia failed as inoculum, no pene-

o

‘tration taking blgce even though long germ tubes were found

<

growing:on the surface of the leaves.

The efficiency of zoospores as inoculum under fatvour-

3

able moisture eondiqions has been provided by sevefal field
-~ % 1 ’

studies (63, 76), vitﬁ an increase of infection correlated

with increase in zoospore concentrations and duration of

motility (28, 38, 51, 53, 63, 76).

[
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Motllxty of zoosbore inoculum is’ aneadvéﬁtaqe in com-

par1son with other fungal spore types, for it enables them

to collect in areas ‘favourable for 1nfect10n in response to .

plant exudates. Thls phenomenon of chemotaxis by plant;
pathogemc Peronosporales and Saprolegnlales is well docu- -.
mented (10,118, ' 28+ 51 77 85, 92, 106).

Zoospores can remain motile in the absence of external
nutrients fdr up to severl:u” days depenéinq on the speéies
and enviramental oon’ditions (51). Lonq motile periods

o

occur, ﬁt vxtro, at relatively lower temperatures (within

r
O

* the range for Ehat partxculax; species) which may be associ-
ated with a lower rate of energy‘gutili‘sgtiorh (51). Thus

. Salvin' {86) reported “in;r’:gaseg speed of motility with in-
creased temperatures, within the range, for the, species, in

. members of the Saproleqnuceaeg. Similar observatlons were
¢ :

m.zde with zoospores of )(palnivora (1.

The extent of the influence of exoqenoul nuttients on

*

mtxlxty is not c),aam Gooqu and’ Lucas (38) reportod a

k]

lengthenihg of the notile period in zoocpoxem of P.. para-

sitica var. nacotianae with als solution of D-glucou

: whereas the period of notnity iu sﬁortenod by li:gars 'and'
/ amino acids (0. St) in P. p;alnivozg_ (10). In g_rﬂglor

2 (3),.motility vas sither. ahozwm or w ‘not affected whon

mmndmm(oummmwmu\w
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pounds tested were utilised by zoospores and germinating . -
‘ .

cysts of P. drechslerl to some -‘extent except D—rlbose, .

L-mallc acid and palmitic acid, which were poorly utlllsed.
However, germinating cysts were reported to utilise more of
these exogenoﬁs carbon sources than zoospores and this led
these workers to suggest that‘zoosporee.ﬁay be less depen-
dght 6n external nutrients than germineﬁiné cysts. \

In recent years increasing interest has been shown not
oply in the biology of laterally b@flagellate zoospores,
‘but also in their structure, external and iﬂterna1;~and in
the relationship of structure to their movement. )

The laterally biflagellate zoospores of some rs
of the Peronospo;alea and Saprolegniales have been studied.

These include several species of Phytophthora (47, 54, 80,

101) and Pythium (41), Sclerqggfhora macrospora (Sclero-

spora, 34) - Peronosporales; gphanq!xgés (56, 87) and
Saprolegnia spp. (37, 46) - SAptoiegniales. .Although there
are some variations iﬁ the disposition o§<certain oréanellés
in zoospores of different species, some morphological an&
uléra-tructunal generalisations are possible.
ZOOlporcc are ovoid, bluntly pointed at the anterior
.cad and rounded at the posterior end; viewed laterally they .
appear rcnigogn in shape. There is a groove running along
_the length of the scospore on coe ‘side. It is shallow at
‘ each end and z‘llti'!ly 4eep in the centre tuqion The

{ﬁbﬂbﬂlhith.t:ﬂlpoht Mthisdoop




sel and posteriquy directed whiplash type, have the 9 + 2_
organisation o ‘nte;ﬂai fib:iis chagacterisgic of flagella
and cilia in gz;S:al (90). Within the zoospore itself the
groove region is fﬁrther'characterised by a lack of ribo-
somes and other .cell orgaqéiies, and by the possession of
Tumerous microtuﬁules (54,\§G,~80) and in Aphanomyces
‘euteiches (56) small golgi proliferatéd vesicles. Lying
just below tﬁe groove, toward? Ehe anteribr end of the zoo-

spore, .is a single large vaqu\e, referred to as° a contrac-

tile wvacuole ih A. euteiches (56)."

There is a large pear-shaped nuclgus, with a conspicu-
ous nucledlus. The narrow end of the nucleus is oriented
towards the groove region. The nucleus is surrounded by
several stacks of rough end&plasmic reticulum. Endoplasmic
reticulum is also present elsewhere in the cytoplasm. In

the cytoplasm of A. euteiches zoospores (56), enlarged cis-

ternae of endoplasmic reticulum containing tubular elements,
is reported to bé common and between the nucleus and the
gioove region is a golgi complex. h

A common featurg of the cytoplasm of zoospores is the
occurrence of many varied types of vesicles. In Phyto-
phthora parasitica (47, 80) and Sclerophthora macrospora

(34) vesicles with lipid contents were rsported. In some
of the species (47, 54, 56, 80) vesicles with crystalline,
unidentifz:d contents have been rocognilod:n Hickman and
his co-wor ;p‘(54) suggested the po.qibiiity of vesicular
contents serving as energy sources for motility, on the

N ~
‘ .
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The kinetosomes refress into centriocles.

[ 4

basis of difgerences in vesicular (crystalline) contents in 'l
young and olc.ii zoospores. ‘

When the zoospore encysts, several marked change; occur
not onﬁy in vesicles, but in other cytoplasmic structu:es as

reported fog A. euteiches (56), P. parasitica (47, 80),

Pythium aphanidermatum (4]) and S. macrospora (34).

During encystment, the flagella are lost elther by

withdrawal into the zoospore itself or by detachment as in

- P 4Parasitica (47) or in A. euteiches (56), often after rol-

ling up of the flagella axonemes to form bgad—like bodies.
The zoospore gradually bécomes sphq;icalf&nd secretes a thin
wall around itself. 1In this process, the groové,disappears
and so does the large vacuole associated with it in the

]

zoospore. .
The dis;ppearance of flagella during'encié;ment has
been sugge;ted to be linkeg by a tg;géering mechanism,'which
couples flagqlla,disdépearance to cyst wall synthesis in P.

géilivora (96). 1In A. euteiches (56) the cyst wall is repor-

t;d to be. dzrivad from preformed golgi vesicles and in P.
8
parasitica (47) and gxthiun aphanidermatum (41) from pre-

¢

toruad vesicles at the cell periphery. Wail fornation,star-
ted within 20 sec of encystment in Phytqgﬁthora palmivora
(96) and in A. ouuichu (56) was completed within" 30 min.

Aft‘: oucyltn.nt the nucleus may at first renain pear-
shaped and eccentrically placed, as in the zoospore, but '
éveritually it rounds up and takes up a central position,

LY
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The onset of germination after encystment‘is<yarked
‘by the appearance of a lateral cluster of small veésicles
below the cyst surface: As these vesicles eﬁlarge, the
adjacent wall bulges ocutward to form a germ tube. As the
germ tube elongates, the cluster of E%Py vesicles is re-
tained at the apex, characteristic of hyphal tip zonation )
and formation (13, 41, 42, 43, 47, 56).

Throughout encystment and germination other cytoplas-
mic organelles and inclusians - mitochondria, dictyosomes,
endoplasmic reticulum and vesicles - ‘also undergo changes.
The contents of vesicles containing electron opaque inclu-
sions decrease and become less ordered. The formation of a
central vacuole commences in both the cyst and young hypha
(germ tube). This céntral vacuole appears to originate
frqm.coalescing vesicles with electron opaque inclusions,
which appear to be breaking down. The central vacuole of
the cyst enlarges as cytoplasmic contents move into the
elongating g;rm tube (41, 56).

Division of the nucleus occurs in Pythium aphaniderma-

tum (41) when the germ tube is about 9solong aslthe diameter
- of the cyst. One daughter nucleus along with sano cypo-
plasmic material nbve;‘into the growing young hypha. 1In
A. euteiches (S56), within 2 h following encystment, two

" mitotic nuclear divisions have occurred. .
At this point the ultrastructure of the germ tube is

typical of somatic hyphae (41, 56).
Compared with the environmental and ultrastructural




studies on laterally biflagellate zoospores, work on the

biochemical events associated with the pattern of develop-
ment outlined above, is almost lacking. Only in a few
fungi, of groups unrelated to Phycomycetes, haQe such
studies been made.

A common fgaéure of-zoospore'forming.speqips, differ-
entiating them from most other fungi, is the de novo forma-
tion of cell walls. This obviously must be the ;ase when
naked cells (zoospores) encyst and produce a céll wall.
Generally, fungal cell walls are 80 to 90% polysaccharide
"(from a variety of sugars) with the remainder composed of
proteins and lipids. Slight variations may occur but .wide
departures are rare.

Recent studies on some Peronosporales includin§ Phyto-

phthora and Pythium spp. (4, 5) have shown that hyphal cq}l/
walls contain 80 to 90% glucans, 5 to 10% proteins, and 1 to

2% lipids. Cyst walls of Phytophthora palmﬁbora’(QG) shéwed
marked structural differénces but did not differ in qualita-
tive conpo;ition, from hyphal walls. Glucans (8-1-6 and
8 -1-3) were present in both cysts and hyphal walls. How-
ever, the latter contained more b;otein, 1-6 linked gluco-
syi residues and/or non-reducing terminal residues but less
1-2 and/or 1-4 linked glucosyl residues than cyst walls.
Apart from the cyst wall analyses outlined apove..the

only other study on zoospores in the Peronosporales has

been physiological in nature, namely oxygen uptake during

the period of zxoospore motility through to cyst germinatxon




in Pythium aphanidermatum  (19). Oxygen uptake in the ab-

sence of nutrients in zoospores and newly formed cysts was
relatively low, but increased duiing gerﬁination. Added
glucose and fructose (5 mM) had little effect o; oxygen con-
sumption of zoospores. Added nutrients had variablé effects
on germinating cysts. Pyruvate, fructose and fructose
phosphate increased oxygen consumption as did sucrose. But
glucose or glucose pﬁosphate had no effect. Sucrose stimu-
lation and failure of glucose to stimulate oxygen uptake
during germination, agreed with earlier findings on the
effect of various'nutrients in pea (host) root exudate on
cyst germination in the same species (18). Intermediates
of the Entner-Doudoroff pathway also had no effect on oxygen
uptake. Of the citric acid cycle intermediates tested, only
pyruvate andlirketoglutarate were efféctive in increasing
oxygen consumption. .Generally, the increase in oxygen con-
sumption with added nutrients was about 30% but host root
exudate caused a stimulation of moré than 70%.

With the exception of the changes outlined above, rio
information is available on biochemical changes’ that occur
'du;ing zoogspore motility and cyst germination in members of
the Peronosporales. Such changes could imvolve metabolic
reserves, enzymes and metabolic pathways.

fhe pregsent study was undertaken in an attoupé to re-
late biochemistry to the,iorpboloqical and ultrastructural
changes occurring during motility, encystment and germina-
tion, with some emphasis on the role that the many wvaried

12
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types of vesicles play during zoospore motility and cyst

-

germination.

Phytophthora palmivora was chosen for study because

dufing the period of July 1968 and June 1969, this fungus
was used in studies on.motility and chemotaxis. As a re-
sult, the author became familiar with this.fungus and the
culture techniques required to produce the enormous guanti-

ties of zoospores necessary for the present studies.




CHAPTER °2

MATERIALS AND METHODS

A CULTURE OF FUNGUS AND PRODUCTION OF ZOOSPORES

I The test organism:

The isolate of Phytophthora palmivora (Butl.) Butl.

used in these studies was obtained from naturally infected

cocoa (Theobroma cacado) pods. The cocoa pods were collec-

ted from the Experimental Farms of the-Cocoa Research

Institute in Ghana in 1968.

The isolate was maintained by periodic transfers on a

V8-juice agar medium.

II Culture media:

The difficulties associated with producing the-large
numbers of zoospores (about 30 million zoosporeé for each
experiment) of such minute size (approx. 10 um), necessary
for determining enzyme concentrations Qefé numerous. Added

to this was the need to produce final zoospore suspensions 9

containing a minimum of external nutrieats, which would be
. ) a. .
suitable for the experimental design. Wt‘ re~

quired holding zoospore suspensions for 6 h in the absence .
Rk I S '




of external nutrients and assessing the ultrastructural and

biochemical éhanges that occurred dufing this period.

Production of such large gquantities of zoospores meet-
ing the above requirements was difficult, since the medium
that produced maximum sporulation (uncleared V8-juice agar),
also yielded suspensions containing relatively large amounts
of nutrients (see Table I). Cleared V8-juice agar, on the -
other hand, did not produce as many sporangia, but yielded
final suspensions with minimal nutrient content.

After consideration of all these factors, the methods L Y
of Ho and Hickman (53) and Mitchell (personal Gommunication)
were adopted with modifications. The method used for zoo-
spore production ensured ease of handling large numbers of.
cultures (about 350 plates f@r each experiment) without

contamination.

o

s

V8-juice agar medium was prepared by mixing 200 ml.
V8-juice (Campbell Soup ch,),.BGO,ml’distilled water, 1.5 g ‘ -,
calcium carbonate and 20 g of Diféo Bacto-agar (uncleared
medium). |

Cleared V8-juice agar was prepared by boiling the mig-’
ture of Va-juice, distilled water and calcium carbonatefor 10min. .
The coéled mixture was then filtered once through chéese .. %

cloth and twice through Whatman number 3 filter paper.. The
- .

resulting cleared juice was diluted (2:1, v/v) with dis--

-
-

tilled water, and the pH adjusted to 6.8 + 0.2. Difco

'Bacto-agar (2%, w/v) was added and the medium autoclaved-

at 15 p.s.i. for 15 min.




TABLE 1
) 1 ]
Nutrleht content of water from. zoospore suspensions

4

(250 ml)' provided from V8-juice agar media with different

treatnerits. 4
Trea;hent Carbohydrate (ugq) Protein (ug) _
UNCLEARED 3000 ‘ . 150
{unwashed) )

UNCLEARED 1500 © 140

** (washed)

CLEARED soo+ : 140%
** (washed) |
i ,

A .

-

* Suspension (250 ml) freeze dried,.redissolved in 10 ml

distilled water

»

. #*  Medium was washed every 24 h for 4 days

L 3

+ No significant difference in values for suspensions of

0 h or after 6 h motility
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The fungus was grown on 20 ml cleared V8-juice agar
plates (9 cm diam.) at 28°C for 6 days in the dark. The
inocula for these agar plates were 3 mm diam. discs taken
from the growing edge of 3 to 5 day old V8-juice agar plate
cultures.

After 6 days when the colonies had covered the ag;r,
the cultures were transferred to sterile plates (14 cm diam.),
three 9 cm cultures per dish. Sterile distilled water
(75 ml) at 25°C was added to éach dish and the cultures
were placed in an illuminated incubator, 80-90 ft-c (Perci-
val Refrigeration and Mfg. Co., Model 1-36), at 25°C. The
distilled water was aseptically replaced with fresh sterile
distilled water at 25°C every 24 h for 4 days, so that the
zoospore suspension finally produéed yould contain a mini-
mum of nutrient. After the final water change, the cultures
were washed and drained leaving practically no water. They
were returned to the lighted incubator for 3 days during
which aerial sporangiophores‘And sporangia were produced in

great profusion.

III Zoospore production:

Cultures bearing abundant sporangia were rinsed once
with sterile distilled water and resuspended in 60 ml dis-
tilled water. They were igcubated at 5°C for 15 min and
then transferred to room temperature (25°C). Sporangia
readily liberated abundant zoospores within 1 h. This zoo-

spore suspension was decanted from the cultures and gently
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_.filtered through Whatman number 4l paper ;o removeisporaﬁgia.
mycelium and pieces of agar. Table I shows the nutrient
content 1in zoospore suspensions produced by different

me thods.

®
IV Experimental treatments:

The filtered zoospore suspension was used in various
enzyme and metabolic reserve analyses and electron micro-
scopic observation experiments, after separation into
different fractions (see Pig. 1, ﬁ. 20), as follows:

i) Immediately after filtration, i.e. after a period
of motility of 1 to 2 h (designated T1).

ii) After holding at 17°C (opt. temperature for mo-
tility) for 6 h, the susbension was centrifuged at 6000 x g
for 10 min at 4°C, to synchronise encystment and to pellet
the spores. The pellet was divided into two approximately
equal portions with the aid of a small spatula. Half of
this pelleé (designated T2) was used immediately in experi-
ments.

iii) The other half of above pellet was resuspended
in 15 ml sterile distilled water apd incubat9d at éS’C,
the optimum temperature for qermin;tlon. It‘was incubated
for 2 h (T3, see Fig. 1), after which it was centrifuged
and the resulting;pellet was used innodiately for metabolic
reserve and qg?yne analyses expefinentc.

" Por electron nicrosc;pic obsorvations, aliquots-of

the suspension at 25°C were removed after varying periods

3 -
-

18
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of time (15 min to 2 h) and fixed as described in Section

B I, pages 2] to 22 .

'3
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. FIGURE '1 . . @
EXPERIMENTAL TREATMENTS OF ZOOSPORE SUSPENSIONS AND GER-
MINATING CYSTS USED;IN CHEMICAL AND ENZYME ASSAYS
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B ELECTRON MICROSCOPY

I General:
. ZOOSpores and cysts were flxed in glutaraldehyde and
osmium tetroxide using a slight modification of the method-
of Ho et al. (54), or in potassium permanganate: -

Gluaraldehyde-osmium tetrokxide. Zoospore suspensions were

)

rapidly mixed with an equal volume of fixative (4% gluta- ,
raldeﬁyde in 0.1 M phosphate bgffer and 2% (w/v) sucrose
at pH é.é). After 30 min the sgs?ension-fixative mixture
was filtered through a millipore filter disc'(S um pore
-size) on which the zoospores were retained. The disc wa;\
coated with a thin agar film by dipplng ;x qulckly in 2%
buffered (0.1 M phosphate) ‘water agar at 45’C. The coated
millipore disc was placed in fresh 3% buffere& glutaralde-
'hyde for 1 h. ’

Pixqgion of gerninatlng cysts held in distilled water
_at 25°C for varying perioda of time (15 min to 2 h) was:

‘carried out as for motile zoospores above.

