University of Windsor

Scholarship at UWindsor

Electronic Theses and Dissertations Theses, Dissertations, and Major Papers

1978

Effects of restrictive environmental conditions on Dictyostelium
discodideum spore germination.

Fred Joseph. Garnish
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation

Garnish, Fred Joseph., "Effects of restrictive environmental conditions on Dictyostelium discodideum
spore germination.” (1978). Electronic Theses and Dissertations. 1866.
https://scholar.uwindsor.ca/etd/1866

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.


https://scholar.uwindsor.ca/
https://scholar.uwindsor.ca/etd
https://scholar.uwindsor.ca/theses-dissertations-major-papers
https://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F1866&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.uwindsor.ca/etd/1866?utm_source=scholar.uwindsor.ca%2Fetd%2F1866&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarship@uwindsor.ca




T
H)

.* National Library of Canad

Cataloguing Branch .
Canadian Theses Division -

Ottawa, Canada
K1A 0N4

NOTICE

RS

The quality of this microfiche is hegvily dependent upon
the quality of the original thesis submitted for microfilm-

ing. Every effort has been made to ensure the highest:

quality of reproduction possible.

If pages are missing, contact the -university which
granted the degree.

‘Some péges ?nay have indistinct print especially if
the original pages were typed with a poor typewriter
ribbon or if the university sent us.a poor photocopy.

Prevfously copyrighted materials {journal articles,
published tests; etc.) are not filmed, '

Reproductionin full orin part of this film is governed
by the Canadian Copyright Act, R.S.C. 1870, c. C-30.
Please read the authorization forms which accompany
. this thesis.

' THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

L

NL-339 (3/77)

- .
~

..Bibliothéque nationale du Canada ~
~ . . . i
Direction du catalogage .
Division:des théses canadiennys

-»
.

-

La qualité de cette microfiche dépend grandement de la
qualité de la thése soumise au nﬁErofilmage. Nous avons
tout fait pour assurer une qualité supérieure de repro-
duction, .

S'tl manque des pages, veuillez communiquer avec
I‘unive\rsité \Qui a contéré le grade. 5

La qualité d'impression de certaines pages peut

*"laisser & désirer, surtout si les pages originales ont été

dactylographiées al'aided'un ruban usé ou sil'université
nous a fait parvenir une photocopie de mauvaise qualité.

Les documents qui font déjé 'objet d'un droit d'au-
teur (articles de revue, examens publiés, etc.) ne.sont pas
microfilmés. ) :

La reproduction, méme partielle, de ce microfilm est
soumise a la Loi canadienne sur le droit d'auteur, SRC
1870, c. C-30. Veuillez prendre connaissance’ des for-
mules d'autorisation qui accompagnent cette thése.

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L’AVONS RECUE



. \\\_:
- }\-
L
Fred J, Ga:mis'l:i 1978
All Rights Reserved
f- .
- ' 0. E
* AT

DedSi6



- . B I P

EFFECTS OF RESTRICTIVE ENVIRONMENTAL CONDITIONS
ON DICTYOSTELIUM DISCOIDEUM S?ORE GERMINATRON

]

by -

Fred Joseph Garnish

L

| ' A Thesis
sutmitted to the Faculty of Graduate Studies
e : through the Department of
- Bilology in Partial Fulfillment
Of the requirements for the Degree
of Master of Scilence at -
The University of Windsor

k4

Windsor, Ontario, Canada

“ ‘_’ L



z

' ABSTRACT

The spore\germination process, in Dictyostelium discoideum con-

' sists of four’ stages- activation. postactivation lag, swelling and
emergence. Spores are reversitly activated by the application of heat .
and dimefhyl sulfoxide Severe changes in four environmental variables
(osmotic pressure. oxygen tension, pH and temperature) are shown to
interfere with the gemina.tion process. Spores in the lag phase of
germination are usually deactivaied ifr exposed io severe environment-
al conditions and thus do not swell spores in the swelling and emer-
gence stages may be killed if exposed to severe environmenial condi-
tions. The gwelling stage of germination\is\characterized by acceler-
ating rates of respiration and macromolecular syntheses; initiation of
trehalase synthesis occurs during this stage. Under all deactiveting
connitions inhibition of respiration is concomiiant with decreased
trehalase synthesis in sporeétinfiniifizzfgurning to dormancy. De-
creased uridine and amino acid uptake™wlso parallels the redugtion of
respiratory ectivify in deactivating spores. Allrhough spores possess

a cyanide—resistant electron transport paihway, only the cyanide-sen-

sitive respiratory system is réquired for germination,

A
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INTRODUCTION . "y

His%o;x

Dictyostelium discoideum was originally discovered by X. B Raper )

(1935) in the decaying leaves of a forest floor-in South Carolina.
Since then the organism has been found in similar subarboreal environ— '
ments around the world (Cavender and Raper, 1965a, b, and c, 1968)
Raper (1935, 19%0a and b, 1941) and Raper and Fennell (1952) were “the
first to describe the organism s-life cycle. Due to the extensive a-
mount of 1itgrature.that has been compi;ed concerning tﬁe‘various as-
pects of the‘life cycle since then, and because this'paper deals ;ri-
'marily withIQ. discoideum spore germination, only a general overview
of thg slime mold life cyclé 1s presented here. However, in the case
of inspired interest the reader is directed to the fine review of ear-
.lier work on the genus Dictyostelium by Bonner (1967) and the more re-

cent review of Loocmis (1975) which deals exclusively with D. discoideuﬁ.

Life Cyele of D. discoldeum
A diaérammatic represéntation of the cellular slime mold life cy-

cle is presented below for reference (Fig, 1). The vegetativg cells of
D. discoideum are uninucleate amoebae wh%Fh feed upon the bacterial
flora living in the decayiné organic material on thé floor of tempér—
ate forests. These amoe@ge replicate by binary fission as other soil -
amoebae but possess %gngial aspecﬁfio their life cycle which differ-
entiates them from tKé protozoan genera.-Upon deplétion of the immedi-
ate food éupply the cells of D. discoideum congregate in a streafing

pattern to form -a single mass which may contéinupﬁ§‘105 cells, This

- aggregate integrates itself by producing a cellulose sheath d5 it or-

<
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Fig. 1. The Life Cycle of D. discoideum-after Wright (1963).

- ganizes into a %iﬁgerlike structure. This fingerlike masé of cells in-
it1ally rises almost Perpendicular to the sutface of the substrate and
Quicklf topples over. This aggregate mass is xefered to as a pseudo-
plasmodium, grex, or slug., After regaining contact with the substra-
tum the slug initiates a period of‘horiéontal migration of variable
duration which is directionally sensitive to gradients of light, temp-
erature énd moisture, ﬁuring the course of late aggregation and early
nigration the cells in positionally defined éxea; of the slug become
Treversibly committed to thelr final role in the formation of the
fruiting body. Specifically, the cells at tﬂé tip are tentatively pre-
stalk cells and -the cells towards the posterior (up to 85% of the to-
tal mass) are-fated tp. be spores. Hhen the tip of ‘the pseudoplasmodien

comés to a halt the cells in the posterior region migrate directly un-

-
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‘der the prestalk cells £3-f9rm a structure likened in appearance to a
mexican, hat. The anterior cells theh begin'tc produce the optef sheath
of the stalk ﬁhiis.pushing through the prespore mass, forming the in-

ner sheath of the stalk as they proceed. Final differentiation of the

-
‘stalk cells entails sw@lling of the cell Hhile producing a celluloss

wall after which death ensues. Prespore cells are carried up the taper-
ing stalk en masse by a mechanism resembling a fountain running back-
waxds. While ascending the developing stalk, the prespore cells differ-

- entiate from amoebold cells into elliptical spores.

gsneral Characteristics of D. discoidsum“Spores

The spores of D. discolideum are, constitutively dormant when form-

ed in the fruiting body. Constitutive- dormancy is defined by Sussman
(in Sussman and Halvorson, 1966) as: 0 -~

«ess. a condition in which development is delayed due to

an innate property of the dormant stage such as -a barrier

to the penetration of nutrients, a metabolic block, or

the production of a self inhibitor."

In relating this definition to D. discoideun spores one finds that,
-although these spores are empirically known to be -extremely imperme-
‘able as ccmpsied-to vegetative cells, a barrier to the penetration of
nutrients per se is not a key factor in dcrmahc&: This holds true be-
cause these spores contain all the required energy sources for the
completion of germination (Cotter and Rapsr, 1966). In regara to a
metabolic block there is some evidence for the presence of a regula-
tory protein which acts to restrict respiration of dormant spores
‘(Cotter, 1973, Cotter an@' George, 1975, Cotter et al., 1976). Self in-
hihitor_substances are also produced bj this organism (see Cotter,

1975, Katilus and Ceccarini, 1975, Abe et al., 1976, Nomura et al.,

< s ,l'f‘
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the metabolic block which acts as a secondary mechani '

~ance of dormaney in wild type spores.

o

)
}

4 . * . ) B '/t

~ 1977}, Such ‘an inhiBitor of spore germination has recently been report-

ed to be 3-(3?amino~3-carboxy-pxopy1)-6—(3—methy1-2-buteny1amino)pu-

rine (refered to as discadenine), whichiinhihgts spore germination at

f

a concentratibn of 10-8M”(Nomura'g§.gi.,,19??). Recently, a mutant des-
ignated SG;fqhicﬁ étems from a-natural mytation, was found to spohtahe—
ously éermiﬁéte"without an’ activation trzgwment when washed free of
a:utoinhibitory substances {Cotter and Dahlberg, 1977). This finding

demonstrates that the definition of constifutive_§ormanéyumay‘not kold

completely even in the same species because of natural variation. For

example, the SGl mutant produces self inhibitor substzzce(s) but lacks

the mainten~

-

Aspects of Spore Germination

 Optimal éanditions for spore germination in a laboratory situation
have been reported by Cotter and Raper (1966). These authors concluded
that spores should be washed and activated in 10 1y phosphate buffer
(pH 6.5); after activation the’spores éhould be incubated at 23.5 C
(this temperature being a.comprpmise beiween optimal temperatures ob-
served for swelling and emergence). With these parameters in mind then,
germinatiohiconsists of four stages; acfivation, postactivation lag,
swelling and emergence. The first stage, activation, may be defined as
those events occuring during the germination inducing treatment. Spofe
activation may be accomplished by heat shock, addition of a racemic
mixture of the amino acids tryptophan, phenylalanine and methionine _
(Cotter and Raper, 1966, 1968a), gamma irradiation (Hashimoto and Yana-

gisawa, 1970, Khoury et al., 1970, Hashimoto, 1971), addition of eth-
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¥lene glycoi,‘dimethyl sulfoxidé, urea and uiea derivativeg (Coffer
.and 0'Connell}, 1976, Cotter et alL,‘19?6).‘A11 of the latter treatments
except for the.amino acids, have a common property of acting as protein
‘denaturants However, as pointed out by Cotter (1975), these amino acids
may induce rrotein conformational shifts with their hydrophobic side.
chains, relation to activation, the theoretical site of activation
is a sef of regulatory proteins (Cotter, 1973, Cotter et al., 1976)
located] on the inner mitochondrial membrane (Cotter and George, 1975).
According to the "multistate model for spore germination" (Cotter,
1973, Cotter et al., 1976), activation treatments induce a partial he-
lix~coill transition in a "doxrmant" regulatory protein which is respoh-
lsible for the inhibition of ox%dative phpsphorylation in dormantcspores;
The induced transition leads to a "relaxed” state of ;he protein. The