Pelleted cysts were directly nixed and resuspended in

‘4% buffered glutaraldehyde and incubated -for 1.5 h. They
were then filtered onto a millipore disc and aqar coated
as described above. - .

Att.r the qlutaralduhydcdfixation, aillipore discs
were washed ovnrniqht in three changes of hufzer. They
wnfo then post-fixed in 2% (w/v) aqueous osmium tetroxide
fo£ 2 h, rinsed for iS min in each of two changes of dis-

21
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tilled water. The agar-coated discs were stained for 30 min
in 0.5% (w/;f aqueous uranyl acetate. The millipoge discs
were cut up into small pieces (approximately 1 mm diameter)
and dehydrated in an acetone series and embedded in an Epon-
Araldite mixthre.

Potassium permanganate. Zoospores and cysts were fixed by

mixing with 2% (w/v) filtered aqueocus potassium permangan-
ate solution for 15 to 30 min. This was followed by filtra-
tion on to mllllpore discs, coating with thin agar film and
dehydration in an acetpne series. Snall pieces of agar-
containing spores were embedded in an E?on—Araldite mixture.

Sections were cut on a Porter-Blum microtome and
stained with lead .citrate (0.035 ¢ in 10 ml double dis-
tilled waEer‘and 0.1 ml of 10.0 N ﬁioﬁ.so;ution; 82).
Micrographs were taken using a PhiLiPB 75 or 200 electron
microscope.

[}

I1 Identification of vesicular contents:

To identiff'contents of vesicles, the extraction pro--

cedure of Eurenius and Jarskar (31) was talto§:‘ Tﬁi;--oth-

' od involved the removal of the oﬁo*y'té:in and lipids frai:
ultra-thin sections with éopiun nathoxido:roagent and a
metﬁanol—béhzene‘nixtnro (l;l,:v/v). This prdbgaurn was

) found to-be unsatisfactory sinéo it yiolé.&'d;gty -‘ctipnl,

or vesic&lar contents werépnot alwvays oahsiit.ntly removed. -~

Other methods were thorctoro ulod. Zoospores and
cysts wefJ fixed with qluﬁiraldohyd. as prcwdounly de-

o




‘at 37°C for 15 min.

:37'C'.: The spores were then filtered on to a millipore disc,
. - .

rinsed with buffer and coated with a thin film of agar as
| before. S

éﬁribed but before post-fixation in osmium tetroxide they

- received one of the follow;ng treatments.

For removal of lipid.

i) A 30 min immersion period in each solution of a
graded acetone series - 20, 50, 70, 90, 100, 100, 70, 50 and
20% (modified after McKeen, 65).

ii) Immersion for 2 h in a chloroform-methanol mix-
ture (3:1, v/v), gpllowed by 1 h in chloroform.

iii) Immersion for 3 h in an ether—efhanol mixture
(2:1, v/v).

For removal of protein:

iv) Buffered pepsin (1.0 mg/ml in 0.1 M HCl at pH 2.0)

v) Treatment with X-amylase (250 ug/ml in 0.003 N
CaClz in a half-saturated ﬁ#CIz solution). After gluta-
raldehyde fixatidh, spores were pelleted by centrifugation
and incubated ﬁith the Of-amylase solution for 15 min at

Standazd procodurcs described prcviously were followed
to obtain electron micrographs.
III Cytochemical localisation of marker enzymes in -
microbodies and mitochondria:
licrobodi.l Cytochemical demonstration of narker enzymes
of -Lcrobodiu, L-0k-hydroxy acid oxidases and catalase, was

4
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by the method of Shnitka and Talibi (88) and the 3,3'-
diaminaobenzidine (DAB) method of Novikoff and Goldfischer
(71) as modified by Beard and Novikoff (6), respectively.
The demonstration of L-¢(-hydroxy acid oxidase activity
involved the enzymatic reduction of ferricyanide to ferro-

cyanide. The ferrocyanide was then captured by cupric ions

éo yield insoluble, electron-opaque cupric ferrocyanide.

Catalase activity was investigated with the 3,3'-
diaminobenzidine method which also produces electron-
opaque reaction products ;; the presence of hydrogen perox-~
ide.

Mitochondria. For the localisation of succinate dehydro—': R

genase activity the method of Kerpel-Fronius and Hajdés (60)
was used. The procedure is based on a simultaneous coupling
reaction in whiéh the ferrocyanide produced was captured by
copper at the.gite of enzyme activity as an electron opaque
product.

Standard procedures as described previously were then

followed to obtain electron-micrographs.




C CHEMICAL ANALYSES

I Buffer systems:

Crude cell-free extracts were prepared with 0.05 M
phosphate buffer, 0.05 M Tris buffer or in 0.05 M sodium
bicarbonate in 0.25 M. mannitol buffer. .The pH values of
these buffegs were adjusted according £6 the enzymesﬁbeing
assayed and details are given in section D.

Several buffers were used in individual enzyme assays
depending on which enzyme was under investigation. Details
of buffer systems used for each assay, and pH, will be

given in®section D.

II Cell-free homogenates: .

Cells at the desired stage of development were collec-
ted by centrifugation. The pellets were weighed wet after
drainage for 5 min and suspended in 5 ml of the appropriate
buffgr. This was then sugﬁeq}ed to sonic disruption for
5 min at S u for 22 Kc/s8, with an MSE ultrasonic disintegra-
tor. Crushed ice was used as coolant and the temperature
was never allowed to rise above 10°C. The cellular debris
was removed by centrifugation at,22,000 x g for 20 min at
4°C. The supernatant was degignated as crude enzyme prep-
aration, and used immediately for the analysis of enzymatic

activity or metabolic reserve.




III Metabolic reserves:

It was very difficult to measufe the minute quantities -
of endogenous nutrients present in zoospores and cysts with
most biochemical methods. Therefore most of .the methods
adopted were colorimetric assays, which were capable of
measuring the ug amounts present.

a) Carbohydrates. Determination of soluble carbohy-

drates was c;rried out by a slightly modified phenol-
sulphuric acid method of Dubois et al. (27). For total
carbohydrate content, samples were taken after 5 min aoni;
cation in 0.05 M phosphate buffer before cenﬁrifugation.
Carbohydrate content both of the 22,000 x g supefnatant
and of the pellet (resuspended in 2.0 ml-of buffer) wére“
determined. Phenol (1.0 ml of/gt, v/v, solution) was added
to the test tubes cont;ining 0.5 ml sample and 0.5 ml of -
buffer. Concentrated suléhuric acid (5.0 ml) was added
rapidly, the stream of acid being directed against the
liquid surface to obtain good mixing. The tubes were
alliowed to stand at 25%C for 10 min, theq théx;we;e shaken
and placed for 10 to 20 min in a water bath, at 25; to 30°C.
The optical density at 488 nm was recorded Qith~glpcose
(in buffer) being employed as a standard. The standard
curve was linear from 0 to 50 ug/ml, and all msasurements
of the samples were made in this range. Values were ex-
pressed as ﬁg carbbhydrate/nq dry spores.
b) Lipids. Total lipids were extracted by serial .

sonication for 5 min in-10, 5 and 4 ml of chloroform-
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methanol mixture (2:1, v/v). After each sonication period,

the mixture was centrifuged at 22,000 x g for 10 min and the

2

?pellet resuspended in a fresh volume of chloroform—metﬁanol
mixture as indicated above. . After the third sonication,

the mixture was combined‘iith\supernatants fgpm the two

previous centrifugations. “The mixture was made up to a
volume of 20.ml and left at 25°C for 12 h in a stoppered
Pyrex-ggstjtubé. Folch's lipid ext;action procedure as
N Podifiéé by Radin .(80) was then used. Vacuum’dfiqq samples,
Sr  were finally ée;;hﬁended in 5 ml1 of chléroform anq,desigﬁéi(

ted as chloroform extracts.

W ’1!‘

Determination of lipid phasphorus. The analysis Qf phos-

phorus content in 1.0 ml of chloroform extracgtﬁas py a

1,: sééthod adapted from Rouser et al. 154); Samples were tr;ns—
. o ferred to-small Kjeld#hl flasks, each conﬁﬁining 4 BDH-
bo.i.ling‘ chips. The tubes were placed on é;hing raéks and - '
‘h;ated to evaporate the solvent. To each tube was added o
1.0 ml of 608 perchioric acid, and the mixture boiled for
20 to 25 min on a;hinq racks. After cooling the tubes and
their co;tents, 7 ml of distilled water, 1 ml of 2.5% (w/v)
ammonium molybdate solution and 1 ml of 10% (w/v) ascorbic
acid solution were added. The tubes were heated .in a boil-
ing water bath for 5 min. Cooled samples were measured at
820 nm. Potg:siun,phasphate (KH,POy4) was employed as
lt:hdard. '

Acyl ester linkaggrdotnnmtion. The procedure of Stern
and Sshapiro (91) was used to estimate the content of
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glycerides in 1.0 ml of thg chloroform extracts. Recrystal-
lised methyl palmitate was employed as a standard. Samples

were measured at 520 nm.

Free Fatty Acids. Estimatién of the total free fatty acids

in sonicated cell-free extracts in 0.05 q phosphate buffer
was by a slight modification of the method of Itaya and Ui
(58). Chloroform (6 ml) was added to 1.0 ml of sample in
buffer. and p.i ml of 2% albumen in NaCl. Pree fatty acids
.tsanéfér;ed from the aqueous phase into the chloroform, were
mixed with copper triethanolamine-(l1.0 M triethanolamine: -
1IN acetic &cid:6.45% Cu(NO3).3H20, 9:1:10.v/v/v). The Cu
‘comprék of free fatty acids in chloroform after separation
and filtration was measured colorimetricall& at 440 nm,
after the addition of 2 drops of .sodium dietﬁ&ldi;hiocaiba—
mate solution in n-butanol. Recrystallised palmitic acid

in chloroform was used as a standard.

¢) Protein determination. The amount of protein in

cell free—extracts in 0.05 M phosphate buffer (before cen-
trifugation, i.e. total protein), the‘22,000‘x g supernatant
(designated CFE) and pellet (resuspended in 2.0 ml of buffer)
was estimsted with the procedure of éra-hall et al. (14).
This method involved spotting samples on to pieces of f@lter o -
paper (Whatman 42), air drying and transferred to trichloro- .
acetic<acid (7.5%, w/v)‘;nd heaﬁod at 80°C for 50.ui; in a
‘ water.bath; Af%er renovil of the acid and lipids with

gether-éthinol<(1=1) and ether, the dried paper was.stained
with dfe solution (xylene brilliantucyanin G, 10 mg/ml in

~

.3
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7% acetic acid). Excess dye,was‘rgmbvedkvith 7% -acetfc
- 3 e - ~ ' -

acid and the dyed sample .,spots Qere eluted'with destain

solution (66 ml methaRol, 34 ml water and .1 ml concentrated

ammonium hydroxide). The dye released into thé solu&ion L
n Y Y %

was measured at 610 nm. Bovine serum albumin was used as a

standard. -

¥



D ENZYME ASSAYS

I Spectrophotometric determination of enzyme

activities:

All gpzymes were assayed spectrophotometrigally using
the crhde enzyme fractipn previously dgscribed: Colorimet-
ric methods were used to maximise the chances of ;bnitoring
the low.enzyme acgiQities pfesent in such small ‘samples
(éppréximatelyqs.o mg dry wéight of spores).

The reaction systeﬁs and the conditions'of.each assay
are given'below. The'énzymes assayed were isocitrate lyas;J‘
(Lg-Isocitraté glyoxylate-lyase, EC 4.1.3.1)*, malate syn-
£ha§e (L-Malate qlyoxylate lyase, EC 4.1.3.2), NAD-isocit-
rate dehydrogenase (Ds-Isocigrate : NAD oxidoreductase (de-
carboxylating), éq i:1.1.41), NADP-isocitrate dehydrogenase
(Ls-Isocitrate:NADP oxidoreductase (decarboxylating), EC 1.
1.1.42), malate dehydrogenase (L-Halate:NAD‘oxidoreductase,
‘EC l.i.lf37) andﬂsuccinate dehydrogenase (succinate:l;ccep-
“tor] oxidoreductase, EC 1.3.99.1). &he activity of o(-keto-

glutarate dehydroéenase could not be detected with several

-~
f

assay techniéues'(59, 73, 97).

Assays were conducted in a Beckman DB spectgopﬁptonatén
with a recorder and a Unicam 1800 spectrophotometer eqﬁippod
with a high speed recorder. Specific activity is expressed

Pt

as units of enzyme per mg protein. o . .

-

* Por enzyme nomenclature see Florkin and Stotz (33).
. . ' ’

-




a.s SPECTROPHOTOMETRIC DETERMINATION OF ACTIVITY OF KEY
ENZYMES OF THE GLYOXYLATE CYCLE - ISOCITRATE LYASE AND
MALATE SYNTHASE
Isocitraée = succinate + glyoxylate 1
Acetyl Coenzyme A + glyoxylate —> malate . 2

Spectrophotometric assays of isocitrate lyase
(reaction 1) and malate synthase (reictiqn 2) were made;by
a modification of the methods of Dixon and Kornberg (25) and
Olson (76).

The isocitrate lyase assay depends on the measurement
0f the rate of increase ih optical density consequent upon
the formation oé glyoxylate phenylhydrazone at 324 nm.
After a lag of about 1 min after addition of isocitrate to

start the reaction, the increase in optical density was

linéh; for 4 to 5 min; this rate is proportional to- the

"enzyme concentration. ' '

Malate synthase activity was followed by measuring the
decrease in optical density at 232 nm, conseqﬁent up;ﬁ thé
breakage of the thio-ester bond of acetyl coenzyme A in th;
presence of glyoxylate. Glyoxylate wﬁs added to start the
reaction. However, before its addition, the recorder was

allowed to run for several minutes to detect the ﬁosaible

p:asénce-ot acetyl coenzyme A deacylase. The initial rate

' of decrease in optical density is proportional to the amount

v

of malate synthase present.

The enzyme extract was prepared in 0.05 M Tris buffer,

pH 7.0, containing 2 umoles/ml of dithiothreitol. Reac-

31
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tions were carried out in a quéam 1800 spectrophotometgr

at 28°cC. |
Fér both enzyme assays, the crude enzyme (0.4 mi) was

added to a.reaction mixture (0.5 ml), the components of

which ;re_given in Table II. Tabie III shows the assay mix-

" tures used to determine enzyme activities.

A unit of activity was defined as the amount of enzyme

causing a change in optical density of 0.001 per min.




‘TABLE I1I

&

) P

REACTION MIXTURES FPOR GLYOXYLATE CYCLE ENZYMES
; i ¥ » ‘

REACTION  REACTANTS STOCK SOLUTION VOLUME (m1)
* ICL CYSTEINE-HC1 - o.M _ - 0.2

' PHENYLAYDRAZINE-HCL  0.216% (w/v) © 0.5
‘Mgsoy. . 0.05N . 0.3

- BUFFER 0.2M phosphate, pH 6.0 1.0 *

'DOUBLE DISTILLED WATER " 0.5

<
ACETYL CoA 0.025 umoles
¥gcl, | 2.860% (w/v) .
BUFPER 0.2M Tris, pH 7.6

DOUBLE DISTILLED WATER

’ 4

* Isocitrate lyase (ICL).

* 4+ Malate synthase (ES).




TABLE III

SPECTROPHOTOMETRIC ASSAY OF ISOCITRATE LYASE (ICL) AND

MALATE SYNTHASE (MS) ACTIVITIES

REACTION REACTANTS STOCK SOLUTION VOLUME (ml)
ICL REACTION MIXTURE " PH 6.0 . . 0.5 .
. e . b
ENZYME. ' , ‘ 0.4
"#pL-SODIUM ISOCITRATE 0.2M 0.1
P A
MS - REACTION MIXTURE pPH 7.5 0.5
ENZYME . - ' ' 20.4

-

*SODIUM ‘GLYOXYLATE, 2.0 umoles - 0.1

o .
<
Z

v -
* Reactions were started by the addition of isocitrate and

sodium glyoxylate fof isocitrata‘lyase‘and malate synth-
. _ £ : :
‘ase, respectively. '

o
L7

. 4 ) * . . '
Controls accompanying each assay were without isocitrate

or glyoxylaie.

-

[ 4
4
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b. SPECTROPHOTOMETRIC DETERMINATION OF ISOCITRATE DEHY-

DROGEMASE ACTIVITY . 7
. f . + . ! -
d=Isocitraté.+ NAD* —3 o{-Ketoglutarate + NADH + H + CO, 1
d-Isocitrate + NADP* —p o{-Ketoglutarate + NADPH. +Ht + 002 2

Isocitrate dehydrogenase activities were assayed
spectrophotonetrically by folloving the reduction of NAD+
(reaction 1) and NADP* (roaction 2) at 340 nm. All assays
were performed at 25°C in cuvettes of 1 cm light path, in a

spectrophotometer equipped with a recorder, by the method of

-

Plaut and Sung (75). ) 5

A unit of activity was defined as the amount of enzyme
causing an increase in optical density of 0.0l per min
under conditions'fqr which the rate of optical density -
increase remained linear for at least 5 min. |

The reaction systems used in these assays are shown ins
Table IV. 1In all cﬁses a control containing all reaction
components e#caﬁt isocitrate accompanied the sample.

" The enzyme p;aparation used was in a 0.05 M sodium

bicarborate in 0.25 M mannitol buffer at pH 8.0.
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- _ E TABLE IV
SPECTROPHOTOMETRIC ASSAY OF ISOCITRATE DEHYDROGENAS
_ ACTIVITIES . : .
_REACTION REACTANTS  STOCK sof.v&rou VOLUME (ml)
1-  Nap 0.01M M~ o
ENZYME - 0.2
BUFFER 0.1M c#codylate, )
pH 6.5 0.5
amp 0.01M 0.1
MnSO4 0.02M . 0.1 i ”
*DL-ISOCITRATE 0.80M 0.1
2 NADP - 0.0015M 6.2 e
ENZYME ' 0.2 '
BUFFER 0.1M Tris, pH 7.4 0.5 ' /
MnSO, 0.02M . 0.1

4

* Reactions were started by the.add§tidn of DL-isocitrate,
sodium salt. ‘




c. SPECTROPHOTOMETRIC DETERMINATION 6!" MALATE DEHYDRO-
GENASE AC'FIVITY )
Oxaloacetate + NADH + Ht —* L-Malate + NAD?'

Malate dehydrogenase was assayed spectrophotometri-
cally bf foll?wing the oxiéation of NADH at 340 nm. Assays.
were conducted in a spectrophotometer equipped with a
recorder. Initial rates of reaction were determined at .
25°C in cuvettes with 1 om path-length\and a total volume
of 3.0 ml. °

The reaction system used in these assays is shown in
Table V. 'Controls cohtaining all reaction components ex-
cept QADB (replaced with buffer) were included in each
assay.

One unit of en:y;;/;:—;;;I;ed as that amount of enzyme
causing a decrease in optical density of 0.0l pex min.

The enzyna preparation used in these assays was pre-

pared in a buffer of 0.05 M sodium bicarponate in 0.25 M
mannitol at pﬂ 8.0.



TABLE V

SPECTROPHOTOMETRIC ASSAY OF MALATE DEHYDROGENASE ACTIVITY

REACTANTS STOCK SOLUTION VOLUME (ml)
NADH 0.00128M (in buffer) ' 0.2
ENZYME 0.2
BUFFER - 0.25M phosphate, pH 7.4 2.6
*OXALOACETATE 0.0076M (in buffer) | 0.1

o
* Reactions were started by the addition of oxaloacetate to

the assay mixture. Controls had oxaloacetate added before

establishing a base line tracing for NADH absorption at

340 nm.
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d. SPECTROPHO'IOHET%[C DETERMINATION OF SUCCINATE DEHYDRO-

GENASE ACTIVITY

Succinate &= Fumarate + 2H* + 2e

Seyeral manometric and spectrophotometric methods
were tested fo; the activity of su;cinate dehydrogenase (]},
2, 8, 12, 17, 30, 79, 89, 97). VFinally the assay method
adopted was modified after those of Arrigoni and Singer (1),
Baginsky and Hatefi (2) and Ells (30).

Succinate dehydrogenase activity was measured by follow-
ing the oxidation of succinate and subsequent reduction of
an N—alk}lphenazonium salt coupled to a terminal electron
acceptor. The N-alkylphenezonium dye used was phenazine
methosulfate (PMS) coupled to a terminal acceptor 2,6-
dichlorophenol indophenol (DCIP). The reaction rate was
measured by following the reduction of DCIP at 600 mm. The
concentration of PMS was varied (0.2, 0.1, 0.07, 0.05, 0.03
ml) to overcome the possibility that at fixed dye (PMS)
concentrations, the affinity of the dye for the enzyme may
vary depending on source or age of enzyme prefaration (1,
79).

Enzyme extract was prepared with 0.05 M potassium
phosphate buffer, pH 7.6. The assay mixture of 0:4 ml
enzyme extract and 0.4 ml of reaction ;ixture (the compon-
ents are given in Table VI) were allowed to equilibrate for
7 min in cuvettes at 38°C. The cuvettes were incubated in
a Unicam 1800 spectrophotometer equipppg with a rapid
recorder. After ;anporatura oquilibr&tion, 0.01 ml of DCIP

39




(0.002 ymole) and varying concentrations of 1.0% (w/v) PMS
were rapidly added and mixed. Controls were run with each‘
assay, ;he mixtures were without sodium succinate.

The initial rate of change in optical density per min

at 600 nm, following addition of DCIP and PMS, was calcula-

" ted er? the 30 to 90 sec period following addition of the

dyes. A reciprocal concent;ation of PMS was plotted against
the reciprocal of initial rate of change in optical density
and extrapolated to give V- max. (maximum velocity) values

which were then used for calculating sbecific actfvities.

[y




TABLE VI
REACTION MIXTURE FOR SPECTROPHOTOMETRIC ASSAY OF SUCCINATE

DEHYDROGENASE ACTIVITY

b
REACTANTS ) STOCK SOLUTION VOLUME (ml)
SODIUM SUCCINATE 0.02M _ 0.5
PHOSPHATE BUFFER 0.05M, pH 7.6 5.0
. POTASSIUM CYANIDE 0.01M, pH 7.6 0.5

CONTROL MIXTURE POR SPECTROPHOTOMETRIC ASSAY OF SUCCINATE
L .
DEHYDROGENASE ACTIVITY

%, . -

REACTANTS STOCK SOLUTION VOLUME (ml)
—_— * ‘ —_— ]
'DOUBLE DISTILLED WATER | 0.5
PHOSPHATE BUFFER 0.05M, pH 7.6 -t 5,0~

L] -

POTASSIUM CYANID§ 0.01M, pH.7.6 0.5

~ . e

-+
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I1 Distribution of enzymes in cell fractions:

~

To determine the relative quantities of all the en-
zymes assayed earlier in Section I (except succinate de-
hydrogenase), in various fractions of spores, all the zoo-
spores produced from 350 plates were used. The zoospores
(1 to 2 h motility) were centrifuged to synchronise encyst-
ment and pellet the spores. The spore pellet was div%?ed
into .two with the aid of a small spatula. ‘

One half of the pellet was suspended in 5.0 ml of 0.05 M

" Tris buffer at pH 7.0 containing 2 umoles/ml of dithiothrei-

tol (for glyoxylate enzymes) and the other half in 5.0 ml of

0.05 M sodium bicarbonate in 0.25 M mannitol buffer at pH

-4

8.0 (for isocitrate dehydrogenase and malate dehydrogenase
assays). The spores were sonicated for 5 min as previously
described.

Sonicated cell-free extracts in the appropriate buffer
were centrifuged at 6000 x'g for 15 min (pellet designated
as P 1), 22,000 x g £or 30 min. (pellet P 2), and 46,000 x g
for 90 mini(pellet:; 3) -(see Pig. 2, p.44 ). After each
centrifugation step, the resulting pellet was washed onée
with 2.0 ml buffer and centrifuged again at the sane.speed.
The two resulﬁant supernatants'wote then {combined and the
centr;fugation procedure rcpgp;.ﬁ at’ the next level.” The
final two supernataits (after’ls,ooo“x q) Qc:o combined and
designated S 4. Ea?ﬁ of the patlgts wvere subsequently re-
suspended in 5.0 ml of buffer:

Rélative specific activities of isocitrate lyase and

rd
i
;
7
i
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3
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i
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malate synthase in the different fractions were assayed as
previously described (pages 31 ¢to 34 ).

Isocitrate dehydrogenase (NAD and NADP-linked enzymes)
and malate dehydrogenase activities were glso determined on
the various‘fractions. The total volume of assay mixtures
in these three tests was 1.0 ml.

Isocitrate dehydrggenise.- NAD ;inked. This was assayed by

incubating 0.2 ml of'énzyne extract with 0.7 ml of reaction
mixture containinq NAD, cacodylate buffer pH 6.5, AMP and
- é:HnSO4 as in Table IV (reaction 1l). DL-isocitrate, 0.1 ml

was added to start the reaction.

7Ifocitrata dehydrogenase ~ NADP linked. - This was assayed
by incubating 0.2 ml of enzyme extract with 0.7 ml of re-
;ctioh mixture containing NADP, Tris buffer pH 7.4, and
MnSO4 in quantities as given in Table IV (reaction 2).w DL~
isocitrate 0.05 ml was added to start the reaction.

Malate dehxdrogynasé activity was assayed by incubating 0.2

ml of enzyme extract with 0.2 ml NADH and 0.5 ml phosphate
buffer (0.25 M.pH 7.4). The reaction was started by the
addition of 0.1 ml of oxaloacetate (0.0076 M).
All otger assay conditions (temperature, vavelengths.e
unit of q.:ync) were as‘previously described for each en-
zyme 1n Section I. . ‘ -
f/,;/f With fractions s 4, cnzyna extract was doubled‘ln all-

assays since total volume of S 4 was tvice as much as the

Y
Y

other fractions.
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FIGURE 2

DIFFERENTIAL CENTRIFUGATION FOR CELL FRACTIONS

CELL-FREE HOMOGENATE |

Centrifuge at 6000 'x g

SUPERNATANT

Centrifuge at 22,000 x. g

L
l

. SUPERNATANT

Centrifuge at 46,000 x g

|




E "~ DRY WEIGHT DETERMINATION

6ry weight determinations of zoospore or cyst material
were made for each of the enzyme and chemical assays, since
enzyme activities and quantities of metabolic products yere
finally calculated per unit of dry spores. A
portion of thé spores in each of the incubation periods or

-~

étage (Tl, T2 and T3) was weighed wet after 5 min draining.

It was then dried in an oven ;t 80°C for 48 h, cooled in a
desiccator and then weighed again.

éhanges in dry weight with time of incubation or stage
of development were also invesatigated. 1In this case all
the spores for each incubation period were weighed wet, then

dried as above and weighed again.




CHEMI;ALS,
a1l chemicals used in the enzyme aséays, chemical
analyses and cytochemical localisation studies were of
reagent grade. They were obtained from Sigma Chemical. -

Co. and Nutritional Biochemical -Corp.
Fy .

Epoxy resins for electron microscope studies were

from Ladd Research Industries Inc.

-
#
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CHAPTER 3
OBSERVATIONS AND RESULTS

A’ ) ULTRASTRUCTURAL OBSERVATIONS

I ULTRASTRUCTURE OF ZOOSPORES

The qaneral morphology and fine struZture of”zooséores
of Extgghthqs!jgglhivora are illustrated in Plates 1 to 5

and diagtn-.itically in Fig. 3 ¢for abbrevxatlaps relatinq
to ultrastructure see page xix). :
o Socospores hre surroundod by a plasmalemma (plasma -e-:F
brane) (Plates 1, 3 and 4). The plasma membrane is general-
ly indented or uavy and in ueveral places, it is pushed
outwards by vesicles with granular contents (Plates 4 and 5).
Running longitudinally alongcone side of the zoospore
is a groove (Plate l) ghalloy at each endgAdeop in the
' centre -(Plates 2 Q;o 4). Below the qrt;O\re is a si,ngle.largg
vacuwole, about 2 to 3 um in diapetor«lplaéea 3 and 4). The
vacuole is in an anterior positloh in relation to the ‘ '
‘nuclézi. The aroa,umound the groov-'ahd vacuole - the
‘qtoovo region - posscoscs certain distinctive features.
Among these is the lack of orgakelles and few ribosomes.
AfAnother charactiristic feature o{$the qroove region is the

t
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presence of several small? golgi proliferated vesicles
(about 15 nm diam., bounded by singlb membranes); and of

long, parallel membranes {with rough surfaces) thCh loop

in several places to delxmxt double membrane-bound. ve51cles

f e
(Plates 2, 5, 11, 16,-17 and 18). The latter vesicles are

about 109.to 150 nm in diameter, and are either spherical or
cﬁp—shapéﬁ (Plates 5 and 15). The smooth, inner membranes

of these fesicles are thinner than the rough outér.membranes
»

o -

(Plates 5§‘15 and li)g These vesicles are almqst electron- .

transparent. Plates 3,*5 and 15 show several] vesicles at
@ . ¥

' various stages of merging with the tonoplast of the con-

'i

tractile vacuole. This sugdésta\that these vesicles Fiqrate

and coalesce with the vacuole (thus serving a water'axphl—

31on functlon).
The flagella arise from a proéuberance (P;aﬁa 7) which'

is located in the deepest part of the groove. The flagellia,

-

one t1nse1 and, one whxplash (Platg }2) contain “the charac-

terxstxc 9 + 2 fxbr;ls, surxounded by a sheath (Platea 13

- .,

and '14) which is continuous with the blaqmalemna of the
zoospore body (Plates 6 and 95 The two fIaqélla:a}e an-.

chored inside the zoospore by fibre bundles or rootlets.

LS

The rootlets orlglnate from the kinetosomes (blephaIOpIaatn)

and radlate into the cytoplasm below the plasnaleuﬂq and
xnto the- protuberanoe (Bl\-\~6 7 and 8). . | . 's

w”‘

The laxge pyrlforn nucleus with a prominent nucleolus

occupies a more or less central position in the zoospore.

Its narrow end,la pOinted towards the kinetosonea of the
g - . &

’,:1agei.;&'(p1ate; 9 and 10). . - - A

. N . - + .
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FIGURE 3

DIAGRAM TO ILLUSTRATE THE GENERAL STRUCTURE OF A

ZOOS PORE OF P. paimivora ~

'S - \
I3 ~ s .
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,The mdst'pgominent feature of zoospores is the occur-"
rence of several different types ofvlarge vesicles and
other inclusions (Plates 1 to 5). These are described in
detail below.

Vesicles: ,

Several t;ypes of large ,\tesicles are distributed ‘throug-h-
out zoosporesvexcept‘inﬁthe groove regiqn {Plates 1, 3 and
5). These vesicles are named according to the appearance
of their contents in material fixed with glutaraldehyde andt
0s04 but they were also ex&yined'afﬁer KMnO4 fixation; Three

. .-\\ .
major types og vesicles‘aie recognised (Fig. 4).

Amorphous "vesicles". K These lack lihiting membranqé and’
contain électron—densé,ﬂeveniy dispersgd material (0804 fix-
ation). In KMno, fixed quspofes( they appear empty. "Amor--
phous 'vésicles" are distributed throuéhout the zoospore
cytoplasmf Here and therq,fclosely‘adjacent vesicles co-J;

alesce (Plates. 1 and 16). The vesicles range in size from

»
.

0.5 - 1.5 x 0.8 - 1.5 um.

Crystalline vesicles. Of all the different vesicles in the

zoospore, these are the most numerous and also most variable
_in size, ranging from 0.6 to 2.0 um diam. Several fofm# of.
crystalliné vqgicle;‘occur. Their appearance is illustrated
in Plate;wl io 5 and diagrammaﬁically in Pig. 4. The con-

tents of these membtanevboéid'vesicles are highly osmiaphil-
- ;

A

ic and show distinct crystalline structure éxcept when fixed .

in KMnO4. In the latter case, they are less electron-dense

and show little or no crystalline structure (Plate 10).

|

-
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Four forms of crystalline vesicles are distinguished
(these represent different arrangements in the lumen of the
vesicle). . ,

‘i) Finger-print: This,forﬁ of vesicle (VCf) must have

provided the historical basis for naming these vesicles

"crystalline®. Similar crystalline inclusions were reported

in sporangia of Phytophthora erythroseptica (20, 401).

‘ The osmiophilic contents display a reqularity in elec-
tron-transparent zones running from one end of the vesicle to
the ther. These highly regular electran-transparent zones
have the appearance of crystalline strugpures (Plates 6, 8,
15, 19 and‘ZO). ~The finger-print contents occupy the lumen
partially or completely (Fig. 4).

+ii) Dense-mass: The contents of these vesicles (VGd)

uniformly occupy the lumen as a dense osmiophilic body (Plates
1, 5 and 7 and Fig. i). " Variations of this basic form ob-
are those with an amorphous-looking or highly osmio-

philic entre and a cortex of the finger-print form. Both

types may be present (Plates 61}8 and 19).

iii) Network or reticulate: The lumen of this typé of
. Y

vegsicle (VCn) is occupied by an irregular network of highly

s

'osmiophilic material (Plates 4 and 18). At high magnifica-
L
tions, some of the vesicles also show the regularity of

electron-transparent zones, describeg above. for the finger-
print forms (Plates 8 and 17).
iv) Ring: The osmigphilic contents form a rigé lining

the membrane of the vesicle_ (VCr). In some cases, ‘there are

. R »
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FIGURE 4.

DIAGRAM TO ILLUSTRATE THE* GENERAL STRUCTURE OF MAJOR VESICLES
IN ZOOSPORES AND CYSTS OF P. polmivora .

GRANULAR AMORPHOUS OR LIPID

CRYSTALLUINE

-/

RING, VCr .

NETWORK ,VCn
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electron-transparent reg;ons outside the ring (Plate-i).
The contents are similar to those of the finger-print
(Plate 6) and dense-mass forms (Plates 1, 3, 5 and 15).

Granular vesicles: These vesicles are membrane-bound
- L4

structures containing evenly-dispersed, finely granular
lightly ;tainiﬁg material (Plates 3, 4, 5, 8, 15 and 19 and
Pig. 4). Characteristically they are located immediately
be%ow the plasmalemma and frequently result in bulging of
the zoospore surface (Plate 5). In size they range from
0.5 to 0.8 um in diameter.
iElsewhere, below the plasmalemma several narrow flat-

tened vesicles (VGf) about 0.6 x 2.0 um, containing similar
granular material also occur (Plates 1, 3 and 9 and Fig. 3).

i Other organelles in the zoospore, described in detail
below, include microbodies, mitochondria, dictyosomes and
endoplasmic reticulum. These orgghelles undérgo the most

changes in size and distribution during zoospore encystment

~

and subsequent germination.