>

relaxed confo;mation then allows finetion of the mitochondrial electron

transport system to produce energy in the form of adenosine triphés—
phate (ATP) required for germination. -
Sussman (19?6) presented an alternate hypothesis in which he does
not dlsagree with Cotter but postulates a possihle role for membrane-
associated lipids In spore activation. Using Neurospora and other fun-
gal spore studies as evidence Sussman‘argued that phase transitions in
the 1lipids of the mitochondrial immer membrane may be responsible/fbr
the regulation of respiration during dormancy and spore activation.
Another hypothesis profferred By Bacon and Sussman (1973) suggests
that protein synthésis me@iated by stable messenger ribonucleic ac%&
(RNA) (which is formed during sporulation) is stimulated thj:ougr_l acti-
vation. Inhibition of this early protein synthesis by a presumptive

autoinhibitor (eg. N, N'-dimethylguanosine) reportedly prevented spore

*
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: germinafion (Bacbn and Sussman, 1973). Howeve#, attempts to duplicate

these Tesults using purified N, N'-dimethylgyanosine failed to produce
the préviouéiy ieported inhibition of s;}ore gexmination (Cotter, 1975).
"Hohl (1976) suégested a coﬁbination of the latter hypotheses. which
stated ?ha% activation allows ATP production which in turn is rquired'
to gynfhbsiZE tryptophan. Thig amino aciq‘is reportedly absent in dor-
mant D. discoldeum spores (Bacoﬁ‘and Sussman, 1973). The tﬁ?@tophan Is
then utilf;ed for‘thé synthesis of alspore "swelling™ engyme.
The(ﬁbstactivation lag stage may be divided equally into two
phases {(Cotter, 1975): early and late. Cotter reported that heat‘acti—
vated spores in early lag ﬁhase are prevented from enté%ing late lag
phase by incubation in 5% dimethyl sulfoxide (DMSO). Heat activated
spores stored at 4 C enter late lag but are_preveﬁted from continuing
past %his phasé (Cotter'and Raper, 1968b). Spores blocked in such a
mannerﬂfail to swell even after several days of incubdtion at 4 C.
However, up?h release from these'conditions, a small fraqtion of the

spores began to swell within 15-30 minutes; the majority of . the spores

did not swell (Cotter and Raper, 1968b). The majority of the spores

ey

[

treated at 4 C were "deactivated", which ié\iée reversible return of

activated spores to dormaggy. Thus, spores wijiich enter late lag phase ~

are c;pab;e of reacting in one of two alternative ways; they'éither
contipue“{o,swell und?r permissf?e gsnditions or deactivate under re-
stricﬁive ;nvironmentalfconditions (Cotter, 1955). Furthermore, acti-
vated spores on . the verge of swelling are quickly deacti;ated when
placed under resﬁrictive environmental conditions, whereas activated

spores in early lag phase require a boﬁsiderably longer time period in

order to deactivate {Cotter, 1975). N —

~ -
-
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The later stages of germinatlon, swelling and emergence, are mark-

R ’ .
ed by distinct morphological changes. Swelling begins with a small lat-

“eral protuberance which efentually spreads longitudinally,  resulting

8
in-ﬁﬁ\bpgfximate two fold increase in cellular volume. Completion of

this st requires about 90 minutes (Cotter and Raper, 1968a). The op-;
.
timal temperature for this stage of germination was reported to be -
IS

near 28 G (Cotter and Raper, 1968a). Emergence constitutes the 1ibera-

'“‘tion of a single myxamoeba from the ruptured spore case. The duration T

of this stage varies with the activation treatment used. For instance,

with heat activated -spores the emergence stage of germination lasts

for about 2 hours, whereas with DMSO activated populations the emer-
- —— LAt . -

‘-gence stage may last up to 5-6 hours. Emergence of myxamoebae is fa~

[nad
vored at,a lower temperature (eg. 22 C) in contrast to spore swelling

-

(Cotter and Raper, 1968a).
p . L\
Ultrastructural Changes During Germination

[Here are no observable ultrast}ucturai changes in freshly \acti-
vated>§ﬁores (Coéter et al., 1969). The mature spore is surrounded by a
three - layered wall (Cotter et'aI 1969*’H0h1 and Hamamoto, 19&9)
Swelling constitutes the _production of a lateral protuberance wg\bﬁ
results in a longitudinal split in the outer two layexrs of the spore
coat (Cotter et al., 1969): Duriﬁg the sﬁelling stage of germination,

the mitochondria lose their peripheral coat of ribosomes and, their cre-

h\\h\ nated appearance; the tubular cristae become prominent,.resamblin' the

o

vegetative state of this organelle {Cotter et al., 1969). Also duking

this period, large roundish vacuoles which contain flocular materia

arise from stacks of flat cisternae. The outer electron dense layer



‘and the thick middle layer of the spore wall begln to degrade (Cotter

. et al., 1969, Gregg and. Badman, 1970, Hemmes et al.,.1972). This .a.egg_

w” N

radation-may be alded by cellulase present in the spore (Roéness,
1968). Near completion of the process the cell cohtéiﬁs one or more.;.\
contractile vacuoles which function as watéi expulsign vesicles (Cotter
et al., 1969). | "

There are two hypotheses ‘which attempt to explain the swelling
process in D. discoideum spores: one 1s based upon the synthesis of a

specific "swelling":enzyme and the other upon a naturally occuring

| osmotic préssure increase after activation. The dilation of ;he vacu-
oles observed within the swelling spore may play a role in the latter
mechanism since this change alone may increase the internal osmotic
pressure sufficient;y by ;irtue of an’increased concentration of osmo-
tically active molecules. Spare swéili@g may be induced artificially
by treatment of dormant sporéé in 6 M urea for 24 heurs at 25.5-0
(Cotter and 0'Connell, 1976). Resuspension of spores treated in this ,
marner into buffer without urea results in approximaéely-Bé% of the
population pro&ucing protoplasts surrounded only by~tﬁe innerﬁost‘wall
layex. This.demon§trdtes that a change in osmotic pressure alone 1is ‘
able to cause the morphological eveﬁf of swelling. However, this mech-
anism in naturally swelling spores may be complemented by & spore "swel-
. ling" eé;yme which increases the internal osmotic pressure ‘through deg-
radation of endogenously stored polymers into their respective mono-
mers (ie proteins to amino acids or glycogen to glucose) (Hohl, 19?6)
In fact, there is protein turnover during this stage (Cotter and Raper,
1970). Also noteworthy is the fact that spores of the nutant strain SGi,

do not swell in' the presence of cycloheximide (Cotter and Dahlberg,



19??).‘Thus;‘these two hypotheses are by no means mutually exclusive

(s

and may even complement each other.

The emergence stage of germlnation is marked by the degradation
of . the innermost layer of the spore coat which releases the myxamoeba
(Cotter et al., 1969) The amoeba oharaoteristically clings to “the
spore case for a short time before becoming completely 1iberated (Cot—
ter and Raper, 1968b, Cotter et al., 1969, Gregg and Badma.n, 1970).
During this stage the lipoidal bodies with associated eleotron trans-
parent veslcdles and the proteinaceous crystals of the spores degrade,
leaving the vegetative amoebae devoid of these structures (Cotter et
al., 1969, Maeda and Takeuchi 1969, Gregg and Badman, 1970). Examina-
tion of the dfisc ed spore casw reveals that the outermost wall layer

« .
remalns largely intaot, whereas only fragments of the ,inner and rniddle
1zyers remain (Cotter et al., 1969, Gregg and Badman, 1970, Hemmes et
..y 1972). It is thought that either the spore wall is synthesized
with a single line of e;ruotural wealnes{ oz ,the protoplast is able to,
degrade the wall enzymatically without producing _gross damage elsewhere
(George et al., 1972).

£ - -
Respiration and Molecular Aspects of Germination -~

Germination of the.vast majority of dormant sysiems is accompanied
by increased respiration and macromolecular syntheses. Oxygen consump-
tion rises markedly after activation of D.'discoideum spores (Cotter -
and Raper, 1968b, Bacon and Sussman, 1973, Cotter and George, 1975,
Cotter et al., 1976, Kobilinsky and Beattie, 1977). Activated spores
‘subjected to treatment with any nonpenetrating carbohydrate or polyal-

cohol at 0.2 M show severely restricted oxygen uptake, eventually re-

v
Y.
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sulting in a retwm to the dormant state (Cotter, 1977). Similsrly, the

inhibitors of cytochrome oxidase, azide and cyanide also deactivate

~

‘spores (Cotter and Raper,’1968b Cotter et al., 1976). Incubation &

germinating spores anaerobically also inhibits the continuation of this
developmental process (Cotter and Raper, 1968b). These observations 3‘-
strongly suggest that mitochondrial resplration is necessary for the .
germination of activated spores. In addition, Heber (cited as a person-
al communication in Cotter, 1975) found that although sporulation may
occur on media containing azide, the spores were unable to germinate.

- The respiratory competence of D. discoldeum spores waé'recently
investigated by Kobilinsky and Beattie (1977). These authors found that
dormant spores contained all the structural components necessary for

mitochondrial respirationt some of which even exhibited higher activi—

* ties than the equiﬁalent vegetative counterpart. Several enzymes of the

citric acid cycle were also Dresent with specific activity levels compa-
rable to vegetative amoebae. Further, oligomycin-sensitive adenosine
triphosphatase (ATPase) activity was found to—be approximately equal in
both dormant and vegetative cells although total ATPase activity was de-
creased by 56% in tne,dorﬁanthsystem. Tne additioﬁ of rario;; respira-
tory substrates plus oxidized nicotinamide dinucleotide (NAD) to soni-
cally treated spores produced similar oxygen consumption rated, when com-
pared to the addition of sthe same components to sonically treated amoebae
(Kobilinsky and Beattie, 1977). The latter observation implies that the

lack of cyanide-sensitive respiration in dormant spores may be due to

lack of respiratory substrate and/or NAD. On the other hand, the find-

ing by Wright and Wasserman (1964) that pyridine nucleotide levels of
PERAEY - .

;tvegetative amoebae and fruiting bodies are virtually egual conflicts
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with such a conjecture, Alterﬁativeiy, compartmentalization may'func—

tion to physically separate these metabolites from intracellular sites ..

o~

where they are normally utilized.
Prqtein and RNA syntheses in activated D. discoideun spores seem

to Initiate just prior to swelling and in early swelling respectively

~(Bacon and Sussman, 1973, Yagure and Iwabuchi, 1976, Giri and Ennis,

19??}. Dormant spores of a related specles, D. purpur um have beenl

shown to contain $mall amounts of polyribosomes which increase drama-

tically upon the entry of activated spores into the late swelling .

"

" phase (Feit et al., 19?1) Giri and Ennis (1977) reported that polyrib-

osomes are detected in activated D. discoideum spores upon the initia-
tion of swelliﬁg, which corresponds with the beginning of protein syn-
thesis. Pﬁromycin, cycloheximide, chloramphenicol and amino acid ana-
logs have been reported to block the entry of activated spores into the
emergence stage without affecting sfore swelling (Cotter an& ﬁéper,
1970, Kobilinsky and Beattie, 1977). Trehalase, the enzyme éesponsibfé

for splitting trehalese (which is a major storage compound in D. dis-

coideum spores) into its glucose monomeds, increases in activity dur-

ing late swelling, thus supplying the required energy for the comple-

~tion of germination {Ceccarini, 1966, Cotter and Raper, 1970). This

acti;ity increase is suppressed in the presence of cycloheximide (Cot-
ter and Raper, 19?0) The synthesis of mltochondrlal ATPase may also
be affected by such inhlbltors, since its components are synthesized
by both cywoplasmic and mitochondrial ribosome systems, as is found in
yeaﬁt (Tzagoloff et al., 1973). The wltrastructurally observed detach-.
ment of cytoplasmic ribosomes from the mitochondrial periphery and the

appearance of inner mitochondrial tubuli still occur in the presence
. 8 )



cycloheximlde. However, mitochéﬁdria remain di‘ atéd (Cotter et al.,

1969). The drug does not inhi'bit the rupture of the outer and middle

wall 1ayers nor does it affect “the reappearance of endoplasmic retic-
%% ; wlum and autophagic vacuoles. Breakdown of the lnnermost wall layer is
= prevented by cycloheximide (Céttef-et al., 1969). The electron trﬁnsa
parent vesicles and associated lipid bodies, as well as proteinaceous
crystals which usually disappear in late swelling or early emergence,
.are retalned in cycloheximide treated spores (Cotter et al. 1969)
Relief froi cyclcheximide induced inhibition by washing the spores and
resuspending them in fresh buffer without the antibiotic allows an in-.
crease of trehalase activity, breakdown of the innermost wall layer
and finally, the emergence of viable ;moebae (Cotter and Rapér, 1970).
Myxaqoebae may also be artificially released by, treatment of the cycl&-
heximide inhibited spores with cellulase and pronase, (Hemmes et al.,
1972). These results seem to suggest Pﬁat a proteolytic enzyme which
is responsible fér degradation of the innermost wall layer is synthe-
sized late in the swelling stage. This enzyme allows the emergence of
‘the’ myxanoebae (Cotter et al., 1969, Hemmes et al., 1972). X

Actinomycin D, an inhibitor of RNA synthesls, has been observ;d

tq_lphibit 20% of an activated spore population from emerging at a con-
centr;tion of 1 mg/ml after 5 hours of incubation at 23.5 C (Cotter,
PhD. Dis;eryation, Univ. Wisconsin, 1967 ). In sPité'af one report to
the contrary (Bacon and Sussman, l9?3), lower concentrations of actino-
mycin D are ineffective at producing any.overt inhlbition of D. gig—
coi&eum spore germl#ation (Cotter and Raper, 1966, 1970, Yagura and
"Iwabuchi, 1976, Girl and Ennis, 1977). However, de novo ribosomal RNA .

(rRNA) synthesis is specifically inhibited in vegetative amoebae of

M
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strain AX3 treated with a relativ low conéentration of ﬁhe'diug
(Firte% and Lodish, 1973). Yagur;ei§d,1wabuchi (1976) have presented
evidence that predoninently messenger-like RNA (mRNA) and 4-5 § RNA ~
specles are formed in the earller phase of swelling.w;eréas TRNA syﬁ-
thesis is initiated in the later phase of spore swelling. This presump-
tion 1s corrchorated by anothgr recent observation that in the early
swelling ﬁﬁase the activity of the deoxyribopuéleic acid (DNA)—depend—ﬁ
ent RNA polymerase II, which is thought to function in non-rRNA synthe- .
sis, is much highei in activity than that of polymerase I, wﬁéch is
responsibie:?or rRNA §ynthesis. Tﬁis.trend is. reversed in the late
phase of sﬁgr; swelling (Yagura et al. in Yagura and Iwabuchi, 1976).
Giri and Ennis (1977) concluded that RNA synthesis is required for
‘swelling of actlvated sﬁofes. However, thioiutin, the one drug which
did prevent swelling, also inhibited the inéorporation of 3H—uracii‘by
97%. Since thiolutin is a relatively new drug perhaps the observed in-
hibition of uracil uptake was not due to specific prevention of RNA
synthesis but an inhibition of transport syﬁtems. Likewise an unexﬁect-
ed inhib}/;on-ef*S’me other cellular mechanism(s) ‘may have been respon-
sib ‘fgr the observed inhlbitlon of spore swelling Two other inhibi-
/{S;ie;f RENA synthesis used in their study, lomofungin and daunomycin
also dec¥eased incorporation of 3H—uracil by 98 and 99% respective?y,'
with no effect upon the swelling of the treated spores. If one believes
that the incorporation of labelled precursors is a true reflection of
the events occuring during such a deVelopmenfal process, then the con-
clusion that RNA synthesis is an absolute requirement for spore swel-

ling would seem to be erroneous. Heat activated spores devoid of fune-

tional DNA have been observed to swell but were prevented from emerging



1
-(Cotter. 19?5) This could indicate that de novo RNA,synthesis is re- "
quired for the production of the protein(s) which mediate the final
, stage of germination (eg. emergerice) but would fefute the ngcessity of

such synthesis being required for the swellirg stage.

Purpose of This Study : y

The proposed mechanism-of reversible activation along wi%h other &
observations in the above text (including the.almost ipmediate_inérease
of respiration of activated 5poreé) implicates thé mitochondrion as a
prime candidaﬁe for being the crucial site which reguiates dormapcy in
D. discoideum spores;rbnce initiated, spore germination‘seems 1d re-
quire some de novo protein and RNA syntheses for completion of only
thé later stages Qf development. With fheée premises in mind, the pur-
pose of this stud& was to examine the physiolog%cal conseguences of

various defined restirictive environmental conditions in an attempt to

characterize the phenomenon of reversible spore activation.

MATERTALS AND METHODS
P

Medi@'Used

Cultures of Dictyostelium discoideum were grown in conjunction

with their bacterial host Egcherichia coli strain B/r on glucose salts

agar (Adams, 1959). This medium contains the followihg components;

1.0 g NH,C1, 0.13 g MgS0,, 3.0 g KH,P0,, 6.0 g Na,HPO, and 20.0 g bac-

2
to agar (Difco) per liter of distilled water. A total of 4.0 g of glu-
cose,” which was sterilized separately in soclution, was added to the
medium after autoclaving. The medium was cooled to 50 C and disPeﬁsed
into petri dishes (Fisher brand, 100 X 15 mm).

The phosphate buffer used consisted of; 1.04 g KHZPOQ, in 1 liter



of distigled water; the pH of this 10 mM solution was adjusted to 6.5%

+ with concentrated KOH prior to autoclaving. _ : »
Production of Spores |

Spores of Dictyostelium discoideum (Raper, 1935) strain NC4 (dip—

loid) were picked irom a stock culture with an inoculating loop and

aseptically to ;terile 100 ml culture bottles confaining 20-60 ml .
— - of distilled water bringing the spores to approximately 1Q /ml A loop-
| ful of E. goli strain B/r was also added ‘to this suspensioﬂ\and mixed
thoroughly; 2 ml of this mixnnre was then transfened to glucose salts
agar plates and spread over thé snrface; The cultures wefe shaken at 24
h and 48 h after initial plating to ensure even and éynchronous;fruiting
. of the slime-mold. By the third day aggrégation centers were aﬁpafent
and on the fourth day mature frui%ing bodies hnd been produced. Fruit- =~ .
ing noiies‘wére-allowed_to age for an additignal day befofé spores were
haévested; this ensuré&lfnét all spores used’in experinental work were

dormant.
]

-

. Preparation of Spores. for Experimental Manipulation

Cultures of D. discoideum NC4 (diploid), 1-3 days old,-wgre har-
.vested by passing a glass slide over the agar surface in such a way as
to cont_ and thereby collect only the spores from the stalks of the
fruiting bodies. The spores were suspended in 5 ml'of sterile distiiled
water and poured into a 15 ml conical or round bottom centrifuge tube
(Corex brand). Any spore clumping was then_eliminated by vortexing and
“the sn;pension was subjected to centrifugation in a'Damon/IEG clinical.

centrifuge (model CL) at setting 6 for 5 min. The resulting supernatait-

was saved for possible studies on the autoinhibitor substance(s)

L 3
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while the pellet was resuspended in fresh 10 mM phosphate buffer (ref-
ered to as buffer hereafter). This suspension was again centrifuged
for 5 min, as before and ‘resuspended in fresh buffer, the cycle was re-

peated once more for a total of 3 uashings (Cotter and Raper, 1966)

ot ~

Activation of Dormant Spores

Washed dormant spores Were activated by either of two methods :
heat shock or treatment with dimethyl sulfoxide (DMSO) (Fisher Scienti--
fic Co. ) ,

Heat shock involved the immersien of the 5 ml spore suspensﬁon,
usually contained in a 15 ml conical bottom centrifuge tube, into a
‘circulating waterbath preheated to ﬁﬁ * 0.1 C. The tube was adJusted
in the bath so that the meniscus of the spore suspension was at least
2 cm below the surface of the water to ensure uniform heating for the

v

Tequived 30 min, treatment (CL\ter and Raper, 1968a). After the acti-

vation period the suspension was qulckly cooled and the spores adJust-

'“ed to- the desired concentration by addition of buffer.

DMSO activation was‘accomplished in the following manner; after
the third washing of the newly harvested spores the pelleted Spore mass
was resuspended in 5 ml of a premixed 20%'DMSO—buffer solution. This
suspension was then incubated for 60 ﬁin at ambient temperature. At
55 min. into the activation pariod the spores were centrifiged at set-
ting 6 for 5 min. and the supernatan}-contalning DMSO was discarded.

The sides of the tube were wiped with Paper towelling to remove resid-
ual DMSO, The pelleted spores were then resuspended in fresh buffer to

tefminate the activation treatment at 60 min. and subsequently washed

.2 times to remove any trace of SO (Cotter et al., 1976).
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'“Tiue'zero 15" defined here as the. time at which the activation
treatment.was terminated. | ;

A Brightlineghemacytometerlugs used in all determinations of
spore concentration.‘ h

In all experiments _Spoxres Here kept in suspension by small (3 mm)

stirring bars (Tri-R Corp.) placed into the tubes which were. propelled
by a submersible stirring unit (Tri-R Corp., nBdel MS-7). Stirrex
speed was such as“to‘frevent settling of spores and to facilltate gas

exchange.

Monitoring Spore Germination

iu'all experiments samples of the incubating spore suspensions-
were removed wito short tipped Pasteur pipets (fisher ﬁreni) and sand-
- wiched between a cover glass and slide., At least 200 inaividuals‘were
counted under a 2eiss phasaicontrast microscope with a final magnific-
ation setting of 320 X. The individuals enumerated were tallied into
one of three classes; i) unswollen, phase bright spores, ii) swollen

vhase dark spores, or iii) emerged myxamoebae.