*

Dictyosomes :
In ﬁbst sections of zoospores, the most commonly ob-

served dictyosome (Golgi- body) Iies between the nucleus and

the groove region (Plates 4.and 5). dccasionally'phree dicéy;

osomes were observed in sections of zoospores (Plate 10).

Endoplasmic reticulum:

Few endoplasmic reticulum (ER) cisternae were found in

. s
the cytoplasm.’ When present, the ER may be arranged in layers

-

$3

-
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(Plate 16) and except when associated with the nuclear en-
velope, ribosomes are attached to the membranes, as well as
being freely distriputed elsehwere in the cyfoplasm. Occa-
sionally, cisternae of expanded ER with squared ends,
approximately 0.2 x 1.35 um, are observed. These enlarged
cisternae contain tubules (Plate 20) and up to about 10 such
tubyles may be clearly distinguished. -«

Microbodies:

These are densely-stainedbspherical bodies bound by a
unit membrane. They are about 0.4 to 0.6 um in diameter and
dks;ributed around the periphery oé zoospéres (Plates 1 and
2). Two types of microbodies are observed. One form con-
tains evenly dispersed material in the matrix (Plates 1, 2
and 8), whereas the second type contains one to three "bars”
of material denser than the general matrix. In the latter,
the areas around the highly osmophilic bars are electron-
transparent (Plates 5, 7 and 15). These densely stained,
bars sometimes adhere closely to the limiting membranes of
the microbodies, but are distinctly thicker than unit mem-

branes (Plates 7 and 15).

Mitochondria:

«

Mitochondria in zoospores are generally arranged arouﬂd’
the periphery (Plates 1 and 2) and also in close association'_
with crystalline and amorphous "vesicles™ (Plates 1 and §5).
Around the latter, cuf;gd mitochondria are freguently seen
(Plate 1%).

Mitochondria range in size from 0.5 - 1.0 x 0.8 - 2.0 ]




um, and contain thin or slender sparsely distributed cris-
tae (Plates 5, 15 and 16). The average number of mitochon-
dria in zoospore sections is about 12. Mitochondrial gran;

ules are scattered at random in the matrix (Plates 6, 16 and

19).
Unidentified body:

Membrane bound bodies about 0.7 um *in Qiameter contain-
ing ribosome-like particles occasionally‘occur just below
the plasmalemma (Plates 5 and 17). _ :

One of these'bodies which appears to have been lost
from a ioospore is illustrated in Plate 17A. This unidenti-
fied body bounded by three membranes appears to/ﬁgc; a cor-
tex of ribosome>Iike particles and an amorphous matrix.

The fate ofﬂfhese bodies during encystment and subse-

A\ quent germinatioh‘is unknown; they are seen only‘occasion-

ally in sections of non-germinating cysts (Plate 26).

y
. L
Y -
. ’
v »

Ultrastructure of zoospores after 6 . h motile period -

The ultrastructure of zoospores after 6 h of motility
is similar to that -described above for freshly liberated ,
-zoospores. The fine structure of a zoospore after a b h

motile period is illustrated in Plate 21.

«
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PLATE 1

K

Longitudinal section of a zoospore, after 1 to
2 h motility, fixed in glutaraldehyde and
osmium tetroxide. It shows most of 'the com-
ponents of a zoospore. Note the groove with a
small part of the vacuole below it, and ribo-
somes distributed throughout the cytoplasm
except in the groove region (GR); Also note
large nucleus (N) and nucleolus (Nu), mito-
chondria (M) and microbodies (Mb) around the
periphery of zoospore. Note various forms of
crystalline vesicles (VCf anh VCr) and lipid
bodies (L) throughout the zoospore except in
the groove region. Observe irregularity of
the plasmalemma éurrounding the zoospore.

x 21,000.







PLATE 2 Transverse section through the central part of a
zoospore, after 1 to 2 h motility, showing the
characteristic deep groove (G). Note mito-
chondria and microbodies (mostly with a uniform . v
matrix) around the periphery of the zoosporé.
Observe the granular vesicles (VG) below the . -

plasmalemma and the crystalline vesicles, ,

lQ

mostly of the ring form (VCr). x 18,000.
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PLATE 3 Longitudinal section of a zoospore, after 1 to -
‘ 2 h motility, showing a large~y§cuole. Note
looping membranes ;nd sevéral small vesicles
suﬁtdunding the vacuole (V) and.the remains qf
vesicles inside the vacuole. Also note g¥shu-
' lar vesicles and flattened vesicles below 27

3

plasmalemma (arrowéx‘ X 21,900.

gt
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PLATE 4

<4
“
.o

e

( Longltudlnal Sectlon "of a goospore, after 1l to

2 h motlllty. showing outgrochs of zoospore

N

body overarching thefqroove‘» Note -several

small vesiples;arouﬁgzthe vacuole; and the
dictyosome (D) below the vacuole. .Granular
vesicles (VG) are wélI—preéérved'and in some

‘blaces plasmalemma bulgeé:outwards; Crystal-

line vesicles are of the network form (VCn).

(The disg?ntinuity apparent in sevgraf‘areas

of the &yoplasm is due to.inadequate -fixation

and the. effect of dehydration)

.~ x 18,000.

o
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PLATE 5 Transverse Sec;ion of a zoospore, after 1 to

. 2 h motility, with several granular vesicles
projecting above the zoospore body. 'Crystal-

-

3 s I ) 13 -
line vesidles are of the ring and dense-mass )

e

E forms. Note numerous small vesicles (witly
thin‘iéner membranes, arrows) surrounding (

the vacuole. Thete is an unidentified body P

(U) containing ribosome-like particles. Two
; S | , |
forms of microbody "are present. Mitochondria

- . . . -
~contain thin cristae,b Note relative absence

S

of ribosomes: in 'the area around the vacuole.

to. - -

4 x 22,000.

3
.







PLATE 6

-

Longitudinal section through whiplash flqgeilum

" and kinetosome and a portion of the other '

kinetosome. Pdrt of the protﬁberance in' the
groove, fxom the base of which flagella arise,.

is show;&Uﬂ the right. Note the rootlet micro-

_ tubules under the plasmalemma (Rt) and micro-

L4

tubules running from kinetospme into -the pro-

tuberance (arrows). Algo note the continuity

of the flagellum sheath with plasmalemma of the

2oo§pore. Observe the finger-print structure

-of the dense-mass and ring forms of crystalline

vesigles. x-35,000. -
~ 2

-

&

Section of the complete protuberance showing a ~
part of flagellum and incompletely portions of
the kinetosomes ] Organelles in the prdtuber-

ance include }obodigs‘(Mb), mitochondria,
microtubules (arrows) and cryqtgiligg/veﬂibles

‘

- ring and dense-mass forms. x 26,000.

f
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PLATE 8

PLATE 9

Longitudinal section through-kinetosomes show-
&ng rootlet microtubules (Rt) running from the
kinetosomes ihto'the zoospore cytoplasm, below
the plasmalemma and into the base of the pro;
tuberance. Note electron-dense fibre buqd}e
connecting the kinetosomes (a}row). Crystar;
line vesicles are of fingeriprint and ring
forﬁs[ Granular vesicles are well p;ese;ved.

F
x 24,000.

w

> . N . .
Section of a portion of zoospore showing ori-

entation of the narrow end of pear-shaped

e

nucleus towards kinetosomed,: Note the promin-
= Fa :

. ent ‘nucleolus and the electron-dense zone sepa-

~

rating a less dense area at the apex of the
nucleus, the nuclear cap, from'the rest of the
. 7 . g

nucleus. 'Adjacent to the nucleus, beiow the

plasmalemma, are rootlet microtubules and a.

flattened vesicle (VGf). x 25,000.







PLATE 10

3

*

. PLATE 11

3

ta

N ¥
. Transverse section of a portion pof a zoospore
; \

e

Section of a zoospore fixed with potassium
permanganate. Observe part of kinetosome sub-
unit directly opposite one of the mAny_pores
1Np)‘in the nucieus envelope (NE). Other fea-
tures of interest are the well-gxreserved mem-
branes;inciuding two dictyosomes and mitochon-
dria. Crystalline vesicles are less eléEtréﬁ—
dense with some fiﬁger-print structure still

visible.

Stained withlléad;citrate.:‘x 20,000.

Y

showing kinetosome triplet subunits. Note

looping membranes in the groove region.

x 6%6,000. "
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PLATE 12

PLATE 13

PLATE 14

Light micrograph of a zoospore showing the
tinsel flagellum (TF) with mastigonemes and ~
the whiplash flagellum (WF).

Fixed in osmium tetroxide. Stained with

Loffler's flagella stain (22). x 2,200.

3

Transverse section of a flagellum showing
two central microtubules surrounded by nine

pairs of adjoined microtgbules. x:138,000.

)r\;

H
a

Longitudinal section of the tinsel flagellum
showing portions of two ﬁastigonemes. Noé&ce
continuity of sheath membrane and membrane

around the mastigonemes, which appear to lack

any internal structyre. x 54,000.

P
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PLATE 15 Section of a zoospore showing groove region

and vacuole. Note numerous vesicles around

-

FThe vacuole and vesicles coalesced with tono-

plast of the vacuole (arrows). Crystalline

vesicles are of the dense-mass, finger-print

-~and ring forms. All microbodies contain
. - k)
. . - .
densely-stained material surrounded by narrow

’ electron-transparent areas. x 23,000.
- ' a

]

PLATE 16 Section of a zoospore showing iooping mem-

. . , . . i I.

branes in the groove region. Note layers of
A .

endoplasmic reticulum (ER), coalesced lipid

-

bodies and the lond mitochondrion (associated . 4

-
<

with lipid) containing sparsely distributed,
v ‘ ’ t [

thin cristae. ".Alsd note the absence of ribo-

somes in the groove region (GR). x 32,000. L
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PLATE 17

PLATE 17A

~?

Ny

Section of groove-region (GR) of a zoospore
showing several looping membranes. Note thin
inner membranes (arrows) of double membtrane-
bound vesicles and the unidentified body (U)
near the groove region. Crystalline vesicles

are of the network and ring forms. x 34,000.

Section through unidentified body lost from

' zoospore. Note the central amorphous matrix

surrounded by ribogome-like particles and an
outer envelope consisting of three distinct

membranes. x 30,000.

> - » ~.

Section of a zoospore showing network forms
of crystalline wesicles. Looping membranes
are visibie,in'the groove region; also note

part of vacuole (V). x 24,000.







Section of a portion of zoospore showing
crystalline vesicles. Note ali crystalline
vesicles contain some Qinger?print structure.

Also note mitochondrial granules. x 35,000.

PLATE 20 - Longitudinal section of enlarged endoplasmic

reticulum containing tubules. x 46,000,







PLATE 21

Longitudinal section of a zoospore, after 7

to 8 h motility, sho;ing libid bodies, crys-
talline and granular vesicles. Note that

lipid bodies and vesicle contents differ little
from corresponding structures after 1 to 2 h
motility (see Plates 1 to 5). Also note |
microtubules (arrows) radiating from area of

k)

flagella origin towards centre of zoospore. -

x 51.0&
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II ULTRASTRUCTURE OF ENCYSTED ZOOSPORES ‘

Several changes occur when zoospores of P. palmivora

encyst. These include the shedding of the flagella; there
is no evidence for flagella retraction in this species, i.e.

no axonemes are observed in sections of newly encysted zoo-

spores. On encystment, zoospores round up into roughly
spherical cysts (about 11.74 + 0.44 um diam.) with well-
) defined walls, the groove gradually disappears and the sbore
Yoses its surface irreqularities (Plate 22). Concurrent
= with théuhisappearance of the groove is the disappearance of
associated internal structures - vacuole, small vesicies and
microtubules. The pyriform, eccentrically placed zoospore
nucleus gradually rounds up and assumes a ceﬂﬁral position.
The kiqftoSQués regress into centrioles, closely associated
with the nucleus. , -
The fine structural features of non-germinated cysts,
up to 30:min after encystment (Plate 23 and Pig. 5), -are asJ
follows: . - -
Qell wall:

The cell wall of the cyst consists of two amorphous

layers: An'buter less plé&tron-dense layer is oggerved

" only in eéxtremely wél%;preserved cysts. The inner layer is
more electron4dgnse and'i§ the only layer preserved in most

‘cysts examined. Cell walls are about 15 to 20 nm (0804

fixation). In KMnO4 fixed cysts only a single electron-

dense cylt wallftl visihlo (Plate 49).
anynic and organic solvent digestion (p. 23 ) demon- P

a2

R . . .




\ " FIGURE 5
DIAGRAM TO NUSTRATE THE GENERAL STRUCTURE OF AN ENCYSTED
Z00SPORE OF P. palmivora. \




strated that the wall is composed mostly of polysaccharide

with some lipid and protein.

]

Plasmalemma:

" This is a unit membrane located immediateiy inside the
cyst wgll and, as in the zoospore, is wavy or indented; but
with the formation of the cell wall, the plasmalemma loses
the large protrusions characteristic of zoospores.
Lomasomes: .

These aggregations of membranes in a matrix, not seen
P
in zoospores, lie between the céll wall and plasmalemma which
* is pushed inwards at these points (Plate 24). The membranes
are vegicular and some appear to be continuous with the
jaﬁggggqlemma. ‘
‘ Nucleus:

The nuclei of cysts are roughly spherical, with a large

elec -dense ducleolust The nucleus in Plate 23 is still

ar-shaped as in the zoospore. Chromatin is scattered
throughout the nucleus and is also attached to the nuclear

* envelope.

Dictyosomes:

At least three dictyosoﬁes are observed in sections of
cysts, about 30 min after éncystment. These are either ad-
jacent to the nucleus gt occur elsewhere in the cytoplasm’
(Plate 23). Several small golgi proliferated vesicles sur-
rouﬂd the dictyosomes (Plates 23 and 24)."Closely adjacent
to dictyosomes, and also to endoplasmic reticulum, are

organelles of unknown nature containing several concentric

84
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{
rings (Plates 23 and 27). - Some of these organelles are also

found elsewhere in the cytoplasm, close to the major types
of vesicles and to mitochondria (Plate 23).

Endoplasmic reticulum:

Endoplasmic reticulum (Ek) present as layers of cister-
nae, increases during the 30 min post-encystment period.
Several layers of ER occur throughout the cytoplasm andﬂgl—
so around the nuclei (Plates 23 and 49). Plate 50 s@ows a
. connection bet¥een ER and the nuclear énvelope in a cyst.

The number of enlarged ER cisternae with internal tubules

show no increases in cysts, compared to what was observed
in freshly liberated or immediately encysted, zoospores.

Mitochondria:

Mitpchondria in newly encysted zoospores are similar
to those deséribed in motile zoospores, both in their form
and in their peripheral location (Plate 22). However, in
older (30 min) cysts, they are more variable in size, rang-
ing from 0.5 - 0.7 x 0.7 - 2.1 um, and there is a slight in- )
crease én their number probaﬁly associated with the onset
of cyst germination. About 17 were counted in various sec-
tions of non-germinating cysts (30 min post-encystment) com-
pared to about 12 in motile zoospores. The shapes ranged
from round to ellipsoidal to dumbell. Some of the laetgr,
strongly curved, appear as in Plate 24 to have a doughnut
;bbearance with cytoplasmic‘matgrial in the centre. | s

About 30 min after encystment, mitochondria are dis-

tributed throughout the cytoplasm (Plate 23) and adjacent




.’

¥ -
to the major types of vesicles. There are more cristae than
in mitochondria in zoospores.' The cristae are mostly thin
folds, with some tubular forms.

Microbodies:

Like mitochéndrig, the microbodies in non-germinating
cysts are no longer restricted to the periphery of the cells
but are distributed throughout the cytoplasm and close t;
‘'mitochondria and the major vesicles (Plates 23 and 26).

Both forms (p. 54) are observed in cysts.
Vesicles:

All the major vesicle types seen in zoospores are also

observed in cysts. No recognisable changes in their con-

tents had occurred after 6 h motility.

Amorphous "vesicles®". In newly encysted zoospores, amor-
rp: b 4 P

phous vesicles are similar in size to those present in zoo-
spores. However, with time (about 30 min following encyst-
ment) adjacent vesicles coalesce forming larger ones while
other, smaller vesicles are located elsewhere in the cyto-
plasm (Plates 23 and 24).

Crystalline vesicles. These show little or no change in

their location or contents after 30 min encystment.

Granular vesicles. These remain peripheral in newly encyst-

ed zoospores fPlate 22) but in older (30 min) cysts, they

‘are distributed throughout the cytoplasm (Plates 23 and 24).
The elongated, flaFtened granular vesicles just beloﬁ

the zoospore plalnalaquc remain for a short time after en-

cystment (Plate 22) but disappear after about 30 min (Plate

(=]




23).

Other vesicles. After about 30 to 45 miﬁ following encyst-

ment, in preparation for gefminatiod, a cluster of several
small vesicles accumulates at a particular point below the %
surface of the cyst and at this point, the germ tube sybse-
quently emerges. Most of these vesicles are almost ele¢-

tron-transparent but some contain finely granular electfon-
< "

.

dense material (Plate 24).

L™
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Section of a cyst, 10 to 15 min after-encyst-

PLATE 22
ment. Note granular vesicles and flattened

vesicle (arrow) just below the plasmalemma

i

(P). Also note the presence of the vacuole,
lipid bodies, crystalline vesicles'apd mito-
‘chondfia in positions similar to those they
occupy in the ﬁotike zoospore (see Plaies 1,£o'

5). x 23,000.