_.-.—..—--—--——....._._.__.._._..._._—.....——..—.

Restrictive environmental conditians are defined as those condi--
tions which"if imposed after activation do not allow normal develop-
mental stages of suore germinatiouﬂze;: swelling and emergence) to oc-
cur, These include; high (37 G) and low (0 C) temperature, pH extremes
. of 2 and 12, high osmotic pressure (0. Zgiﬁ sucrose), anaerobic condi-
.tions and the preSence of the inhibitors sodium azide and potassium
cyanide (refered to as azide and cyanide hereafter).

To treat spores at 37 C (whether activated or not), the spores

.\—ﬁ_\\\k_#;//
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were placed in a preheated circulating waterbith (Exatherm, model P5)
or for oxygen .uptake studies, iqﬁo a‘YSI‘moéel 5301 standard bath‘éésem-
" bly connected to asHaakelmodequE circuléio: sé% at 37 C. Only 2-4 min.
q-were required for spore suspensions of 2-5 ml to reath equilibrium with
" the surrounding 37 C water. Low temperature (0 C) was achieved by.place-
ment ofﬁfhe sample tube into an ice bath which was left under refriger-
ation (47 C)..Under these conditions if:was necesséry to add more iée\
everj iz h.\ o B

The pH extremes were created by the addition of half strength HC1 -
. of concentrated KOH to a 50 ml 5éaker containing at least 30 ml of buf-
fer: The'pH was monitored with an Orion (model 4O7A) ionalyzed while
the solution was being mixed by a magnetic.siirré}. These pH-afljusted
solutions were added.fo activated spores which had been pelletgd by
cgﬁtrifugation. |

In the osmotic pressure experiments 0.5 M sucrose (Fisher Scienti-
fic Co.) in buffer was added to activated spore suspensions to yield a
final concentration of 0.25 M.

Azide and cyanide (Fisher Scigntific Co.) were mixed in buffer to
a concentration of 2 x 10‘2M. These stock solutions were added to acti-
vated spore suspensioné‘to produce a final concentration of 2 x 10_3M
(2 mM) except in the trehalase assay expefaments. In the latter, a fi-.
nal concentration of 3 mM was used for both azide and cyanﬁde to énsure
100% inhibition of “the concentrated spore populations.

Anaerobié conditions were produced by the addition of preboiled-'
buffer_(cooled‘undei a nitrogen atmosphere) to activated spores which
had been pelleted by centrifugation. Upon resuspension to a volume of

8 ml (8 ml being the maximum volumeaccommodated by the YSI system for

(



efficient monitoring of dissolved oxygen) and a Spore concentration of
'10?spores/ml or greater, the spore mixture was ‘poured into a YSI sample

chamber and N, gas (99. 53% N - 0. Lo €O, mixt

) was bubbled through

the liquid for 2 min. The oxygen probe was then plac to the'chamber
under a constant streanl of the gas mixture to prevent introduction of
laboratory air. A constant stream of N2 gas was aiso passed into the
sample chamber through the access slot of the probe via a 20 ga. hypo—
dermic needle this ensured against the introduction of oxygen into

the treated suspension during incubation Under these conditions it

was possible to obtain and hold a 2% or less (§0.15 p&‘Oz/ml) air sat—
uration level in the chamber at 23.5 C: Sajpléd were taken from the

chamber with pipets under a stream of N2 gas, which maintained the low

alr saturation 1euel. . L%

Deactivation Experiments

’épores were shocked in 20% DMSO for 60 min. and washed as previous-
ly described. Upon final resuspension of the spore‘population in fresh
buffer, 1-2 ml aliquots were taken immediately after the final wash
and at 10, 20, 30, 40 and 50 min. from time zéZo. These aliquots of
the orig£nal Spgre suspension were transfemed to glass tubes (iO x 100
mn) and subjected to the various restrictive conditions under study.
In the case of Q.25 M sucrose treatments spores were heat shocked,
otherwise the procedure was the same as above. The remainder of the
stock suspension was used as 2 control. In all cases the spores were
kept in suspension by small stirring bars as mentioned previously. In-
cubation temperature was maintained 2t 23 5 € in all cases except for

temperature shift experifients by a oi;culating waterbath.
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After the éppropriate~incdbaéiz;%;eriod“under restrictive condi-
tions (1-24 h.dependingﬂupon the particular experimenﬁj_tﬁ; spores were
reiie;;d from their.restriétive enyironmental conditiog by waéhing the -
_population two times in fieéh buffer or‘byua temperature shift to 2355
cC. Tﬁe treated SpOYes were sco;ed‘for germination by microsaopic count
immediately after.washing or temperature shift and again after 2-4 h.
incybation at 23.5 C to dezsfmine the final percent germination. SaT-
Ples in which'the,majority of the population.remained unswollen were
tedted for viability. the following day. These spores were heat shocked
and allowéd to germgzate for at least 3 h at 23.5 C. The samples we&e

then scored for percent germination by microscopic examination.

Survival Experiments H?‘g

lActi;ated spores wére ad justed tp a concentration of 2l x.106/ml
iﬁ a conical bottom centrifuge tube. An 8 ml volume was placed into a
23.5 C circulating wate;:bath for most experiments (37 C was used for
high temperature experiments apd a 0 C ice bath was utilized in 1ow.
temperature experiments) and stirred as in previous manipulations. Ali-
quots of 2 ml were removed at three time periods during the course of
the germination process, these were, specifically, during the follow-
ing stages: i) early swellipg, 10-20% of the population being swollen,
11) mid-swelling, 45-55% of the population being swollen and iii) late
swelling& 90-100% of the population being swollen. These aliquqts were.
placed under the various restrictive conditions for a period of 5 h.
The spores were relieved from restrictive environmental conditions by
wakhing the inhibitory components but or by a shift back to 23.5C

after the treatment period. Vegetative amoebae removed from the re-

maining stock stziggiigprwéf% also treated under the restrictive cond-

-

- '——\
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itions'fat lor5 h‘feriods and aapseqaéﬁtly maniéulated similarly to
the treated sporea;«Once relieved, 0.5 ml of the suspension, which
was readjusted to a cell concentration of 1-2 x 108 /m1, wes transferred :
to non-putrient purified agar (Difco, 2%) plates and spread. over the’
surface by agitation. The plates were "incubated at room temperature for
a period of 14 h and then were examined under a compound mlcrosccpe at
125 X. The first 200 obJects were counted (excluding spore cases) and
the respective percentages of unswollen, swollen and-emerged amoebae
calculated. Unswollen spores may be considered as viable provided they
responded to-a second aativation treatment in separate experiments.
Swollen spores, on the other hand, were considered as nonviable since
they did not complete gefmination after such a prolonged incubation

pericd under‘pérmissive conditions. Amoebae represent spores which were

e germinatidﬁ process and hence were considered as
viable survivors. e ’

Controls included activated spores platéq directly from non-treat-
ed populations and dormant sporea plated after the third wash of the

.post-hatvest treatment. -

o~

. Respiration Experiments

| .0x&gen uptake of D. discoideum spores was recorded by a YSI model
53 oxyéén monitor which was calibrated to 100% with air-saturated buf-
fer and to 0% by the addition of a few crystals of dithionite (Baker
Chem. Co.) to nitrogen-saturated buffer. Temperature was maintained in
" a YST model 5301 standard bath assembly coupled to a Haake model FE
circulator. Temperatures remained stable to within + 0.1 C in all
cases., All experiments were maintained at 23.5 C except for 37 C treat-

ments.
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In tﬁese experiments, the spore suspe;sioﬁ; used were aﬁjusﬁed to
5 ml‘volumes,contaiging a spgre cdnceﬁtration of 35 x 106/ml.-0xygeﬁ
consumption was recorded as a function of percent alr sﬁturétioh at 30
min. intervals. During the course of an experiment if the ailr satura—
tion fell below 55%, the sample was reaerated by bubbling filtered lab-
oratory air through‘the spore suspension fgr a period of 30 fec. With
this procedﬁre saturation levels of up to 95% were reached, alleviating
the. problem of possible,inhipition of spore respiration due to lpy oxXy-
gen tension. | |

Thefinhibitor of the alternate electron iransport system, salicyl-
hydroxamic acid (Aldrich Chem. Co.) was dissolved to a final concentra-
tion of 5 x 1072 in aikaling‘buffer (0.5 ml of 6N KOH in 4.5 ml buffer)
and subsequenfly titrated to pH 7 with 6-10 drops of concentrated HCl.
The uncoupler, 2,&-@initrophenol (Nutritional Biocheﬁ. Corp. } was also
dissolved in a slightly alkaline buffer solution (5 drops of 6 N KOH
in 10ml buffer) to a concentration of 2.5 x 107%M, Dilution of this
stock solution to a worging concentrationvof 3.75 mM did not shift the
final pH of the spore suspension.

In all experiments sﬁbrgg were kept in sjspension by small stir-
ring bars (Tri-R Corp.) placed inside the sample chamber rather than
the stirring discs supplied_with the -instrument by YSI. The émall stir-
ring bars were efficlent and had a smaller mass which avoided the pos-
sible problem of spore breakage.

All results were corrected to represent the respiration of spore
populations at a concentration of 10? spores/hl. The values reported
for percent reduction in cumulative oxygen uptake were computed by sub-

tracting the amount of oxygen taken up by the electrodes from the a-



mounts of oxygen utilized by the spore samples and then calculating a

comparative ratio from the corrected values.

Radiolabeling Experiments

Algal protein hydrolysate ( *e- labelled, ICN Pharmaceuticals) and
H-wridine (ICN Pharmaceuticals) were used at 1 pCi/ml to determine
the uptake kiretics of heat activated spores incubated at 23.5 C. |

Protein and RNA syntheses of activated spores under theuvarious
restrictive environmental conditions were evaluated by incorboration

£ 14C--leucine and: “H-uridine (1CN Pharﬁaceuticals) respectively. Af-

. ter activation the sﬁeres were adjusted to approximately 10? spores/ml.
Labelled precursors were used at 1 pCi/hl. Sfreptomycin sulfate (Sigma
Chem. Co,} was added‘to‘all samples at 2 final concentration of 25 pg/ml
to inhibit uptake by bacterial contamination that may have been present.
Zeﬁo time and 5 h samples were taken in triplicate. Each sample consti-
tuted 0.2 ml of the spore'suspension removed by a 200 ul Eppendorf
micropipet which was injected into 5 ml of 10% trichloroacetie acid
(TCA) (Fisher Scientific Co.)- 5% acetone solution. The insoluble mate-
rial was precipitated in hot TCA (90 C, for 20 min. for protein studies)
or cold TCA (0 C, for RNA studies) as desoribed by Yagura and Iwabuehi
(19?6). The precipitated material was collected oe 24 mm glass fiber
filters (Whatman, GF/A) and washed with four 5 ml aliquots of cold 5%
§CA including 1 mM leucine (Sigma Chem. Co.) or 1 mM uridine (Sigma
Chem..Co.). The filters were dI&ed under a 250 watt Sylvania infrared
heat lamp attached to a base with rotating disc holders (Atomic Devel-
opment Corp.) and placed into glass scintillation vials (Isolab, 2hmm )

containing 5 ml of scintillation fluid. The particuwlar fluid used was
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toluene-based with 0. 4% (w/v) 2 5-diphenyloxazole as a primary fluor
and 0, 01% (w/v) p-bis- (2(5—phenyloxazolyl)) -benzene (ICN Pharmaceutic-
als)} as a secondaxy fluor., Kach sample was counted for a period of 10

min., in a Nuclear- Ghicago Mark II liquid scintillation counter set on

the desired preset channel (eg. 14q ox 3H).“ All results were standard-

ized to a 10?spore/ml concentration and corrected for background.for

purposes of comparison.

e

Trehalase Assays /

Spores wefe harvested, washed aqg/ﬂeat activated. In.{hese exper-
iments it was neceséary to obtain final spore concentrations of 2-3 x
10?/ml in each treated sample since the ;ssay was dependent upon the
amount of protein in the reaction mixture, ‘

In the case of control spores and those treated with sucrose, az-
ide, cyanide and pH 2 and 12, incubation periods of 6 h at 23.5 C were
utilized.. Other activated prfparations were incubated at 37 C for 6 h
;nd in the case of 0 C txeatment, spores were allowed a'?2 h.incubation
period before further manipulation. After the incubation period the
samples were centrifuged at setting 7 in an IEC clinical centrifuge for
at least 4 min. The supernatants were discarded and the pellet resus-
pended in 0.1 M citrate buffer (pH 5.5). The spore suspensions were
then subjected to disruption using an Aminco French pressure cell
which had been precqole@.in crushed ice for a period of #t least 30 min.
The pressure in the Aminco device was raised to 20,000 psi éhd then
"slowly released; the procedure was then repeated to ensure spore break-
age. This treatment resulted in greater than 95% spore breakage in

every base except for pH 12 treated samples. In the case of pH 12 treat-
5.



P e T T D AT AT A e T

o——

‘ed, samples it was necessa:arto disrupt ﬂhe spores with glass beads ac-

cording to the method of Dr. J Van Etten (unpublished) In this treatk\h//f—“f
men‘t 5 g of solid glass beads (0.25- =0.30 mm in d.ia.me‘ter, Arthur H.
Thomas Co.) were added to pelletedﬂgpores in a round bottom centrifuge
tube (Corex brand). Citrate buffer (0.1 M) was added to the tube so

that the meniscus of the ligquid reached approximately 1 mm above the
Surface of the beads. The tube was then vortexed on the fastest setting
of a Scientific Products deluxe mixer for a period of 2 min. At least
50% breakage was accomplished by this method.

The disrupted’samples, which were stored in ice betwaenﬁménipula—
tlons, were centrifuged at 8,200 x g for 16 miq. in a Sorvalllmodel RC2-
B centrifuge fitted with a small rotor. The supernatant was.decanted
off into clean tubes and stored in ice prior to the enzyme assay.

.The enzyme trehalase was assayed according.to the method of Cec-
carini (1966), later modified by Cotter and Raper (1970). Further modi-
fication of the procedure was necessarylhere and is noted in the proto-
col. The assay procedure was as follows;

1. The incubation mixture contained: 0.3 ml of 0. 1 M citrate buf-
fer (rather +than 0. 6 ml) at pH 5.5, 0.5 ml of 50 pM/ml trehalose (S:Lgma
Chem. Cb.) and 0.4 ml (instead of 0.1 ml)} of enzyme extract.

2. Incubation was for 30 min.,at 35 c.

3+ The reaction was stopped by.boiling for 10 min.

4. The mixture was cooled and brought to pH 7 with 0.8 m1 of 0.1 M
potassium phosphate.

5. To each sample, 2.0 ml of Clucostat Special reagent (Wort@}pé~
ton) was added.

6. Incubation was for 45 min. at 35 C.



7. The absorbance of the samples was read at 400 rim in a Beckman -
\model DB spectrophotometer (instead of a Spectronic 20) using 1.5 ml
quartz cuvettes (Thermal Syndicate Ltd. ) R

Controls included in each assay run were:'i) heated-;nzyme, which
was used as a measure of the,amouﬁi of glucoee present in the spore ex-
tracts, ii) blanks without enzyme but containing all other coﬁpenents
and 1i1) a sta.nda.:od with 1 pM-of glucose.

 One unit of enzyme activity was equivalent to 1 pM of glucose re-
leased in 30 min. at 35 C. The specific activity was determined by div—
iding the milligrams of protein in the extract into the units of activ-
ity. " - .
Protein Eonceﬁfrations were determined by the method of Bradford
(1976) using bovine serun albumin (Sigma Chem. Co.) as the standard

protein.
RESULTS

Kinetics of Spore Gexmination

The kinetics of germination elicited by the two activation treat-
ments used in this study (eg. heat and DMSO) are shown by the data of
Fig. 2. The postactivation lag phase constituted a 30-40 min. period
with DMSO®treatment, whereas an extended lag of 55-65 min: was observed
for heat activated spores., The diagrammatic schepe of spore morphology
included in Fig. 2 represents the temporal sequence‘of development in-
duced by heat activation. In DMSO activated cultures the spore swelling
phases wopid be condensed to accomodate the shortened lag while emer-

gence would extend over a longer period of time, since this stage was

asynchronous.



Fig 2. The germination kinetics of spores activated by heat and DMSO
treatments Spores-1-2 days old were activated by heat (l+5 ¢ for 30
min, ) or 20% DMSO (i‘or 60 min,) and incubated. at 23.5 C. Spore swel-
ling and emergence were monitored o.t the indicated time intervals by
microscopic examination., Included is a diagrammatic representation
3 of the respective morphology of the organism as a function of time
in a heat shocked population. Note that swelln.ng is slightly acc_’;l.er—
ated in the DMSO activated culture, however, emergence is' asynchron-
ous. Symbols represent: O » Percentage of swollen spores in the
heat shocked culture; . , Dercentage of emerged myxamoebae 1}1 the
heat shocked ctﬂ.ture;l AP percentage of swollen spores in the DMSO

activated culture; 4 , percentage of emerged myxamoebae in the DMSO
activated culture. |
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Deactivation ggperiments . ".i

Treatment of activated spores w;th;}ow tenperature results in
their return to dormancy (deactivation) ae previously shown by dotter
et §;,~§1976). Cotter (1977) observed that activated spores within 7.
min. of the initiation of sweliing Were insénsitive to unfavorable
‘“-shifts in theixr environment and thus the spores continued to swell.
Spores within the time period just prior to 7-10 min. of the initiation
of swelling were most sensitive to the temperature shift from 23. 5 C
to 0 Cy that is, the greatest spore deactivation occurred in the 20 min.
sample (Fig. 3). Spores shifted into 0 € before this point did not de-
' activate to the same extent. Conversely, spores incubated for 30-nin.
or mere at 23.5 C continued to swell af%er their shift to b C indicat-
ing that the spores were committed to swell Deactivated Spores were

able to be reactivated by a second activation treatment (45 C for 30

?

-

min. ), ‘
High temperature (37 C) incubation of DMSO activated spores caused
deactivation more quickly than low temper;%pre incubation. The data of
Fig. &4 demonstrate-.thar after 1 h treatment at 37 C the majority of
the treated population was deactivated. As.with low temperature ‘incuba-
tion the spores that were near the initiation of swelling were most
sensitive to the temperature shift’ and again the 20 min, sample yielded .
the highest percent of -deactivated spores; the relationship was not as
clear as that shown in the low temperature experiments becauee “of the
rapid spore deactivation atiéy C. The spores which had returned to dor-
' mancy were viable as demonstrated oy a high percentage of germination
after a second activation treatment. ' i (/

The effect of pH on the germination of DMSO activated spores is

R
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Fig. 3. Deactivation of spores incubated at 0 C. Spores were activated
-

with DMSO.and incubated at® 23.5 C. Aliquots of this activated stock
: : o

Py

sgspéns_ion were removejd as close as possible “to time ZEro for the first
sample and subsequently every 10 min. for up to 50 min. and placed at
0 C. After 24 h each a.liquo’;: was shifted back to 23.5 C and ihcubated
for 2 h at which time the final percent germipa.tion was determined.

* Symbols repﬁesent: O s control spores at 23.5 C, FAN , aliquots of

spores shifted to O C for 24 h which were then incubated at 23.5 C for

</’

2 h,

N
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Fig. 4. Deactivation of spores incubated at 37 C. Spores were activated

with DMSO and incubated at 23.5 C. Aliguots of ﬁhis activated stock

' susPenSion were reméved as close as possible to time zero for the first

sample and subsequently at 10 min. intervals for up to 50 min. and
Placed at 37 C. After a 1 h incubation at 37 C each al;quot was shifted
back to 23.5 C and incubated for L h; the final percent germination was
then determined. Symbols represent: (), contrclal. éporés at 2‘3.5 C;

ZS y aliquots of spores shifted to 37 C for 1 h which were then in-
cubated at 23.5 C for 4 h.
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shown in Fig. 5. Only the extremes of pH 2 and 1; seemed.to efficient~
1y hold activated spores from swelling. The slightly less extreme pH
values of 3 and 11 considerably slowed swelling and caused some deacti
vation of the treated population. Below pH 10 or above pH L 1ittle ef-
fect upon the rate of swelling was observed (data not shown). However,
slight lowering of the emergence rate was noted near the iatter pH val-
ues. Even more pronounced than the lowering of the rate of swelliné'was
the decline in the rate of emergence in the pH ranges of 3-4 and 10- 11
Treatment of activated spores at the extremes of pH 2 and 12 resulted
in loss of viabilty in the majority of the population (ca. 80%). The \;
emainder of the population (ca. 207) was able to germinate after a t
second activation treatment. . i
The deactivation profile generated by 0.25 M sucrose treatment

(Fig. 6) agrees~with'the data of Cotter (1977), who also demonstrated
similar effects with other nonpenetreting garbohydrates and golyalco—

hols Once again the spores closest to the period 7-10 min. orior to

the initiation of sweélling were most sensitife to deactivation, as
shown in Fig. 6. Deactivated spoXes were vi bie since they were ao%elto
germinate upon a second activation rfa ment. | ‘
Heat activation was utilized in this particular experiment since,
unlike heat activated spores, a fraction (ca. 20%) of the spores acti-
vated with DMSQO and introduced into 0.25 M sucrose continued to swell.
This phenomenon was not unique to this study but had also been observed
in previous work (Cotter, personal communication) Since 20% DMSO may
change the permeabilty of the’ spores it was suggested that such a
change was respon51ble t/;,ihg above enigna. Further investigati;;are—

vealed that 0.5 M sucrose premented 100% of DMSO activated spores from
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Fig‘.‘* 5. Effect of pH on the kinetics of spore germination. Spores ‘were
activated with DMSO and placed into tubes containing buffer adjusted
to various pH values., Symbols represent: O , control spores a.'l:-pH'

6.5; @, spores at pH 2; /\ , spores at pH 3; [J , spores at pH

e (O ,spores at pH 12; B |, spores at pH 11 and; A, spores_ at pH
wh
10. !
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Fig. 6. Deactivation of spores incubated with 0.25 M sucrose. Spores
were heat activated and incubated at 23.5‘0. Aliquots of this stock
suspension were removedﬂgs close as possible to time zero for the:
first sample and subsequently every 10 min. for up to 60 min. ‘and
placed into buffer containing sucrose in order to obtain a final
concentration of 0.25 My After a 3 h incubation each aliquot was
washed free of the disaccharide and allowed to incubate for 2 h a¥f
23.5 C._after‘which the final percent germination was determined.