-
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PLATE 23 - Transverse section of a cyst, approx. 30 min

‘ : after encystmént. Granular vesicles are

< 4 " distributed throughout the cyst, endoplasmic
. rgticulum has increased and three dictyosomes |
. iy p ;

are present in the section. ° Note bodies with
internal concentric membranes (arrows) and the
association of two of these bodies with dictyo-

somes, to the left of the nucleus. x 25,000.




Pt




PLATE 24 Transverse section of a cyst, 30 to 45 min

after encystment, showing a cluster of small

-vesicles below the plasmalemma, some of which

contain finely gfanular electron-dense materi-
al. Note numerous mitochondrial cristae and
"doughnut®" mitochondrion. Also note that
seve?al lipid bodies have coalesced to form.a

’ large body (L). x 22,000. ‘ .
i - - \/ /!







IIT ULTRASTRUCTURE OF GERMINATING CYSTS

Encysted zoospores were studied for varying periods
from about 45 min to 2 h following encystment and incuba-
tion in distilled water. The 45 min to 2 h post—encygtmént
or inéuba;ion period covers the period from the accﬁmulation
of small vesicles, which occurs afﬁer about 30 min, to the
actual emergence of the germ tube. '

During the early stages of germination (45 min), the
organelles and inclusions in cysts were similar to those
described for 30 min non:germiqgting cysts (pages 82 to 87 ).
However, after about 1 h, when recognisable germ tubes have
formed, distinct changes occur within the cysts (Figs. 6 and
7).

Germ tubes:

‘As already described (p. 87), germ tube formation is
breceded by the development of a cluster of small vesicles
at a particular point below the surface of the cyst wall.
Following this, the germ tube.emerges and the cluster of
'small vesicles remains at the tip of the germ tubq,(Plaﬁe 25)
as it continues to élongatek and is followed by cytoplasm
: cbntéining organelles and inclusions from the cyst (Plate
_45). | |

Dictyosomes:

During the 45 min to 1.5 h post-encystment period (i.e.
15 min - l.d\h germination),’ the number of dictycsomes in
sections of germinating cysts increases. In several germin-

ating cysts, up to about four dictyosomes are observed

»

+ 7 -
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FIGURE 6

DIAGRAM TO ILLUSTRATE THE GENERAL STRUCTURE OF GERMINATING

CYST OF P. paimivora.




(Plate 28). Several Golgi-proliferated.vesicles surround
the dietyosomes (Plates 25, 28, 29 and 32). Plates 41 and
43 show a distinctly different structure, with internal con-
centric membranes, which occurs frequently adjacent to dic-
tyosomes and to ER (Plates 28 and 32) in germinating cysts
(see 30 min eyst, Plate 23).

Cell walls:

The cell walls of cysts and germ tubes are continuous
(Plates 44 and 45). oGérm tube walls are also composed of
an outer less electron-dense and an inner more dense layer
(Plate 45), similar to cell walls ofﬁhon—gérminating
cysts. However, germ tube walls are slightly thicker kPlates'
44 and 45) than cyst walls, agout 30 nm and up to 20 am
diam., res;ectively.

Endoglasnic reticulum:

@

There is continued increase in ER, from the 45 min to
1.5 ; post-encystment period,(Piates 25, 28, 29 and 32).
During the same period, there is no increase in expanded ER
cisternae containing tubules. Plate 38 shows a cross sec-
tion through two ER cisternae with intermal tubules.

After about 1.5 h period, there is little further in-
crease in ER. ' 0‘ )
Lomasomes : ‘

During germination, 10.336-03 increase in number and 4
can be seen between the plasmalemma anll walls of germ tubes

(Plate 45) as well as in the éysts. These lopasoncs are

similar to those in non-qerniﬁatinq cysts (Plate 24).

»
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Microbodies:

Three forms of microbody occur in germinating cyéts.
Two of these are simfla£ato fhose observed earlier in zoo-
spores and non-germinating ‘cysts, namely those with amor-
phous matrix and/or densely staining bars (Plates 28, 29,
32, 41 and 42). A third form of microbody possesses both
densely staining bars and fine striatioqs or lamellae
(Plates 39 and 40). .

. Microbodies remain closely associated with mitochondria

~and also with the major types of vesicles (described earli-

e;hwhose contents are now breaking down (Plates 28, 31, 39 4
and 41).

Mitochondria:

The number of mitochondria in various sections of ger-
minating cysts is not substantially different from those in
non-germinating cysts. There are about 20 in gﬁch section.‘
Though some long mitochondria are observed (Plates 28, 29
and 46), in contrast to non-germinating cysts, small gitp-
chondria about 0.7 um diameter are most common (Plates 30,
31 and 47). The number of cristae increases and they aie‘
almost exclusively of the swollen form (Plates 28, 29, 45
and 46) compared to the sparsely distributed thin torn:uof
zoospore mitochondria.

During germination, mitochondria remain adjacent to
the amorphous, crystalline ;nd granular vesicdes (Plates 28,
29, 32 and 41) and microbodies..




-

Nucleus:

Nuclei of germinating cysts divide (Plat? 44) when the
germ tubes are about 20 um long. By 2-h after encystmen£
(i.e. 1.5 h germination), both nuclei and cytoplasm have
moved into the young hypﬁa.

Vesicles: ' :

Amorphous "vesicles". As germination proceeds, ad-

jacent ’vesicles'.contihue to coalesce fofming la;ger bod-
ies. They 6ccur in close.association with crystalline and
granular vesicles (Platés 28,‘29; 30 and 3:) énd when ad-
jacent to each other, no membranes separating them can be
oﬁserved (Plates 28, 30 and 31).

After about 30 min germination (1 h post-encystment),
the contents of amorphous "vesicles"™ start to breakbdown
(Plates 28, 30ﬁand 31) and this process increages with time
(Piate 47). The breakdown produc;s are electron-dense,
network-like, scattered throughout the lumen of amorphous
"vesicles® and central vacuoles (p. 99) in cysts (Plates
30, 31, 46; 47 and 48). |

By 2 h after encystment (approx.nl.sfﬁ after beg}nning
of qe;ﬁination), little of the contents of these vesicies

remain (Plate 48).

" Crystalline vesicles. The contents of these vesicles

begin to break down in germinating cysts about 30 min after
germination starts. The electron-dense breakdown products
appear very similar to those of £ho amorphous vesgicles
(Plates 31 and 44).

n(\




Dense-mass, electron-dense contents are subsequently
observed in vacuoles of germ tubes and these are believed
to be the remains of contents of crystalline vesicles.

Granular vesicles. In contrast to the other vesicles,

=
the 'breakdown of contents of granular vesicles is charac-

terised by their disappearance. The disappearance of gran-
ular contents begins about 30 min to 1 h after germination

has started (Plate 32). By 1.5 h after germination has be-
gun (2 h post-encystment) granular vesicles are completely

empty. Subsequently, the vesicle membranes also disappear

(Plates 44 and 46).

Central vacuole:

As a result of breakdown of vesicles and movement of
ﬁaterials into the young hypha, described above, a virtual-
ly empty space forms inside the cyst, gradually enlarging
with time (Plates 46 to.48 and Fig. 7). Most of the cysts
examined after 1.5 h of germination contain only peripheral
pockets of cytoplasm (Plate 48).

Unidentified bodies: °

Plates 33 to 36 show several types of unidentified
-organelles which are observed in germinating cysts. The
multlveslcular body in Plate 34 was frequently observed in

germxnatlng cysts about 30 min after germination had star-

ted (see also Plate 30).
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FIGURE 7
DIAGRAM TO ILLUSTRATE THE GENERAL STRUCTURE OF A CYST OF P paimivora ,
( 1.Sh.germination ),
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: PLATE 25°

Secgion of a germinating cyst, 45 min to 1.6 h
after encystment (i.e. 15 min after germina-
tion has begun). Note numerous small vesicles
at the tip of the emerging germ tube (also gee
Plate 24); and two dictyosomes with several

asgsociated vesicles. x 25,000.-
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PLATE 26

PLATE 27

A

Section of'hnidentified body and microbody in
a cyst, 30 to 45 m;n after encystment. The
unidentified, membrane-bound body possesses a
cortex of ribosome-like particles and an amor-

phous matrix. x 53,000. \ o

w

o

<
&

Section of an uniden;‘gg;d body cont&ininq
several membranes, .in a cyst 30 to 45 min

after encystnent\(geé Plate 23). x 67,000.
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PLATE 28 Transverse section of a germinating cyst,
section does rnot include germ tubeg, 1.0 h
after encystﬁent (i.e. 30 min afti; germina-

tion started). Endoplasmic reticulum is

greatly increased (compare with Plates 22 to

25), mitochondrial cristae are numerocus and

inflated and crystalline vesicle contents

have started to disintegrate. Microbodies

with densely stained 'material and mitochondria

are adjacent to vesicles. Note dictyosonei

and associated vesicles. x 20,000.
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PLATE 29

Transverse section of a germinating, cyst,
germ tube not visible, about 1.0 h after.
initiation of encystment (i.e. 30 min after
germination started). Note the contents of
crystalline vesicles beginning to break down.
Four dictyosomes surrounded by vesicles are
seen in this section. The distribution of
mitochondrial cristae ;g denser than.in
motile zoospores (Plate 19) or cyst, 30 min
after eﬁcystment (Plate 23). Mitochondria are
adjacent to lipid bodies and crystalline

vesicles. x 22,000.




108




PLATE 30

Transverse section 6f a germinating cyst,

germ tube not included, 1.5 h after encyst-
ment (i.e. 1.0 h after germination commenced).
Note the absence of membranes between closely
adjacent crystalline vesicles and lipid bodies.
Also note mitochondria adjacent to disintegra-
ting lipid and crystalline vesicles; and the

enlarged endoplasmic reticulum (ERt). x 20,000.
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PLATE 31

Transverse section of a germinating cyst,
germ tube not visible, 1.5 h after encystment
(i.e. 1.0 h after germination commenced).
Note the similarity between breakdown prod-
ucts of crystalline vesicles (VCd) and lipid
bodies (L). Also note mitochondria adjacent
to disintegrating lipid and crystalline vesi-

cles. x 21,000.

al -
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PLATE 32

Transverse section of a cyst, germ tube not
shown, 1.5.h after encystment (i.e. 1.0 h
after germination has bequn). The contents

of gragulaf‘vesicles have almost all dis-

appeared. Note numerous mitochondria in
section, x 21,000..
.
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PLATE 33 - 36 ® Ultrastructure of unidentified bodies in
\ N

germinating cysts.

The body in Plate 33 is bound by a double
membrane with an electron-dense matrix.

x 70,000.

Piate‘34 shows a multivesicular body
flreque'ntly observed in germinating cysts.
x 70,000. ‘

Unidentified body in Plate 35 contains
concentric nenbrane; and a granular matrix.
x 38,000.

The body in Plate 36 is adjacent to endo-

~plasmic reticulum. x 38,000.
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PLATE 37 .

PLATE 38

@s 39-40

C

‘Longitudinal section of enlarged endoplasmic

reticulum containing poorly defined material,

in a germinating cyst. x 35,000.

Transverse section of enlarged endoplasmic
reticulum containing w%ll—p}eserved tubules

(ERt) in germinating cyst. x 44,000.

Ultrastructure of aicrobodies in gerninaﬁ}nq
cysts. Three types of -icrobodies are rep-
reﬁented here,. one with a uniforn -atrix

one with a ring of densely-stainod -aterial

- and two with a co-bination of densely-

stained material and fine striations or
lamellae. x 18,000.







PLATE 41

r

PLATES 42-43

Portion of a section of a cyst shéwing
type of association generally observed
between mitochondria, microbodies, lipid
bodies and vesicles. Note unidentifiedv

body with internal membranes. x 100,000.

¢

- *
Sections of microbody with bars and un-
identified body with internal iembranes,,
from germinating cysts. Note similarity

b

between the outer membranes of the un-l ’

identified body and those of the dictyo-

some (D). x 100,004Q.
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PLATE 44

PLATE 45

L&ngitudinal section of a germinating cyst,
approx. 1.5 h after encystment (1.0 h after
germination has started), showing two daughter
nuclei. Note continuity of cyst wall and

germ tube wall. x 11,000.

w

Longitudinal section of a germ tube showing a
nucleus and cytoplasm in the germ tube. Ob-
serve continuity of cell walls and plasmalemma
of the cyst and germ tube. Also note lomasome
between wall and plasmalemma of germ tube.

x 19,500.
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PLATE M6

Section of a qefminating cyst., germ tube not
shown. Note lipid bodies and crystalline
vesicles have coalesced (with no membranes

separating them) to form larger vesicles -

beginning of a central vacuole. Mitochondria

are closely associated with.disintegrating

vesicles. x 21,000.
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PLATE 47

-t

{ -
Section of a germinating cyst showing a larger

central vacuole than in Plate 46, containing
breakdown products of lipid bodies and crystal-
line vesiqles. Observe many small mitochon-
dria with numerous,'swalén cristae, the dictyo-

some and npcleus near the developing germ tube

(not shown in section). x 20,0b0.







'fLATE 48 Section of a germinating cyst, approx. 2.0 h ..
" following initiation of encyst;nent (1.5 h
after staré of gérmination). Note large
central vacuole containing breakdown products
- of lipid bodies and crystalline vesicles (see
\Plates 46 and 47), and rexpairlis of: cytoplasmic

material at the junction of the cyst and germ

tube (not included in section). x 20,000.
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PLATE 49

PLATE 50

Section of.a non-germinéting cyst fixed with
potassium permanganate, post-stained with
lead citrate, showing well-preserved mem-
branes. Notice layers of endoplasmic reticu-
lum around the prominent nucleus and the

enlarged endoplasmic reticulum (ERt).

x 14,000.

Y

Section of a cyst fixed with potasaiﬁn
permang&nate, post-stained yith lead citrate,
showing endoplasmic reticulum around nucleus )

and connécted'to nuclear envelope (arrow).

x 18,000. -
&
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IV NATURE OF VESICLE CONTENTS

The cytochemical identification of contents of the
three major ;resicles in zoospores‘ ahd cysts was carried out
with the aid of various organxc solvents and enzymes as
previously descr:.bed m deta11 under Materials and Methods
(pages . 22 and 23 ). ‘ )

Amorphous "vesicles": .

The contents of amorphous "vesicles" are conpleq't.ely

extracted by organicpsolvents (acetone, ether/ethanol and
chlqrofom/metl;anol). Plates 51 to 5S4 show &pty amorphous

"vesicles" following treatment. ‘Zmorphous “vesicled are evi-

dently, large lipid bodies.

) 1%
Crystalline vesicles : ‘ *

-

Qf all the solvents and en:ynes used, the chlorofom-
methanol mixture removes some contents of the crystalline

vesicles: As a result, the cont.ents are less electron-_

, dénse or 'bleachod' (Platas 53 and 54). '!'he decrmo in

electron—denaity is especially noticeable in network and
dense-mass forms of crystalline vesicles (Plates 53 ahd 54) .
“In both cases, most put not .all of the striations (tinqet-
print effect) have disappemd v '

Digestion with pepsin (Plata 55) or x—-uylue ‘(Plate
56) does not affect the e’onte:gts of crystalline vesicles.

These observations indica'tp tb,at the éontcntl of cry-
stalline vesicles are partly upid together vith unid-nti.-

fied nnf.orial. ' .
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Granular vesicles: - .. : -

3

Granular vesicles are completely digested with pepsin -
(Plate 55) after 15 min incubation ‘at 37°C. The contents
are digested first, fbllowed in the later stages, by the

vegicle membranes.

<

Chloroform and methanol treated spores have granular
vesicles which are less deﬁse than normal or when they are
treated with acetone or ether-ethanol.

It is concluded that the contents of granular vesicles

are pepsin-digestible protein.

‘
N4
4
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PLATE 51

<

PLATE 52

°

Section of a cyst treasgd with acetorie. Note
lipid has been extracted, leaving empﬁy spaces
(L); crystalline and gramular ve;$élg contents
are still present.‘ Also note th; distortion

in cyEoplasm. x 11,000.

Section of a cyst treated with ether-ethanol
showing extraction of lipiq bodies leaving
empty spaces (L). Observe absence of vesicle
membranes and cyst wall and presence of crys-

talline contents. x ‘13,000.
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PLATE 53 Secgion of a zoospore treated wiFh chloroform-
methanol mixture showing results of extrac-
tiﬁ_élf lipid bodies (L). Note réduction in

electron-density of densqjmass'contents of

crystalline vesicles (VCd). Granular vesi-

cles are still well-preserved. x 15,000.

PLATE 54 Portion of a section of a binucleate zoospore
extracted with chloroform-methanol mixture
showing empty spaces (L) from which 1lipid has
been removed. Note cgystailine vesicles
(dense-mass, network and ring forms) are less

osmophilic. x 30,000.
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PLATE 55 Section of a cyst treated with pepsin, showing
disorganization of the cytoplasm and removal
. of the cyst wall and plasmalemma. Mitochon-
dria and the nucleus are still present but
somewhat disoﬂrgani:ed.v Note the absence of
granular vesicles and the preservation of
crystalline vesicle contents and lipid bodies.

x 18,000.

PLATE 56 Section of a cyst treated with O/~ amylase,
showing lipid bodies and crystalline vesicles.
x 12,000. ‘
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\ MICROBODIES AND MITOCHONDRIA - LOCALISATION

OF ENZYMES

The contents of microbodies were investigated 5y cyto-
Jchemical methods as outlined on page 23. This was because
of the difficulty in obtaining the enormous quantity of
spores necessary to produce active enzyme sources in frac-
tions, after the required separation methocds. The presenée
of guccinate dehydrogenase in mitochondria was also inves-
tigated similarly, for the same reason.