Symbols represent: C) y control spores in buffer; A s 0.25 M treat--

ed spores.
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swelling and resilted "in the deéctiﬁétibn of the majority (>§0%) of
the-treated popuiation after 5 h of incubation. Deactivated spores, as
in other e;periments, were viable as demonstrated by a high percentage
of germipation after a second activation treatment.

Lowered oxygen tension restricts emergenée of swollen spores and
causes death of emerged myiamoé%ae (Cof%er and Raper, 1968a). Spores
may be heat activéied in the absence of oxygen and germinate normally
after aeration following the activation treatment (data not shown).
However, incubation of activated spores undér anaerobic conditions
caused deactivation of these individuals- (Fig. 7). Due to technical dif-
ficulties a deactivation'profile such as that produced by sucrose freat-
ment, for instance, was not generated for anaerobic conditions, However,
azide and cyanide artificially produce a sf;fnilar physioclogical state
and were easily manipulated, thus these compounds were utilized to in-
hibit electron transport. Since these inhibitors produce typical deacti~
vation kinetics (Figs. 8 and 9) it may be assumed that anaerobic condi=
tions would create a si&ilar effect upon activated spores. |

As in temperature shifts and 0.25 M sucrose treatment of activated
spores, azide and cyanide treated spores were most vulnerable to deact-
ivation near the ‘time in the postactivation lag;phasé where swelling
begins. This was seen most clearly in azide treated spores (Fig. 8).

The synchronization of the spore population at this poin{ seemed to be
at a maximum since the majority of the spores reacted to the imposition

of advexrke conditions in a similar manner within a short iime span. In

contrast, spores in theflag phase were unable to achieve this

synchronization and

4

ly. The majority of the spor¥es which had begun swelling‘or were within

~
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of these spores wexe removed within the 5 h time period at specified
tlmes, reaerated and allowed to germinate for a 2 h Pperiod, Symbols
represent ; £§ , final Percent germination versus ‘the time in hours

that spores were incubateqd under ‘anaerobic conditions,
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. Fig. 8. Deactivation of spores incubéted in‘2 mM azide. Spores were
activated with DMSO and incubated at 23.5 C. Aliquots of thié aétiva-
ted stock suspension were removed as close as possible to time zero
for the first sample and subsequently every 10 min.lfor up to 50 min.
and placed into buffexr cbntaining azide in order £o obtain a final
concentration of 2 mM, After a 2 h treatment each aliduot was washed
free of the inhibitor and incubated for 3 h at 23.5 C; after which

the final percent germination was détermined. Symbols represent: 4

Q , control spores in buffer; /\ , 2 mM azide treated spores.
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Fig. 9. Deactivation of spores incubated in 2 mM cyanide. Spores w.ere )

activated with DMSO and incubated at 23.5 C, Aliquots of this acti-
vated suspension were removed as close as possible to time zero for

-the fi:bét sample and subsequently every 10 min, for up to 60 !ﬁin.

and placed into buffer containing CYanide w:: to obtain a final ~

concentration of 2 mM. After a 2 h treatment each aliquot was washed
free of the inhibitor and incubated for-3 h; after which the final
percent germination was determined. Symbols represent: O y control

spores in buffer; A\ , 2 mM cyanide treated spores.
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7 min. of begigning to swéll were past this c:uciél point and may be
considergd committed ?o the dontinuation of this géimin€§ion stage.
Dgacﬁ}va}ed~spores'washéd free of the>inhibitors were reactivatable
and germiﬂated with high efficlency when subjected to a second activa-
_tion treatment. - o ~
' The effect of salicylhydroxamic acid (SHAM), an inhibitor of cyan-
lde-resistant electrdﬁ transport systems ofv;rioﬁs other organisms,
was examined to ‘determine if D. discoideumlspores‘méy'require the fune-
%ion of such anvalfernate respiratory system du;ing germination. The |
data in. Fig. 10 demonstrate that although thehiate of swelling and the
rate of emergence was slowed in the presehée of 5 mM SHAM no deactiva-

tion occureed.

Survival Experiments .

.These-experiments were aimed af defermining whether activated
spores in various phases of the teﬁpdral sequence of swélling were pro-
gressively moresnsnep£ible to epvironmentél stress. The data of Table 1;
exemplified the type of results observed in these experihents. Nonswol- '
len spores which were capablehof deactivating réturned to dermaney.
However, those spores which we;e unswollen, but committed to swell pri-
or to treatment, continued to gﬁell during the treatment (Table 1). 4s
an exception, the pH extreTgs of 2 and 12 not only prevented most ﬁn—
swollen épores from swelling but resulted in the death of the majority

of these individuals along with the death of the swollen fraction in
efery phase of swelling., The :gnswollen spores in the remaining treat-

ments were considered as deactivaied since the majority were viable’

when reactivated. The swollen spore fraction remaiﬁing after the 14 h

N |
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Fig. 10. The influence of SHAM on spore germination. A population of
heat activated spores was split in half; one half remained in buffer
while SHAM.was added to the other half to a fixal concentration of

5 mM. Both cultures were incubated at 23. 5.0' a.nd the kinetics of ger-

mination was followed until the majority of the populations had emerged.

At 3.5 h the sample containing SHAM was split in half; one half was
allowed to continué germination in the presence of the drug while the
other was washed free of the drué and incu'Bated in fresh buffer for
the remainder of the experiment. Symbols represent: O , percent of
éwollen spores in cultyres incubated in buffer; . , percent of | e-
merged amoebze in cultures incubated in buffer; A , percent of swol-
len spores in cultures containing SHAM; A , percent of emerged amoe—
bae in cultures con’pa.ining SHAM; [:] y Dercent ;::E' swollen spores in

<
cultures washed free of SHAM at 3.5 h; . , percent of emerged amoe-

o~
I

bae in cultures *washed free of SHAM at 3.5 h.
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incubatibn under permissive conditions were considered as a nofiviable

fraction since emergence was usually completed in a 6 h period under

jdentical incubation conditions; The emerged amoebae represented viable

individuals which were able 1o complete the developmental sequence of

germination after the respective treatmernt. Thus the data‘&p Table 1

indicate that swollen spores had partially lost their resistance to en-

vironmental stress to which dormant spores were resistant. There was

little difference betwesn the 45% Toss in viability (31.0/67.5 x 100)

of swollen spores from the early phase of swelling and the 68% loss in”

viability {52.0/90.0 x 100} observed in the spores shifted to restric-
éive environmental conditions during the late phase of swelling UT;ble
1). Therefore there seems to be little correlation between vulnerabil-
ity to environmental s%ress and ihe iespective phase of éwelling. Ex-
ceptions to the latter data were observed for the environmental condi-
tions of 0 C and 6.25 M sucrose treétments; these two stresses merely
retarded the completlon of swelling and prevented emergence until
spores were returned to permissive envirommental conditions. Low tem-

perature and high osmotic pressure were tolerated by both swollen

spores (data not shown) and emerged myxamoebae (refer to Table 2). How-

ever, emerged myxamoebae were more vulnerable than swollen spores, under

by

the other unfavorable environmental conditions utilized, since a 1 h
treatmentwresulted in the death of virtually all of these individuals
(Taﬁle 2). _ " ’ \

Respiration Experiments

S A

- The typical kinetics for -oxygen uptake of D. discoideum spores

(activated by heat shock or DMSO treatment) are shown in Flg i1, In-.

pu}
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Table 2. Effect of stressful environmental shifts on myxamoebal survival.

_ Percent of viable - Percent of viable
amoebae in treated amoebae in nontreat-
. samples after the ed samples after the
Treatment .14 h incubation 14 h incubation
0Cfor 5h : 93.0 9.5
37 C for 1 h ' 0.5 ! | 90.5
pH 2 for 1 h - 0.0 : 84.0
pH12 for 1 h 0.0 84.0
0.25 M sucrose for 5 h 99.0 ' 95.0
2 mM azide for 1 h 0.0 91.5
2 mM cyanide for 1 h 0.0 91,5

Emerged amoebae were removed from the DMSO activated stock cultures
6 h after the activation treatment and placed under stressfui environ-
mental conditions. After a 1 or 5 h treatment the amoebae were trans-
fered to permissive enviromnmental conditions aﬁd incubated for 14 h as

described in Materials and Methods. Only intact, morpholoéically normal

myxamoebae- were ehumerated.



?ig.“li. Kinetics of endogenous respiratlon of activ;ted and dormant
-spores. Suspensions of dormant, heat activated and DMSO activated
.spores were monitored for endogenous respiration with Clark-type oxy-
gen éleqtrodes. These experiments were done at a constant temperature
o% 23.5 C for a 5 h period. Buffer without spores was also included to
gauge the oxygen consumption of the electrodes. The averaged data from
10 experiments is shown. Symbols represent: C) ) DMSO activated

spores; ZS., heat activated épores; [] y dormant spores and; <:> ’

buffer without spores:
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cluded 1in this figure are the kinétics of dorment spore respiration
and the level of oxygén.that was consumed by the oxygen electrodes
used 10 measure resﬁiration. The difference between the heat activated
;;d DMSO activated spore resplratory proflles 1s due”%o the different
germingtion kinetics elicited by these two activation %échniqueé.fAs
shown previousi§ in Fig. 2, heat activated spores have a postactivation
lag of 55-65 min. before.swelling begins whereas DMSO activated spores .
have a postéétivation lag of 30-40 min. Thus;ﬂthe initiatién of ‘the
swelling event correlates with a‘marked increase in the rate of oxygen
consumption, The-increa.?e jf especlally noticable in .the cas;: of heat
activated spore populafions ﬁhere respiration shows a biphasic profile.
Heat activated spores emerge at a faster rate than DMSO shocked spores
which may explain the slightly higher cumulative volume of oxygen taken
up by'these spores towards the later portion Bf the incubation period.

.The majority of DMSO activated spores were deactivated after only
1 h of incubation at 3?.0; Activated spoxres held at 37 C exﬁibit virtu-
‘ally identical iespiratory rates as nonactivated spores incubated at
the same temperature (Fig. 12). In contrast to the 63% reduction of tot-
al oxygen consumed by DMSO activated spores held at 37 C, heat activa-
ted spores retain a higher respiratory rate during incubation at 37 C,
which resulted in a 30% reduction after 5 h.{(Fig. 13). Heat activated
spores, unlike DMéO activated popuiations, were not deagtivaied even
after 5 h of incubition at 3?'C. Thus, there seems to be a correlation
between deactivation and a concomitant . decfeased respiratory rate of
deactivating spores.