Microbodies .

Microbodies ;ﬁ zoospores and cysts incubated.in a
standard medium (contaihing'b, L -of- hydroxybutyric acid,
see Materials and Methods section, page 23 )';how a pro-
nounced éeposition of electron-dense'ferricyanide reduction
material - copper ferrccyanide (Plates 57 and 58). The
diffe;ence in electron-density is readily apparent when
thgse microbodies are compared with those in zbocpéreh and
. cysts incubated without hydroxybutyric acid (Plate 59).

This enhanced electron—density provides evidence of
the presence of &{~hydroxy acid oxidase activity in micro-
bodies of zoospores and cysts. -

Mitochondria 4

Catalase:

Vv

Cytochemical 1qcililation of catalase peroxidaﬁié‘

activity was by the DAB method (p. 24). Incubation of zoo-

spores and cysts 1n'meaium containing 3,3'diaminobenzidine

and H207 results in deposition of electron opaque material

. 139
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in the/ggmbranes of mitochégdria (Plate 60). In the ab-
sence of -H20, (Plate 61) or wheég_catalase activity is in-
}ﬁibited by aminotriazole (Plate 62), deposition of electron
opague material in mitochondria does not occur.

Succinate dehydrégen&se:

Mitochondria of zoospores and cysts incubated in stan-
dard medfujr(p. 24) with succinate showed highly electron-
dense membranes and crfhtae'k?laté 63) indiéating deposition
of copper ferrocyanide (the reaction product). Spores incu-
bated in étanﬁard medium without succinate, shéw né such

. ¢
reaction (Plate -64). . -

140
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PLATES 57-~-58

PLATE 59

Sectiods’of microbodies in cysts incubated
in D,Eux}hydroxy bupyrate/ferficyanide medi-
umJ"Hiqrobodies show débo;ition of copper
féfrpcyaﬁide, the reaééion‘product, indi-
cating the presence of a{-hydroxy aéid‘
oxidase. .

Fixed wixh‘pafaformaldehyde—glutaraldehyde
and osmium tetroxide. Stained with uranyl

acetate gnd lead citrate. x 18,000 and

x 97,500.

A

Ultrastruéturé of mférobody incubated in
ferricyanide medium without D,Liirhydtoxy-
butyrate. There is no deposition cf re-
action product (compare with Plpt88.57 and
58).

Fixed with paraformaldehyde-glutaraldehyde
and osmium tetroxide. Stained %ith uranyl

acetate and lead citrate. x 22,0005

\‘ﬂ:“

r
~
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PLATE 60 -

PLATE 61

PLATE 62

. 4
. Section of a zoospore incubated in 3,3'-

diaminobenzidine (DAB) medium for the demon-
stration of catalase activity. Note election;
dense mitochondrial membranes and also elec-
tron-density of areas where mitochondria and
lipid -bodies are adjacent. Observe absence of

reaction product in microbodies. x 10,000.

Section of microbodies and;\’tochondria in a
zoospore incubated .in the medium without
hydrogen peroxide. Noticp the abseAEe of
electron-dense reaction pro;ucts in mito-
chondrial membranes (compare with Plate 60).

x 32,000.

Section of microbody and mitochondria in a
zoogspore pre-incubated in 3-amino-1,2,4-tria-
zole and in DAB -eqiun with aminotriazole add-
ed to inhibit catalase activity. Mitochondrial
membranes show no\dsﬁslition of reaction pro-
ducts (compare with Plate 60). \x 32,000.
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PLATE 63

PLATE 64

‘uranyl acetate and lead citrate. x272,000.

L

L]

Section of mitochondria from a germinating

cyst incubated in succinate/ferricyanide
< S ’ . f
medium to demonstrdate succinate dehydrogenase

A) "

activity. The copper ferrocyanide reaction

product is localised in mitochondrial mem-

branes. . i

Pixed with osmium tetroxide. Stained with

uranyl acetate and ‘}8ad citrate. x 40,000.’

- <

Section of a mitochondrion from a cyst incu-

. bated in ferricyanide medium in the absence of

succinate. There is no deposition of copper *
ferrooyanide reaction p}oduct in the men-
branes (cbmpare with‘Plate'63).‘

Fixed with oéniup tetroxide. - Stained:with

-,
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B CHANGES IN METABOLIC RESERVES,

Electron microscopic observations have .revealed the
presence of large stores of lipids and proteins in zoospores

and cysts of P. palmivofa. The lipids are present in amer—

phous "vesicles' and proteins in granular vesicles, both of
which undergo disintegration duringtﬁermination. Although
carbohydrates were rot recognised in electron micrographs,
the cytoplasm of zoospores and cysts treated with d—amylase

was less electron-dense. This was an indication of the

"probable presence of carbohydragﬂf in the cytoplasm.
Hickman (49) suggested that Vesicle centents may serve

. as energy sourcee’for sustaining long periods of zoospore

'metiliey. However, no visible changes in vesicle contents.

are observed after 6 h motility in zoospores of ‘P. palmivora.

The probable quantltatxve changes 1n endogenous metab-
olic products durlng motility and germxnation was investi-
gated. Samples wereb taken from f:eshly liberated\ zoosipofp‘gbs
(designated Tl1), after incubating  zoospores &§ 17°C for 6 h’

(TZ) and rafter~a further 2 h incubation (encystment:
followed/by germination) following the 6 h motilx&y petiod :
(T3) . ‘ ¢ , . '. -

I CARBOHYDRATES

The amount of carbohydrates in 0.5 ml of sonicated
suspensions (d:;ignated Total), éi;ooo x g supegnat%nt (7‘ ‘
{cell-free extract - CPE) and the 22,000 x q pollet (Pellet)
were determined for the three stages doscribed above.

' Thelphenol-sulphuric acid method (27) was used fos‘thé' -

-«
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quantitative micro-determination of sugars and their methyl

derivatives, oligosagcharides and polygacchér;des. The re-
éulting vyellow-orange colour was measured at 488 nm, the
wave%engtﬁiat which absorbance was highest.

The values obtained for 0.5 ml of sample were used to
calculate carbohydrate concentration of the total volume of

samples. The data thus obtained were related to unit (mg)

dry weight of spores. ’ re

The regults are presented in Table VII. The level of.
significance of differences is P = 0.01, unless otherwise
stated. : . ) ‘ -t

"After 6 h botility, there was a significant' decrease
in total ‘carbohydrate concentration of  zoospores- but it in-
creased during germination. This increase was significant,
&lthgugh the quantity, 101.45 + 1.06 ug/mg, Gas a little

less than that present in freshly liberated zoospores,

118.80 + 1\ 70 ug/mg dry wt.

. The changel in carbohydrate concentration of the CFE
( fractio;; were not significantly'different. 7
- The p?llet:fractions contained unbroken spor?s; cell
;all fragments and‘other,unidehtified particulate matter.
the¢gengra1 trend.of changes in carbohydrate concentration
in these fractions was similar to that of the total frac-
tions. There w&a'a decrease in carbohydrates during the

motile period, from 41.46 + 2.46 at Tl to 28.76 + 6.0 ug/mg

* Analysis of variance and the Student Newman - Keul's test

were used.
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dry wt. at T2. Carbohydrates increased during germindtion;
this increase resulted in significantly higher values than

was originally present in freshly liberated zoospores

(58.02 + 2.23 at T3 and 41.46 + 2.46 ug/mg dry wt. at Tl).
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TABLE VII

CHANGES IN CARBOHYDRATE CONCENTRATION AT DIFFERENT STAGES IN

ZOOSPORES AND CYSTS OF P. palmivora

\
STAGE| MEAN' CARBOHYDRATE CONCENTRATION OF FRACTIONS
(ug/mg DRY WT.)
TOTAL CFE* PELLET**
TL | 118.80 + 1.70 14.20 + 5.52 3 | 41.46 + 2.46
T2 89.75 + 3.04 14.55 + 5.02 2 | 28.76 + 6.00
T3 101.45 + 1.06 16.95 + 3.61 2 58.02 + 2.23

- + Data repreéentative of two experiments + standard deviation.

»

* Supernatant after centrifugation at 22,000 x g. -

**+ pellet after centrifugation at 22,000 x g, resuspended
in 2.0 ml buffer.

A No significant difference, P = 0.05.
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II  LIPIDS
From electron microscopic observations, lipids consti-
tute the major source of storage material in zoospores and

cysts of P. palmivora. The entire contents of the amorphous

"vesicles" are lipid. Lipids also form part of the contents
of crystalline vesicles. Electron microscopic observations
further showed that‘lhere is little change in lipid content
at the end of the 6 h motile period Lt that they are bro-
ken down during germination. Since binding of saturated
lipids b§ 0sO4 is limited, it is possible that the lipids
present in and utiiised by motile zoo;pores, would not be
shown solely by ultrastructural observations alene. Quan-
titative analyses of iipids were therefore undertaken to
clarify this point, and also to obtain comparative data for
lipids in motile zoospores and germinating cysts. o

Lipid analyses were carried out on sonicated cell-free
' extracts without centrifugatioh: i.e. on ;otal fractions.

Values obtained for each analysis were based on unit (mg)

dry weight of spores used in the experiment.

Acyl ester linkages. The method of Stern and Shaﬁirq‘(91)
measuéed monoglycerides, diglycerides. apnd ifiélycerides in
1.0 ml of chloroform extract (Folch's extraction procedqre)
of each sample.

Phosphorus. The amount of lipid phosphorus in 1.0 ml of

chloroform extract (Folch's extraction procedure) was anal-
ysed by a method adapted from Rouser et al. (84; Chapter 2,

p. 27).




Free fatty acids in aqueous samples were analysed using the

same~batcp of suspensions as for carpphydrate and protein
analyses. This was because the volume of chloroform ex-
tracts obtained with the Folch's extraction procedure, was
insufficient for analysing acyl esters, I;pid phosphorus as
well as free fatty acids. An alternative method of analy-
sing the latter was. therefore ne;essary. Chloroform ex-
tracts were prepared‘fr;m 1.0 ml samples in phosphate buf-
fer (0.05 M, pH 6 to 7) as described in .Chapter 2, page 28 .
The tesuitanp yellowish-browp colour (cogper complex of
free fatty acids) developed immediétely was measuréd at
440 nm. v t
Confirmatory tests’ah chloroform extracts (Folch's ex-
traction procedure) showed a trend of free fatty acid chan-
ges at different stages generally similar to those obtaiged
with the aqueous~chloroform extract method of Itaya and Ui
(56).

N The results in Tablé VII% syow the cqncentration of
glycerides (acy] esters) and lipid phosphorﬁs in 5.0 ml of
chloroform extract-and free fatty acids in 5.0 ml of aque~
ous samples. The iéve; of significance is f = 0.01 unless
otherwise atated.’ .
There was ; fharp decréase in acyl esters and free

[
fatty acids from stage Tl ‘to T2.

The decrease in glyceride (acyl ester) concentration

over the entire experimental period (Tl - T3, i.e. 6 h

.motility followed by 2 h encystmént/germination) represen-

Y




ted a highly significant total loss of 73.80 umole/" dry
wt. Of thérinitial amount present in freshly li rated
zoospores (Tl), 45.47 umole was utilised during the 6 h
motile period; and of the remainder, 28.33 umole was used
up during the 2 h encystment/germination period.

Of the total lipid content the greatest decrease occur-
red in free f;tty acids. _About.88\hmole of the original
(Tl) content was utilised during motility and 43 umofe of
the remainder (T2) during the 2 h encystment/germination
period. In total, this amounted to appreximately 132 ,umole
decrease of free fatty acids during ‘the entire experimental
period (Tl - T3). . -

Thése results indicate that the energy requirements of
motile zoosporés were supplied primarily by free fatty
-acids'and to a lesser, but still significant extent, by
glycerides (acyl esters). The ehergy requireggnts during
germinatiquwere also satisfiedAmore by free fatty acids

(74%) than by glycerides (48%). - Lo

The lipid phosphorus content of freshly lxberated zZoOo-
spores (T1l) and zoogpores after 6 h motility (T2) did not

alber significantly. However, tﬁére was a significant in-

crease in lipid phosphotus during the 2 h‘encystment/gernin-

e
o - <

ation period {T3).

. ,‘ . . . ' . . ’




TABLE VIII

[l
- 7

CHANGES IN TOTAL LIPID CONTENT AT DIFFERENT STAGES IN ZOO-

SPORES AND CYSTS OF P. palmivora

¢ »

STAGE mMeEaN” CONCENTRATIONS OF VARIOUS LIPIDS

{umole/mg DRY WT.)
<
ACYL ESTERS | LIPID PHOSPHORUS | FREE FATTY ACIDS
TI [102.40 + 5.02 0.011 + 0 2 145.78 + 1.80
T2 56.93 + 3.71 0.013 ¢+ 0 2 57.88 + 2.93
T3 28.60 + 0.99 0.022 ¢+ 0 . 14.85 + 0.35-.

+ Data representative of two experiments + standard devia-
tion. : )

a At P = 0.05 the chahqe’is not significant,

"\




IIT PROTEINS

Ultrastructural observations of zoospores of P. palmd-
vora have shown that no recognisable changes occur in the
protein contents of granular vesicles during the 6 h motile
period. These studies have further shown that the protein
in granular vesicles are broken down and completely dis-
appear after 2 h encystment/germination. The proteins bro-

ken down during germination could serve as energy sources

or they could be reconstituted as other forms of protein.

" T—The following chemical analyses were made to assess the use

¢

to which these proteins were put in motile zoospores and
germinating cysts.
Proteins in different fractions of sonicated spore

suspensions (as outlined on pages 28 and 29) at different

~ ¢

' stages were analysed by the filter paper-dye technique of

Bramhall et al. (14)., The total amount of proteins, pre-
cipitated by trichloroacetic acid, was measured to give
quantitative eét%mates of proteins in S:O rnl of s&nicated
samples. ) ‘

A The results are presented in‘Tgble IX. The level of
significance used is P = 0.01 unleap-stafod otherwise.

Although no changes in granular 2protein) vesicles

were observed in electron micrograéhs after 6 h thile
period, the results (T2) in Table IX show a decréadi in
total proteins after 6 h métility; This decrease reéreson-

ted about 88 ug loss of the proteins in zoospores at stage

T1; howevef, this decrease was s;atisticallys?ot signifi-

188
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éant at P = 0.05 level of significance. After 2 h encyst-
ment/germination, the protein concentration of cysts in-
creased substantially, exceeding the level of proteins
initially présent.in‘freshly liberated zoospores (Tl).

Prohe;ﬂ concentration in the CFE fractiﬁn (which was
used as enzyme sou;;e in later experiments, péges 160 to
166) showed a slight but insignificant increase after 6 h
motiiity. Aftef\ioospores had encysted and germinated (T3),
proteins increased signijgcantly.vg

.Changes in protein concentration of the pellet frac-
tions followed the general trend of changes in the total
fractions. That is, there was a decrease in_ proteins dur-
ing zoospore motility (T2) but then protein concentration
increased again during the 2 h germina;ion period.
’ From ultrastructural observations and the results in
Tablé IX above, it appears that proteins lost during motil-
ity (Total fraétion) were not from the granular vesicles

o,

. o
but possibly could have been from the cytoplasm.

156




187
TABLE IX '

CHANGES IN CONCENTRATION OF PROTEINS AT DIFFERENT STAGES IN
ZOOSPORES AND CYSTS OF P. Eglmiyora

STAGE |MEAN' PROTEIN CONCENTRATION IN FRACTIONS

(ug/mg DRY WT.)

- TOTAL * - . CFE* PELLETS**

T1 430.75 + 14.49 @ |213.00 + 15.56 3. 93.40 { 3.11

: - ’
T2 343.25 +(72.47 2 |226.50 + 30.41 2| 58.90 + 4.10
T3 567.50 + 79.90 331.50 + .4.95 2 111:30 + 6.08 ]
S I

[

+ Data representative of two experiments + standard devia-
tion. -

* Supernatant after cent;ifuéﬁtion at 22,000 x g.

AL

** pellet after centrifugation at 22,000 x g, resuspended
in 2.0 ml buffer.

4 Indicates lack of sigpificadce at P = 0.05.




"0.01) decreases tqﬁoughout the'duration of the experiments
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C CHANGES IN WEIGHT OF SPORES
' The long motile periods in the gbsence of external

nutrients of zoospores of P. palmivora and other species,

-~

has led to the sudgestion th;t internal reserves'gupgly the
energy requirements for motility. *

From the results:on metaﬁiiic reserves presented in
Tables XII to IX, it is clear

at zoospores use primarily

lipids an

ome carbohydrates for motility, and that during

germination lipids are utilised and carbohydrates ahd pra-

}

ri

The eff&cts on the weight of' zoospores and cysts of

carbohydrates, wi

ted- N ’ - L3 - e

’ . i' \\_/ b T
Zoospores and cysts at different stages (T1l, T2 and {y

T3) were weighed as previously described on page 45 .

The results are given in Table X.

Results of changés in weight showed significant (P =

(stages Tl - T3). Ego¢p0tes lost about 81% of their weight during
the 6 h moti le period. A further decrease of about 6% Qas

recorded during the perio& of éncyatnent/germination.

—r ¥
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TABLE X .