The respiratory profile for activated spores imeubated at 0 C was

not done since this temperature is out of the working range of the oxy-
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Fig. ;2. Effect of 37 C incubation on-the respiration of DMSO activated
spores. DMSO activated spores aqd dormant spores were monitored for
endogenous oxygen consumption witﬁ a YSI oxygen monitof“ét 37 C. The
‘controls included buffer without spores‘to measure the oxygen uptake
of the electrodés at 37 C and DMSO activated spores which were incu-
bated at 23.5 C and monitored for oxygen uptake. éﬁmbols represent:

C) » activated spﬁres incubated ét 23.5 G \ , activated spores
incubated at 37 ¢; [J , dormant spores incubated at 37 C and-; O,

buffer incubated at 37 C without spores.

.
W
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Fig-. 13, Comparative effect of 37 C iné‘ubation on the ;-espiration of
heat and DMSO activated spoqres. Allquots of spores from the same popu=
lation were activated either by heat shock or DMSO treatment. These

activated spores were split into 2 equal volumes.; one half was incu-

ba._ted at 37 C and the other half was inculeted at 23.5 C. Respiration -
was monitored for a 5 h periocd. Symbols reliresént: O , DMSO activa-
ted spores at 23.5 C; [J , heat activated spores at 23.5 C: A

DMS0Q activated spores at 37 C and; O y heat activated spores at 37 C.
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gen monitoring system. Similar results ito those reported for the other

treatments however, would be expected sihce spores were deactivated

- "under low temperature incubation. ' ~

The pH extremes of 2 and 12 drastically reduced the oxygen consump-

tion of, DMSO activated spores (Fig. 14). AS shown previously,'these‘pﬁﬁ

.. regimes’ do no%'allow normal development of activated\?pores and in fact

k111(¥ve majority of the.treaﬁgd population within a 5 h' period. Due to

“the latter effec£ the decregsg in respiration was attributed mainly to

the reduction in viability rather than deactivation of the population.
High osmotic pressure imﬁosed by 0.25 M sucrose'also;camsed‘a de-
creased respiratory efficiency (Fig. 15) resulting in a 72% oveféll re- .
duction of oxygen cdgéumption. Treatment of heat activat;a spores wi%h
0.25 M sucrose fesulféﬁ in deactivation of the majoritx_gg;the.popula—
tion within a 5 h pefiad. The respiratory rate of the deactivating
spores decreased from 7.8 yl 02/h (in the éecdﬂa hour .of incubation) to ~
2.3 pl 0,/h (in the £ifth hour of incubation). The final rate of respir-
ation was approaching that of dormant spores incubated in buffer at
23.5 C which was 1 pl 02/h (i the fifth hour). .

The drugs azide and cyanide, which exert specific inhibitory ef-

fects on the function of cytochrome oxidase,' also markedly decrease the
Cet

respiration of activated spdfggﬁ(Fig. 16). As in earlier experinments

done by Cotfha\;nd Raper (1968a), these inhibitors did not allow devel-

opment of activhted spores and eventually the compounds caused deacti-

vation. Unlike the results reported by Bacon and Sussman (1973) cyanide

‘and azide consistently reduced cumulative oxygen uptake by 60-80% (de-

pending upon the activation treatment of the spores treated) of spores

after aA5 h period rather than the 100% rate decrease noted by these



Fig. 14, Effect. of pH ex't;remes on the resPira‘tion of activated spores.
DMso activated spores were divided equally into 3 aliquots prior to
the last wash after the activation treatment. The pelleted spores were
then resuspendFd in buffer (pH 6. 5) and ‘bif fer ad justed to pH 2 or pH
12. Respiration was monitored at 23.5 C for a 5 h period. Symbols

represent: O » Spores at pH 6.5; /\ , spores at PH 2 and; - [:] ’

spores at pH 12, S
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Eig. 15. Effect of 0.25 M sucrose on the respiration of activated
spores. Heat activated spores were placed in buffer or.in_buffer
confgining sucrosé to yield ; final concentration of 0.25 M. These
suspensions were'ﬁonitored for ox&gen uptake for 5 h at 23.5 C.
 Symbols Tepresent: O, spores in bﬁffer and; /\ , spores in 0.25 M

Sucrose.
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F,ig. 16. Effect of azide and cyaﬁide on the respiration of DMSO acti-
vated spores. A suspension'oof DMgQ activated spores was divided equal-
ly into 3 aliqt;ots. One aliquot was suspended in buffer wl*iile the

| other aliguots received buffer conta.j..ning azide or cyanide -to yield
a final concentration of 2 mM. Respira'l;ion was monitored for 5 h at
23.5 C., Symbols represent: O , Spores in b&fer; . D s spores in

2 mM azide and; A y Spores in 2 mM cyanide.
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ii_ Azide; like 0;25 M éuérosa, elicited a decreasing patt;rn of Qespi-
..; ratidn.(Fig. 16). The respiratory rate dropped from 5.0 pl 02/h (in the
secondkhour) to 1.5 pl Oz/h (inkgge Fifth hour) which 1s'near1§ equiv-
.aléht_;o the endogenous respiratoryfrate of dormant spores. Cyanide e-
licited a decreased spore respiration which dropped from 4¢? 318 02/h
(iﬁ the second hour) to 3.2 pl 0,/h (in the fifth hour). The final
ﬁrop in total oxygen consumgd. observed was a 76% reduction in 2 mM cy-
anide- and an 81%,reduction in 2 mM azide-treated populations of QMSO
activated spores. Azide and cyanide had_similar overall effects upen
heat activated spores in that a 75% and a 65% reduction ofSthe cumula-
tive émount of oxygegnwas observed for 2 ﬁH treatments respectively,
after a 5 h period (Fig. 17). The rate decreases of 4.6 pl 02/h (in the
second hour) to 3.2 j1 0,/h (in the fifth hour) for afide and 6.9‘ﬁ\
02/h (in the second hour) to 5.7 }xl‘Olz/h (in the fifth hour) for cy~---
anide treated sporés were not quite as marked as those observed for
DMS0 activated_spores.2Fgrther, heat activated spores.were not deacti-
vated by a 5_h treatmeﬁt in the presence of the inhibitors.

Salicylhydroxamic Acid (SHAM) is knéwn_to be an inhibitor of: ey~
anide~resistant respiraﬁion. Heat activated spo&es ﬁhich were incubated
in the presence of 5 mM SHAM demonstrated an 18% reduction in the total
amount of oxygen consumed over a 5 h period when compared to activated |
spbres from the same population free of the drug (Fig. 18). No deacti-
vatlion was observed in the SHAM-tre;ted spores.,

Exposing activated spores to a.mixture'of 2 mM ¢yanide and 5 mM

SHAM resulted in a 97% reduction in total oxygen taken up over a 5 h
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Fig. 17. Effect of azide and cyanide on the respiration of heat acti-
vated spores. A suspension of heat actlivated spores wé.s divided equal-
1y into 3 aliquots. One aliquot was suspended in buffer while the'
other aliguots recelved 'bui‘fei‘ containing azide or cyanide to yield

a Tinal concentration of 2 mM. Respiration was monitored for 5 h at,
23.5 C. Symbols represent: (), svores in buffer; /\ , spores in - '

_ "2 mM azide and; [] , spores in 2 mM cyanide.
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Fig. 18. Effeét of SHAM on the respiration of activated spores. A sus-
pension of heat activated spoxes we;,s divided in half; "bo one half buf-
fer was added and to the other half SHAM was added to yleld a final
concentration of 5 mM. Respization was monitored for 5 h at 23.5 C.

Symbols represent: O , Spores in buffer and; D , spores in SHAM.
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‘period (Fig. 19). In contrast, the combination of -2 mM azide and 5 mM
SHAM rgduéed‘total dxygen usegeaby 83% over a 5 h period. Even though
@qucombination of cyanide and SHAM was able to virtually eliminate the
respiration ef heat activated spores, a 5 h treatment period was still
1nsufficient to induce the maaority of the treated population to return
to the dormant state. ‘

To test if the combination of cyanide and SHAM may have been in;

hibitory by virtue of increased osmotic pressure, the effect of 2 mM

‘¢yanide and 0 25 M sucrose together was investigated (Fig. 20). The

74% reduction in the cumulative amount of oxygen consuﬂed bj cyanide +
sucrose~treated spores compares to the reduction observed in 0.25 M
’

suCIOSe—treated spores (eg. 72%). Thus suggesting that the additive ef-
fect of cyanide and SHAM was not due to osmotic inhibition but a specti-
fic type of inhibition exerted by each of the 1atter drugs.

As shown previously, dormant Spores nossess a 1low level of aero-
bic respiration. Azide decreased this endogenous level by 39% over a
5 h period (Fig. 21). In contrast, cyanide stimulates this endogenous
respiratién by 1.8 fold. Although SHAM had 1little effect upon-the res-~

Piration of dormant spores (data not showm), the mixture of cyanide +

SHAM resulted in a 97% reduction of the total oxygen used by dormant

‘spores over a 5 h period (Fig. 21). The unéoupler of oxidative phos?

phorylation 2,4~dinitrophenol also stimulated the respiration of dor-
mant spores resulting in a 1.5 fold increase over a 5 h period. The
addition of a mixture of 2,4-dinitirophenol + SHAM to dormant Spores Ye-
sulted in a respiratory rate which parallelled that of the non;treated

controls (data not shown).

Bacon and Sussman (1973) have previously reported that sodium fluo-
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Fig. 19. Effecfsqf the mixtures of azide + SHAM and cyanide + SHAM on

]

the respiration of activated spores. Heat activated spores fron the
same Pqulation were placed into buffer containing mixtures of azide
+ SHAM, cyanide + SHAM,-or buffer. The inhibitors azide and ¢yanide
were used at a final concentration of 2 mM while a 5 mM concentration
of SHAM was utilized. Respiration was monitored for 5 h at 23.5 C.
Symbols reﬁfesent: C) ¢ Spores in buffer; [L , Spores in cyanide +

SHAM and; [ , spores in azide + SHAM.
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Fig. 20. Comparison of the effects of the mixtures of cyanide + SHAM
and cyaﬁide + sucrose on the respiration of activated spores. Heat

activated spores from the same population were placed into buffer

' containing the mixtures of cyanide + SHAM, cyanide + sucrose, or

buffer. Final conceﬁtrations ‘if the compounds used were: 2 mM cyanide,
5 mM SHAM and 0.25 M sucrose, Respiration was monitored for 5h a.t

&
23.5 c. Symbols represent: Q) spores in buffer; . A , spores in

cyanide + ducrose:and; O, spores in cyanide + SHAM.
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Fig. 21. Effect of respiratory inhibi'_i:ors on the endogenous respir-
ation of dormant spores. Washed dormant spor'es were suspended in buf-
fer-and buffer containing: cyanide, azide, or cyanide + SHAM. Final

concentrations of the inhibitors were: 2 mM cyanide, 2 mM azide and

5 mM SHAM. Respir?tion was monitored f£or. 5 h at 23.5 C. Symbold re-

present: O y spores in buffer; A\ , spores in azide; D'f‘, spores

in cyanide;:". y Speres in cyanide + SHAM and; o » buffer without

spores.