‘ e .
\(l‘ T \
N *
-~ o .

d ) v )
CHANGES IN DRY WETGHT. OF ZOOSPORES AND CYSTS OF P. palmivora

<

DURING MQT&LI'I'Y AND GERMINATION A

’ ) " : ' . - A
§ - ( o . . . .;\,',‘ . .
. STAGE .  MEAN* DRY WEIGHT -(mg) OF 1.0 x 104 SPOREs

-
. ¢

TL . ) 0.0070 +
. | R

-

0.0003

L3 - d B
\ h . - | i ( - 4 ! | ' ) '
T2 ‘ o 0.0013 + 0.0001" o

v . ". N 2 . : '
| | | BERTE o
o - .. 0.0009 +-0 - C N

r4

' K2
| < | B
) 3 L p, . o
) A ot - CS‘
_ ) ’ “~
* Data representative of two experiments + standard devia-
_tion. . :
- “ X ’ Y
y &
" - -
‘\
’> M
ot
z‘fff) -
I4
A
A‘" , A}
ot .~
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“\degradation, for the operatfbn of’ the‘ttica:boxyllc aciad

. were studied. Both enzyme forms medlate the conver51on of *

. o ) )
D - CHANGES IN- ENZYME ACTIVITIES :
Fine structure observations and data tabolic re-~

.serves in zoospores and germinating cysts of P. palmivora

“ have 'so far revealed some of the changes that occur durlng

these developmental stages. After 6 h of motility, there

is a drastic decrease in lipids and a slight decrease in

’carbohydrates but no sigﬁificant change in proteio content

of- zoospores. Germlnatlng cygts utilised lipids to synthe- .
31§/,éarbohydrates and protezn.\\These degradative and syn—

thetic: processes ‘are mediategd by enzymes and as these alter,

/" so must the enzymes and metabollc pathways associated w1th

s, ks

them.

Since earlier resulté showed the importance of lipid °
degradation during zoospore motlllty and cyst germlnatlon;
the key enzymes of the glyoxylate cycle (ng. 8) were in-

vestxgated. This pathway supplles carbon atoms, from lxpld

-

cycle 1n\11pid storing organlsms. " N -

Pour enzymeh of the trlcarboxy11c ac1d cycle were also

L4 -~

investigated. Isoc1trate dehydrogenase - NAD ‘and NADP forms

isocitrate toc(rkétoglutarate. 1"I'he HADP enzyme,was of

particular interest, g}nce NADP+18 dlrectly 1nVOlved ' blo-

$!

synthesis of lipxd produqts._ The act;vxtleﬁ*of‘malate de-‘ '\sd*

.
-

hydrogenase (the only enzyme investi‘gated whilch was common .t

to both the glyoxylate and tricarboxylic acid cycles) and

i

succinate dehydrogenase were also measured. <=
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" FIGURE 8

ENZYMES OF T}E GLYOXYLATE AND TRICARBOXYLIC ACID CYCLES MEASURED
IN ZOOSPORES AND CYSTS OF Phytopmhoro palmivora
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tabu

in Table XI and Appendix (p. 203):
0
Isocitrate lyase - ICL
Isocitrate dehydrogenase : NAD - d-1IDH

IsQéifrate dehydrogenase : NADP -  t-IDH
Malate.dehyd}oéenase - MDH
Succinate deﬁyd&ogen;sé - sgé

The methods of assay and calculatiﬁns to derive speéi-

fi'c activities are described in detail in Chapter 2, page§

4

30 to 41 - . "

Each value in Table XI represents the mean specific

activiéy from three experiments, with the standard devia-

vtions. Unless otherwisé gtated, the level of signfficance

-~

used is’P ='0.01. - . : . oL
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I "KEY ENZYMES OF THE GLYOXYLATE‘CYCLE
\

Isocitrate lyase activity decreased during motility

and continued to decrease‘during germination (Table XI).

Although the decrease during the 2 h encystment/germination

-

- period (T3) represented about 35% loss over the enzyme

activity at T2, thxs decrease was statistically not signifi-
cant. *
* The activity of malate synthase was too low to record

with the samples used in these experiments. However, this
VAN Q ‘ ‘

enzyme was present in zoosporeévand cysts of P. palmivora

(as shown in experiments in section V below, pages 166 to

168) -

I1 ISOCITRATE DEHYDROGENASY

2003pore$ and cysts of P. palmivofa containeé both NAD-
and NADP—isocittate déhydroqenases kTab;e XI). 1In all
‘:stages} the NAD énzyme'had ﬁighér specifié acgivities than,
- o the NALP enzyme; - o ; F7n
i; - .l.':' There was a slight buat non—sxgnxficant xncrease in
\ ’ 1soc1trate dehydrogenase NAD act1v1é; durlng the 6 h motlle v
> period. During She~;_h eapystment:andmgermxnatxon period,

the enzyme activity iﬁcfeasedAsignificantly.

- Isocitrate dehydrogenase:NADP decreased siénificantly -

= .
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P

after 6 h motility, but then increased after the 2 h encyst-
. ment/germination period, resulting in higher values than

were inifially present, i.e. 15.71 + 0.52 at Tl compared to

23.08 + 0.70 unité/mg'protein/mg dry wt. at T3.

111 MALATE DEHYDROGENASE

Malate dehydrogenase activity was the highest of all
the vélues observed (Table XI). |
‘ After 6 h motility (T2), the specific activity had in-
creased ébout 23% over the enzyme activity at Tl. However, '

this increase was not significant, possibly a result of the

o .
varmablllty in reﬁggcates at the TQ stage. : -
After 2 h encystment/germlnatlon pexiod (T3), malate
- dehydrogenase activity had increased significantly from L

320.52'% 57.09 at T2 to 436.85 + 30.32 units/mg protein/mg

-dry wt. (Table XI).

+ - - ﬁ . >

Iv - SUCCINATE DEHYDROGENASE

Specific aqtivitylofjsuccinate dehydrogenase was gen-
erally very low in all the stgges,/ccnpﬁred to the 6théa. :
; enzymes assayed. . | |
Durxng 6 h motxlif;, the specxfxc activity decreased

significantly from 0.079 + 0,019 at T to 0.033 + 0.004 - -

’ 4

/ - )




isocitrate lyase ' - - ICL L : - C
galaie synthase‘ - MS ’ ” ,
Isocitrate.dehy rbgenase : QAD - d-1IDH

Isociétate'deh;irogenase : NADP -  t-IDH i
'Maiatg_dehyarbgenase - MDH ' ) ! 8

186

unLts/mg protein/mg dry wt. at T2.. After 2 h encystment and

germlnatlon (T3), suc‘tnate dehydrogenase act1v1ty increased

J—

-to 0.109 + 0.001 units/mg protein/mg dry wt. (Table XI).

('. . . r
@
R :“?

-~ ) .

\Y DISTRIBUTION OF ENZYMES IN CELL FRACTIONS

The distribution of five enzymes in differentially
éentrifuged fractions of zoospbres as described in detail
in Chapter 2, pages 42 to 44 was studied. These enzymes
weré isocitrate lyase, malate synthase, NAD-isocitrate de- ’
hydrogenase, NADP-isocitrate dehydrcgen;se and malate de-
hydrogenase.

The crude enzyme,preparations were obtained by ultra-

<

sonic dxsruptlon of spores (about 30, mg wet wt.) fagr 5 min.
Cell—f;ee' extracts were centrlfuged (as dasctlbed in Chap-
ter 2, pp. 42 to-44) to obtain fractlons Pl,,Pz, P3 and S4.

'The results are presented in Table XII:

L4

Specific activities of the enzymes are expressed as -~

units/mg protein.
rd

The results in Tahle XII show that most of the iso—'

citrate lyase actﬁvié& and ‘all the activxty of malate syn-

l
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2

thase were in’frﬁction S4. . The isocitrate lyase activities
recorded'in fractions P2 and P3 were relatively low. The
presence of;this enzyme in these two fractions could be
attributed to insuffic;ent'rinsiﬂg of the pellet fractions
precééing theg in theAcéntr;fugation procedure, i.e. Pl and
P2,‘respec£ively (as-déscribed on p. 42 and ?ig. 2). The
ové;a}l‘activity of isociérate lyase was%higher than that of
malate synthase (about four times as great). The rglafi;ely
low activity of the latter enzyme could explain the inabili-"
ty to deﬁeqt malate synthase activity in egr%zer eXperiﬁénts b
(p. 164)wh§6 smaller quantities of spores we?e used.

Malate dehydrogenase activity ;as also mostly in the S4
" - fraction, altpdugh lower activities were‘also measured in
- fracLions“PL and P3. .The activity of the enzyﬁé in frac-
tion P3 could be -part of %the mifochbﬂdrial ﬁDH. The enzyme
activity recorded din fraction Pl was$ most’probably ‘contribu-

T

ted by unbreken spores ih—thaq pellet.

L4

Similarly, NAD-isogitrate dehydrogenase activity in Pl

was possibly_.from unbroken spores. However, the. bulk of '

a

this enzyme was in fraction S4. 1Isocitrate dehydragenase :

NADP enzyme was only present in fraction S4. .
7 | ‘ - .

R
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TABLE XII

{ - DISTRIBUTION OF ENZYMES IN DIFFERENTIALLY CENTRIFUGED FRAC-

" TIONS OF SPORES OF P. palmivora

FRACTION | SPECIFIC ACTIVITY OF VARIOUS ENZYMES,
IN UNITS/mg PROTEIN
) ICL MS 'd-IDH t-IDH | MDH
° Pl 0 0 185.19 0 216.67
. ) /
b ) 7’
’ - P2 47.62 0 0 i 0 _ 0
- x "
P3 '386.91 Q7 0 : 0 291.67
: ' }\ X A
sS4 4?317.60 337.83 833.33 147.73. | 5378.79
“~
I
~ K‘(
- ;




CHAPTER 4

DISCUSSION AND CONCLUSIONS

»

In those pathogenic fungi in which they occur, zoo-

spores have" several important functions in the life cycle.

One of the most important is their role in disease dissem-<&‘/ﬂvﬂ\
ination and infection. Coﬁsequently th%? have dfawn in~

tense attention from peveral investigators who have provi-

ded a lot of informagion on zéospore biology. PFrom these

studies one fact has.been established over and over aqpin.

This iaaﬁhe ability”of zoosporeé to remain‘motile for sur-

prisingly long periods in the‘ absence of any external . .
energy supplies. |

Most of the studies on longevity of zoospore motility

have béen with root-infecting ‘pathogens (38, 51). However,

&

zoospores of species attatking aerial parts of plants in-

cluding Phytophthora palmivora share this capacity for long

motile periods (10, 51).
Previous studies on ﬁhézrelationship between external
energy sources anq,ﬁotility of zoospores indicate that very
" little of the exogéhous sugars, ammo acids, organic acids
and fatty acids tested was metabolised (3, 92). In P. ' .
drechsleri (3) the.éﬁélution of 14062 from labelied D-  .\ :

¢ - -
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glucose, acetate ana glutamic acid by germinating cysts was
over twice the rate of 14C02 evolution by zoospores, and
this increase correlated with the progreés of germination.
Thié led Barash and his co-workers (3} to suggest that while
zoospores could utilise some exogenous nutrients, they were
‘less dependent on external energy sources than germinating
cysts. |

«These results, together with ob;ervations on longevityv
of the motile period in the absence of external nutrients,
havé inevitably drawn attention to the nature of the sub-
stances that support "these long motile periods, but in spite
of the vast amount of knowledge'on zoospores, information
on this particular point }s‘ptactically non-existent. ,

The present investigation with P. palmivora was an

&

-~
attempt to establish precisely any links between changes in - .

‘

ultrastructure and changes in endogenous nutrients and en-
zymes during, zoospore motility and the-early stages of cyst
germination. ’ ‘ i : g

The electron microscopic observations described earli-
’

er in Chaptet 3 (pp. 47 to .130) have confirmed the exis-
tence of ‘a varxety of ve81c1es ‘whlcb‘have béen reported
1n ZOO8poOres and cysts of other species (34, 37, 41, 41, 56,
57, 80, 10I) as well 'as identifying iné1usiop§ whose func-
tion aﬁ‘the°present time is unknown. With'the‘exception of
these lattér:sttuctures, the contents of the major ;vesi-‘

cles® in zoospores and cysts of P. palmivora have been

positively identified as metabolic reserves.

"17C




Comparison Pf the fine structure of freshly liberated

-

‘zoospores,with that of zoospores after 6 h potility, showed
that no substantial changes occurred ;in the content§ of

vesicles or inclusions. Howe&er, quantitative chemical
L ] . e
analyses over the same period demonstrated considerable ‘de-

crease in lipids and a slight decrease in carbohydraté%

»

(Tables VII.and VIII). These substrates could have occurred

in the freshly liberated zoospores- in a form or forms®which

—
did not reéct with the fixatives used for electron micros-
copy. This wﬁﬁld mean that the lipids and carbohydrates
that weée ut?lised during mbtility (betweén Tl and TZ)' ?
'falled to form stable or’recogn1sab1e reaction products -
hence the absence of any not1cedb1e changes in contents of
vesicles or inclusions.

Bearing out the sﬁggestions outlined above, trea;méht

of zoospores and cysts of g.;ggimivora Qiﬁht(ramylase gen-
érally led to a féduétion in giegtfon’densitQ of t?e’cyto—.
plasm. The carbohydrates iﬁ zoospores dould be pfesent in
the cytoplasm in some unrecoqnigab&eéform, unlike)glyboqenf
which is fixed and easlly 1dent1fled 1n osmium tetroxlde-..
treated materials. The kaatton of zoospores in, qlutar N
raldehyde and ;§mium tetroxide has been reported to cause
thé removal of different amounts of qahboﬁydratéé.’ Thus,
‘Desjardigs ana h;;'co—worke;s (24) reported a loss of 31%
total carbqhydrates nh&n zoospores- of P. gAlni;oia wéré
fixed in 4% glutaraldehyde compared to a 0.5% carbohy;;ate'

]
loss in 1% osmlum tetroxxde.'
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Additional information on fixation of carbohydrates
(and lipids) is also provided by Millonig and Marinozzi
(69) who report that although'hexoseg; pgntoses or most of
. their polymers react with osmium tetroxide, this may not

lead to a reduction of the fixative and therefore no stable
. ) \ -—
reaction producta- are formed. If no stable reaction pro- e

. o
ducts are formed the. unered carbohydrates could be removed

througg dehydratlon add embeddang\procedures. ‘ W

\
.'n
3]
DA

The level of b1nd1ng of osm;um tetroxide with 1 plde\
o

l
depehds on the fatty ac1d compos1£10n (69) The hydrol-51s

ey

-

of llpld;\and hence electron-dén51ty, increases thh the

K

)

-amount of -unsatyrated fatty aC1d components in the 11p1d

e -Thereforey i1f the lipids which were utilised during the
mot11e perlod were saturated thxs could account for the

' absence of recognxsable changes in. lzpdd content of zoo- _ v

. - spores after 6 h motility. A possxble location of such
. satquq\d lipids, ¢hat are removed'darlng dehydtatzon or

‘hmbeddan, .could be the areas of crystalllne vesxcles whlc
N L3
L . . - (/ )‘

appear electron-transpatent. - . TP
- , "- . *
These esult emphaslse the value of complementing the

4

yltrastrucfural stgdles with blochemic?l studies wherever;

-

.

-possible.
) The general morphology and ultraStructure of zoospores

of P. palmivora resembles those of other meﬁbexs of the

PeronOSpornles, e. g.~P. megaggerma var. &o 2ae (SJ). P.,
4 j * PP

. 4 parasitica (47, %6)°ahd Pyt;ium-aphanxdetmatum {41) as well

aq’the,secondary zoospouns of éphanogxces eutelches Tsdpro—‘

~

3
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. . K
}egiﬁales,'SG). However, therF are minor differences in def.
tailed fine strqctﬁres.

Thus, although in both Phytophthora palmivora and

iAphanomyces euteiches (56) the area around the contractile
vacuole is charactérised by.membréhes with rough surfaces ‘
and double membrane-bound vegicles; Hoch and Mitchell d;—.
scribedighese vesicles as a product of dictyosome é&olifer—

ation. In P. palmivora zoospores, however, no connection

was obsérved between Golgi membranes and the parallel mem-
. branes which delimit the vesicles surrounding the contrac-
tile vacuole. Mareover, Golgi proliferated vesicles in

P. palmivora were bound by single membranes and were much

smaller than the double membrane-bound vesicles under dis- :
N ! ‘\u 4
cussion. It is concluded that the coalescence of these
vesicles with the tonoplast of the contractile vacuole in

zoospores of P. palmivora (see page 48) is pa}t of the per-

iodic functioning of the water expulsion vacuolar system,. . »

which ihbgléo typical of zoospores of other organisms

’

(a7, 54, 56, 80). : N

Spherosome/microbody~like organelles. with or without

bars were observed in P. meqgasperma var. sojae (54). In

P. parasitica (47, 80), similar organelles were also re-

ported. Microbodies %p zoospores of P, palmivora aée very
, similar to the organelles described above; some c;ntain the
bar-like material and others have oniy an amorphous matrix.
In germinaying cysts, aﬁéthet €ype og microbody contains a
combination’'of bars and thin striations (Plates 40 and 41).

)




These microbodies, partlcularly the form with striations

and %ars, are similar to structures'labelled parastrasomes -
in precleavage sporangia and zoospores of P. capsici bj N
Williams and Wehster (103). The different miéropodies in%

( P. palmibora could represent thrée distinct types possiﬁly
P . with different ?fopeftiee, forrexample, in the'nature of
their enzyme:syslems.'\on'the other hané tﬁey ﬁay simply
represent varlatlons in the form or staqe of development of
the- §ame type of organelle, or perhaps variations associ-

.

ated W1th the plane of section (eq. mlcrobodles w1th and
»

w1th9ut bats).

The sﬁ:pcture of flagella, kinetosomes and rootlets in

zoosﬂ%res of P. palmivora is‘very similar to those of P.

. ' ¥nfestans (61), P. pprasitiea (47, 80) and Aphanomyces’

euteiches (56) and Shpfolggnia sp (46). Although there is
—_—— - \

a short rootlet bundle from the enterior kinetosome towards

tne'narrpw end of the pyriferm nucleus in P. ‘palmivora,
there is no contact with the'nucleus orlnuclear envelepe
“ébmpared to the direct contact reported in developing zoo-
. - spores of P. infestans' (6l). J .

’

Andther‘st;uctureNthat ha been reported in zo&spores

- of several organisms are those designated as enlarged en-

. doplasmic reticn/ym containing tubules (ERt) in A. euteiches

by . h and Mitcybll (56). In P. parasitica -imilar atrucf

tures described by Reichle (80) ag vesicles containing tub-

“ules or described as microtubular bundles by Hemmes ‘and Honl

(47) were also observed. In zoospores and cysts of P.




(4]

-

palmivorh, similar organelles were observed (Plates 20, 37

and 38). :Although the connection with endoplasmic reticu-

7 L]
lum shown in A. euteiches (56, Figs. 18-20) was not so

clearly obserWwed in the present stu@y, it is believed that

Gy, ;
§oe a ¢

they too represent an‘ghlargement of rendoplasmic reticulum

'cisternae. The tubules in the enlarged ER cisternae are

pfesumptive mastigonemes (flimmers) as reported in several

species including Saprolegnia sp. by Heath et al. (46}. 1In

motile-and encysted zoospores of P, palmivora, these tubular

struct s may represent remnants of the presumptive masti-

gonemes (flimmer hairs), held over from sporangia. These

tubules would also provide a source of mastigonemes should

the germinating cysts produce zoosporangia at”?a later stage

as occurs in P. parasitica (47) and other species.

_The major storage product in zoospores of P. palmivora

- is lipid. Lipids have also been observed in other zoco-

spores; biflagellate and uniflagellate, including P. para-

sitica (47, 80), Sclerophthora macrospora (Peronosporales,

34) and éghanomycei euteiches (55, 87);: Allomyces macrogynus

(52), Blastocladiella emersonii (8l) (Blastocladiales),

Monoblepharella sp. (Monoblepharidales, 36), Olpidium bras-

sicae (Chytridiales, 93) and Rhizidiomyces apophysatus

(Hyphochytriales, 35).':In Phytophthora megasperma var.

sojae (54) similar unidentified amorphous material was also

observed. In most of these species, no limiting membranes

were observed around the amorphous material and therefore

it wili be noré appropriate to label them as lipid.bodies

1789
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instead of amorphous "vesfcles".

Granular vesicles observed in P. palmivora have also

A

been found in some other species including P. megasperma

var. sojae (54) and P. parasitica (80). In the latter, the

contents of granular vesiles were not always uniformly
distributed; this could be a result of fixation procedures
used in those studies for at times similar organisation
within granular vesicles were noted in the present study,
associated with incomplete fixation procedures as judged by

other criteria. 2oospores of Aphanomyces euteiches on the

other hané, contained vesicles described as granular which
posséssed distinct cortex and matrix, an organisatién quite
different from what is generally regarded as charqctéristic
'of granular vesicles. Furthermore, Hoch and Mitchell (56)
found that during encystment some of these vesicles were ex-
truded from the sporé. It seems’ evident that shese struc-
tures comprise a distinct type of organelle occurring only

in this species. Returning to the granular vesicles in

zoospores and cysts of P. palmivora cytochemical tests
showed that they contain protein matérial.

With regard to crystalline vesicles, these have also
b;én reborted in zoospores'of all the bifladellate species‘
nent1oned above (47, 54, 56 61, 80), and in sporanqia of
some of them (55, 57, 87, 191, 103). The historical basis

for naming the contents of these vesicles as “"crystalline®

does not appear to have gny connection with the presence of
crystals as such but rather .with the regqularity of the stri-.
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ations of the material conséitutinq the inéiUSions (101).
The contents of thesefmajor "vesicles"” have not been

identified to d;te in most, cases nor have'the changes that

they unde;go during moﬁil}ty and germination beeﬁ followed.

4

As a result of the present work with P. palmivora, consider-

able information is now available on their biochemical com-

position anéfkate in zoospores and germinating cysts. The —_—
contents of tﬁe'amorphousﬁ non-membrane~-bound bodies are
lipid whilst crystalline vesicles contain I}pid together
wifh other uﬁinown components, which are neither protein'
ndr‘carbohydrate in nature.

Several unidentified bodies have been reported in zoo:
spores of some species of the Peronosporales and'Sépro—

Fd

legniales; for example in Aphanomyces euteiches, Hech and

° : >
gitchellO(SG) obgserved an unknown body containing helical

fibres. In P. palmivora zoospores and cysts an unknown

body, previousiy unrep*d in zoospoi'e.s or cysts, with

ribosome~like particles ahd amorphous matri; remains un-
identified botL as to composition and function.

‘ Aﬁotﬁer unknown body most commonly observed adjacent

to, and apbeaﬁing to arise ‘from dictyosomes in cysts of

P.Apalmivofd'are those with internal concentric membranes
(Plate 23). These bodies have not been reported in zoo-
spores of other species. Several types of membrane struc-

tures hav? been observed in different organisms and vaf;ous

functions have been assigned to them. For example, in

!ourosggga_tetr&ggptma (64) membrane structures associated

. ] . /
i . n
- ' *




with ER have been related to the synthesigs of ER during

germination of ascospores. The membrane bodigs associated

-,

with dictyosomes in P. palmivora may possibly play a role

in germination (104) particularly with the initiation” of
germ tubes or branching (43). This is-because these bodies.
were not observed in motile zoospores~or freshly enéysted
zoospores but they were observed after 30 min en?ystment
and in germinating cysts. These bodies are morphofbgically
different from the'w\esi'cleg aAssociated with hyphal apex
described by Grove et al. (41, .42). Furthef cytochemical
work will be required to idehtify and assign a_role to

Ny * >

. these membrane structures in P. palmivorf. . -
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The géneral'featureS‘of encystment and germination: of

P.;gglm}vora zoospores are similar to thése of P. parasiti-

ca (47), Pythium aphanidermatum (41) and éphgpomyéésveutei-

ches (56). Although sxmllar changes as those described for .

P. palmivora during cyst germxnatlon were observed in elec- .

tron micrographs of A. euteiches cysts, Hoch and Mitchell

(56) made no mention of vesicle contents. During germina-
thion, the lipid in lipid bodies and crystalline vesicles: of.

ﬁ._g@lmiQO:a were broken down and the protein contents of

the granular vesicles disappeared in the cysts.‘ .
Turniﬁg‘nqw to the biochemical changeé, the objective
of my investigations wgs to establish the role of endogenous
metabolic reserves and associated enzyme systems dufing '
moéiiiiy of zo?sPOIed and cyst gerninatidh‘and'to rglate '
these phenomena to any ultrastructural changes.k "//f/
on thg subject of the‘contents of lipid bodies, crys-
talline vedi?iéiiand granular vesicles and their function,
‘1ipids are-uﬁifisgdngp the eneigy source for motiliﬁy and
qotnination. Associaéed with the decrease in lipids, there
was an 1ncraano 1n protoins and carbohydiatas dunlng gex-

N nination (Tablcs VII to IX) in P. palmivora. Increase in

. total protein h;t alao been obqarveg in gernlnatxng spores

of other, quite unrolatad fun;al spocies including / *

Aspergillus niger, Pcnicilliu- atxovnnotun. P. oxalicum ~ “‘Q\"
1-porf¢ct -tatol of Burotium and qlgpgntole:, respectively |

(znrotialdl) anﬂ ZE&EEQ!!E!&._ !Qg 1-pcrfoct state of
’gxgggg__ (BypochIIOl) (73). Ultrastruct obsctvations
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showed the diéjfpearance of prbtein (granular) vesicles at

a time when thel protein content of the germinating cysts

!wés increasing inﬁﬁhytophthoya palmivorh; It appears that
the pro@eins-in these vesicles and pos;ibly elsewhere in
the cytoplasm, e.g. thé.multivesicylar bodies.(Plate 34)
frequently observed in éermihaﬁing cysts, are resorbed
and the material possibly rearranged to producether pro-

o

iteins. Accompanying these processes, the breakdown of

sforage lipids also céntributes'tb the production of more
protéin. >

The major storage product in zoosébges is lipid and
this resembles the situation in som;xéther fungal spores. as
does the decrease:in lipid.coptent during cyst qerminatio;.
Thus, in Rhizggﬁg arrhizus (Mucorales, 44) total lipids

4

decreased for 2 h and then inc;eésed aggin for the next 6 h

-of germination. During the same period, free fafty acids

also decreased. In P.;palmibora, lipdds as measured by

\

acyl esters and-fre; fatty acids decreased bothudurihg Zoo-

pore motilit;~and cyst germ;nation;
Ultrastructural obgservations showed a close. associa-
i6n between microbodies; mitochondria and lipid bodies in

zoospores and cysts of P. palniGbra. Associations luch{a:b

these have been reported between microbodies (pofoxioouo;)
and lipid bodies in fat storing seeds agd‘ondo'peraitilluo-
(44, 46 71, 72,.100_).' Since t;u»-icrobo;ui in P, 'g; liivéi’a
contain 0(-hydroxy a,cid' oxidase and ‘thn nitochonsz@l éaéa-
lase (peroxidatig) activity, their -pntiai riiiiihnlhip o

- N

180

g 4 %
rg ﬁ%ﬂ;r,‘}"i.—“:!




: V. A
.with lipid bodies would tend to support tlHe theory that in

fai storing célls) microbodies "are involved in lipid metabo-
lism. This in?luaes the mobilisation of lipids and -their
subsequent conversion to carbohydrates or proteins through
+ the glyoxylate cycle. ;ﬁ thefmicrobbdies in zoospores and
 cysts possess enzymes of the glyoxylate cycle, in addition
“to the oxidases, then these organelles should be more
specificvlly termed 'glyoxysomes' acco;drng to the defini-
tlon of Breidenbach and Beevers (15). However, use of this‘
terminology muat await further enzymatic characterlsatlon
of thg microbodies involved.

»

R In investigating the distribution of key enzymes of
the gly xate cycle, both 1soc1trate lyase and malate syn-
thase‘ were found in the ¢6 000 x g supernatant (S4). This
fraction could have contained intact microbodies, but it
c was/noi possible to determine the exact composition of
organelles in the S4¢ frgction. It is also possiblé'that
this fraction contained a'mixture of soluble, cytoplasmic
enzymes as well as those from.organelles. In the latter
éase, enzymes nor;ally restricted to mitochondria or micro-
bodielulay have been rzleased into the cytoplasm if these
orgqpelies were broken when spores were sonicated to yioid
*. cell-free extracts. This would mean that the S4 fraction Y
\\is not composed of any one patticulate matter. It would !
\bc int.r.itlng. inpopliblo tﬁough it uoy seen, £o-produce

QP. vast qunntitios ot"zoocporel necessary for the identi- 3

;i" fication and analysis of the enzymes in the microbody and
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mitochondrial fractions. 1In the present study, it was ex-

tremely difficult to obt;;n sizable pellets, after differ-.
ential centrifugation, wﬁich could be processed for electron
_microscopic identification of the organelfés in the various
_fractions, i.e. ﬁl, P2, P3 and S{4.

As described for the glyoxylate enzymes, most of the
activity"éf NAD-isocitrate dehydrogénase, which™i5 normally
restricted to mitochondria, was also registered in the s
46,000 x g supernatantc 6ther enzymes which are both‘mito-"
chondrial and cytoplasmic, e.g. NADP-isocitrate dehydrogen-
ase and malate dehydrogenase, were also restricted almost
completely to the S4 fraction. For this reason it was‘coh-
cluded that this supernatant fractioﬂ Eontdined enzymes from
both the soluble, as well as particulate portions of the

- e
cytoplasm. Perhaps separation of this fraction by sucrose

density gradients (29) could separate the organeiles and
enzymes further.

The presence of both isocitrate lyase and malateé®*syn-

thase in spores of P. palmivora (Table XII) would indicate
that lipid conversion to protein,gnd cafbohydrates was
through the glyoxylate pathway. The inability to detect
malate synthﬁse when smaller quantiéies of spbres were
used (Table XI) was!hosé probably a resdft of the low
activity of this enzyme conéared to isocitrate lyase‘f/

(Table XII). Isocitrate lyase actlvity was hiqlcst/in

., { -~
freshly liberated zoospores when ths lipid content was
also at its highest, and then it decreased as the lipid




a ) 183

substrate also decreased during the 6 h of motility and

2 h encystment/germination period. In Aspergillus niger,

Penicillium oxalicum and Prichoderma viride (73), isocitrate

lyase activity also decreaéed‘during spore germination.
’ 'The tricarboxylic acid cycle enzymes which were assayed

remained unchanged (malate and NAD-isocitrate dehydrogenase)

or decreased (NADP-isocitrate and succinate dehydrogenase) -

during zoospore motility. After 2 h encystment/germination,

the activities of all these enzymes increased, Thus, at

the time when the tricarboxylic acid cycle intermediates

were being converted into carbohydrates and proteins, the

specific activities of the enzymes mediating this cycle in-

creased.

This increase in activity of enzymes during germina-

ion of cysts of Phytophthora palmivora is not a unique pro-

cess as bourne out by studies on spores of other fungi (17).

Thus, the germinating spores of Ustilago zeae (Ustilagin-

éleé, 39) wérg/found to have synthesised some énzymes of

the hexose monophosphate shunt and tricarboxylic acid cycle
which were absent from or present at very low levels in |
resting spores or spores after 64h incubation. The synthe-
sis and increase of these enzymes occurred after 12 h

_ germination. At the same time, enzymes of the glycolytic

patﬁway which were present at low levels in resting spores

increased greatly during germination. 1In Aqﬁgrgillus niger

and Trichoderma viride spores (73) succinate dehydrogenase

acﬁivity increased during protein sfnthelig and germina- |
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tion.

The present investigations with P. palmivora show that

the glyoxylaﬁe cycle‘is important in lipid conversion and
provides the carbon atoms and energy required: for motility.
However, the tricarboxylic acid cycle also operates during
this period. During germination, the tricarboxylic acid
cycle assumes a more important role in proviaing energy for
germ tube growth and iﬁtermediates for the synthesis of car-
bohydrates and proteins. : ¢

From the rdsults of their work with P. drechslery,

Barash and his co-workers (3) hypothesise that the main

energy requirements for motil%ty and initial devélopment of
a germ tube appeared tobe independentof the availability of
external nutrients. & .

My own investigations with P. palmivora show that the

suggestions outlined abﬁ&e are indeed_pruet_ of the total
lipids present in freshly liberated zoospores, t 448 of
glycerides or 60% free fatty acids were utilised durdpg 6 h
mo?ility: Of the remainder about 48y glycerides or 743°fr§e
fatty acids were utilised .in just 2 h encfetﬁent/germina-
tion. Carbohydrate content also decreased sliqhths, about
24%. However, after 2~h germination, carbohydrates and
proteins were synthesised resulting in an ipcrease of 13%
and 65%, respectively, over the amounts present in encysted
zoospores. The results in Table VIII_indicatehthat more
lipids are used up per hour'during'gomlnation than for

5

motility. This could explain why motile zoospores would
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be less dependent on external energy sources than germina-
-

ting éysts, as Barash et al. suggested (3)..

The net result pf carbohydrate and protein synthesis
during germination and lipid utilisation for both motility
and germination was the drastic decrease in dry weight of
spores. ﬂThe method adopted for prpduction of zoospores 'of

P. palmivora for these studies made it possible to produce

suspensions which were relatively nutrient-free (Table If)
Results of nutrient analyses show that thd low levels of iﬁ
carbohydrates and protein in"thé'suspensiahs were not util-
' ised by zoospores during the 6 h of motiiif& and there was
no significant aifference between the values obtained for
suspensions at 0 and g h. The zoospores and germinating
cysts continued to lose weight;with'time since lost’ carbon
Atoms were not (i.g. zoospores).qr could not (i.e. cysts)
be replenished from external s&ufces.d T£us it appears that
the longer the pe:iaas of motiliey and gérmination, the
mofe endogenous substrates are used ué and hence the great-

er the need for external nutrients for' ntinued growth.

In conclusion it should be emphasised that this study

with zoospores an? cysts of P. palmiyora confirmed the

pltrastrﬁctural similarities with._ other Peronasporales and
Saprolegniales. But more imporﬁantly it has provided a
considerable amount of new knowledge on vesicle contents,
and lnclusions anditheir relation to metabolism. In the .
‘.1att r connection, it is.interqﬁting to noée that tﬂ? bio-
) ghcmié;l processes in zoospores and germinating cysts are

ad »

3
«
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similar So thos? in sp9re of &hite unrelated fungi. 'Tﬁe
Qresénbé of ﬁitherto unrecoynised é?ganplles have also been.
demonstrated.’\Ahd.as so often happens in invest{gations of
thigs ki;E, this study has also raised ‘various points of 'f»
great biochemiqal interest, which could not be ;ﬁrgqsdwith—

in the general framework of thls stydy. These include such
questio;s as what enzymes do the dxfferent forms of mlcro-

body cont01n and whap is the compos1txon (enzyne or other-

wise) of the various unidenqégéed‘bodies especially the

ones with internal conéentricAésnbranes and their role in

germination. Cytochemical and biochkemical sol@tions to

thesetgnd related questions would help to glucid&tisnote

fully the processes that go on in zoospores and cysts

. during motility and germination. -

——

[}
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