e
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ride,_an inhibitor ;:\;iyceraldeiyde—3-phospha£e dehydrogenase of the
glycolytic pathway; and malonate, an inhihiﬁer 6% the citric_acid cycle
at malate dehydrogenase, result in 99 and 106% ihhibitien of respira- '
'xion, resPectively.-Aftempts fo duplicate these results failed (Fié.
»23). The presence of 0.02.M fluoride resulted in a 46% Gecrease of cu-
mulative oxygen utilized by heat activated spores with a part (40%) of
the population being deactivated after 5 h Deactivated Spores wWere
able to germinate after a second activation treatment. Treatment of -
heat activated spores with 0.08 M malonate resulteg in a ?3% reduction
in cumulative oxygen use with 90% of the population being deacéivated-
after.the.S h treatment. Ae befoae, deactivated spores were able.to
germinate upon a second activation treatment.»Comparing the inhibition
elicited by 0.08 M malonate to that of 0.25 M sucrose it was noted that
the two values are virtually identical. In fact the ionic strength of
0.08 M malonate is 0.2% M. Further, malonate did not exert any inhibi-
tory effects upon‘either the respiration or germination of heat acti-,
vated spores at a concentration of 0.02 M (data not shown). This sug-
gests that the inhibition obsexrved with 0.08 M malonate was in fact an
oemotic effect. _

Cycloheximide, an inhibiter of cytoplasmic protein synthesis, re-
duced the cumulative volume of exygen consumed by 15-20% in a 5 K pe-
riod of incubation (Fig. 2U). As observed previously-(Cotter and Raper,
1966 1968a), activated spores swell mormally in the presence of cyclo-
heximide but.fall to emerge. Chloramphenicol, a specific inhibitor of

1

mitochondrial protein synthesis, has recently been xeported to prevent

emergence of myxamoebae from swollen spore&-'of D, discoldeum strain



Y

79

£
Fig, 22, Effect c\)f fluoride on the respiration of activated spores.
Heat activated ;pores from the same population were placed into bL_xf-—
-fer and buffer conta.ining fluoride yielding a final concentration of
\the inhibitor of 0.02 M. Respiration was monitored for 5 h at 23.5 C.
Symbols -represent: O » Spores in buffer and; A ’ Jspcn:‘es i1;1 fluo-: "

ride. » ' )

~
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Fig. 23. Effect of malonate ort the respiration of activated spores.
Heat activated spores from the same population were placed into buf-
fer and buffer contaiining malonate ylelding a final concentration of

the inhibitor of 0,08 M. Respiration 'was monitored for 5 h at 23.5 C,

$y‘mbols represent: O » Spores in buffer and; A s Spores in mal-

onate,



82

100

-

(g
N3OAXO |n

HOURS



83

Fig. le;';."Effec{ of protein symthesis inhibitors on thé respiration‘of
activated spores. H;gat a.c‘bivated.‘ spores from the same population were
pl'aced in't;o buffer, buffer containing cyciohexi.mide at a fi_;@a:l. concen-
tration of 200 pg/ml, buffer containing chloramphenicol at a final °
concentration of 3 ﬁg/ml, or buffer contalning a mixture of cjrcldhex-_
imide + chloramphenicol each at the latter concentrations. Respiration
was monitored ‘lf.or 5h at 23.5 C. Symbols represent: O , sporeé in
buffer; Z\ , spores in cyclohexinide; D , spores in chlorampheni-

col and; O y spores in cycloheximide + chloramphenicol.
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Axﬁ (kobi%insky'and Beattig,“i9?73. ch;dramphenipol is soluble up to

a concentration of 2.5 ng/nl in water ai;zs C (Merck Index of Chemidals
and Drugs, Sthed.). The 3 ng/ml concentration used in this study was
above saturation. Heat_;§{ivated spores tredted at fhis concentration
we;e observed to‘swell at a rate virtually identical to that oficohtro}.'
cultures. Emergence of these spores was sléwed in the presence of the
ahtibiotic but was : not completely inhibited as reported by fhe 1atte£
authors. However, differences in the strains used in these two stﬁdies
may account for the discrepgnéy. Chloramphenicol reduced total oxygén
consumbtion by 9% after a 5 h period. The data iﬁ Fig. 24 also show
that the combination of cycloheximide * ‘¢hloramphenicol elicited an ad-
ditivé reduction in the total volume of oxygen utilized duxring the 5 h
incubation perilod (eg. 33%). Spores treated with this combination were
swollen but failed to emerge until washed free of the drugs.

Al

Radiolabel Experiments

Previous work with radioactively—labélled precursors of protein,
RNA and DNA have demonstrated that macromolecular syntheses occurs dur- .
ing the germination of D. discoideum spores (Bacon and Sussman, 1973,
Yagura and Iwabuchi, 1976, Giri and Ennis, 1677). The data in Fig. 25
show the uptake kinetics obtained fOr‘luc-amino aclds an&'BH-uridine .
in this study. Samples ‘of activated sporeé incubated with 140—1eucine
or 3H—uridine were taken to determine the dverall effect oflvarious
res\?ictive environmental conditions upon protein and RNA syntheses.

Dormant spores incubated at 23.5 C for 5h with. 140 leucine or
3H-uridine Were obsarved to adsimilate only.a fraction of the precur—

sors taken up by activated sporﬁg under the. same conditions (Table 3)..

[
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W amino acids and JH-uridine into TCA-inec

Fig. 25. Incorporaticli‘n of
‘soluble materials of whole cells during synchronized germination of
D. discoideum spores. Symbc;ls represent.-l O -, uptake of 1l+C~a.mino
acids corresponding to the left ordinate and; A ; up'ta.ke of 3H-ur:L—

dine corresponding to the ordinate on the right.

LS
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Table 3. Effect of restricéive envlironmental conditions upon iuc—leuu'
cine and 3Hduridine uptake of activated spores. Heat activated épores
were incubated under the various restrictive enWlronmental conditions
list;ad in the presence of 1‘*0-1euciné or H-uridine (each at 1 pCi/ml)
for 5 H. Triplicéte samples were taken at time zerc and at 5 h to be
assessed for radiocactively-labelled components. The counis per minute
(CEM) from time zero samples Were subtracted from the 5 h samples to
yield the reported values. A;l values are also displayed as percentages
of the control value for comparison. : : .

*
L}

-
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| N
- 14, {eucine Incorporatiéhiik: . .
Relative percent
© Treatment CPM/107spores/m1 of control -
Control X o ~ 2578.5 o 100,0
Dpﬁmt 1hdy 4 5.6
oc C Wk 6 g Y
37 C 62.6 2.4
oH 2 C 102.3 4.0
PH 12 < © 0.0 0.0
0.25.M sucrose 309.4 | _ 12.0
2 mM agide . - 110.3 ‘ ~ L.3
2 mM cyanide 15.0 : 0.6
3H¢uridine Incorporation -

" Relative percent

Treatment ' CPM/iO?spores/ml ' of control
' Control : 274, 9 1 100.0
- Dormant 1515.1 | 5.6 L
0G | ' 0.0 /
) £
37 C 1.6
pH 2 0.1 '
PH 12 1;4‘
dm25 M sucrose 3,7
2 mM azide 3.1
2 nM cyanide ’ 0.0
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In comparison, activated spores incubated with these labelled precur—
_sors at low temperature (0 €), high temperature (3? G), pH 2 or 12,

2 mM azide or 2 mM cyanide all exhibit lower assimilation as shown in
Table 3. Spores held in 0.25 M sucrose were the exception in the ca.se )
of leucine uptake although uridine uptake was decreased in relation to

dormant Spores. This deviant sample may have ‘been assocliated with an

1

~anomaly caused by the presence of the sufar since sucrose-tredted

‘samples ¥lelded inconsistent data with the 14C-—leucine incornoration

Procedure. h .o

* Trehalase Assays g '

Actlvated spores held under various deactivation conditions ex-
hibited specific activities comparable to or lower than that elicited
by dormant spores (Table 4) Protein concentrations were generally
0.20-0.25 mg/ml with a high value of 0.80 mg/ml and a low of 0.0§ mg/hl
as determined by the protein assay used (Bradford, 1976). The lower
value was obtained from PH 12 treated spores. Higher protein concentra—
tions were difficult to achieve in this case which was Drobably due to
protein denaturatipn and subsequent leakage from the spores during pro-

longed incubation at the PH extreme. Spores treated at pH 12 also were

extremely difficult to hreak due to their plasmolyzed state subsequent

to treatment. Spores treated at pH 2 also tended -to yield lower protein
concentrations and although mechanical breakage of these sSpores was not
affected, protein denaturation may have been the caggse for the lowered

protein yield after the 6 h incubation period.
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Table 4. Trehalase activity in spores incubated under restrictive
environmental conditions,

. Specific ;_' Ratio of treat-
Treatment activity” ed to dormant

Dormant sporeé incubated - o
at 23.5 C . 0.067 1.00
Activated spores incubated’
at 23.5 C | 0.414 6.12
Activated spores incubated . -
at 0 C for 48 h . 0.077 1.15
Activated 5pores incubated ’
at 37 € _ 0.058 0.87
fActivated spores incubated .
at: - DH 2 . 0.08k 1.25

. | pH 12 - 0.082 1.22
Activated spores incubated
in 0.25 M sucrose 0.086 1.28.
Activated spores incubated ' .
under anaerobic conditions. 0.073 o 1.09
Activated sporps incubated '
in: 2 mM azide 0.069 . 1.03

2 mM cyanide 0.065 : 0.97

Spdres were heat activated and placed under the various treatment
condltlons outllned above for a period of 6 h (except where noted - other-
w1se) Controls included non-treated activated spores and dormant
spores incubated at 23.5 C for 6 h in buffer. After treatment the
spores were disrupted and essayed for trehalase activity as déscribgd
in Materials and Methods. The values for specific activity generated

. : [}
were divided by the specific activity obtained from dormant spores te

vield a ratio for comparison.



The sPecific:activitf levels obtained fog dormant and non-treat-
ed activated}gpores compare closely to the data of earlier experiments
on Q; discoideum concerning trehalase (Ceccarini, 1966,.Cotter.and
Raper; 19?0)._Thg_§act that the‘specific activity of trehalase remaln-
ed near the dormant level in activated spofes which were prevented from
germinating under res%rictive environmental conditions suggesﬁs that
protein 'synthesis, which woul& normally occur duriﬁg‘the later stages

’

of germination, was prevented.

D@(ISSION

. -

Deactivation may be defined as the reversible, environmentally
induced return.of activated spores to the dormant sta@e..All of the
restrictive environmental conditions surveyed; high {37 C) or low (0 C)

temperature, extreme pH (2 and 12), high osmotic pressure (0.25 M su-

) rose), respiratory inhibitors agaerobic conditions cause deactiva-

tion of spores given a sufficient periodqof t&me. Spéres\closest to the
period® 7-10 minutes prior to the initiatiogrof swelling -are most sensi—l
tive to environmental insults as demonstrated by their maximized effi-
ciency of deaé£ivatién. At this point in ?he temporal sequence of dev-
elopmeht, a large proporiion of the activated population is able to a-
chieve a similar "metabolic state” which enables them to "read" the
signal imposed by the unfavorable eﬁ%ironmént. These obgervationé con-
form with that predicted by the "multistate model of activation"l(see
Fig. 26) concerning the events occuring in the activated spore system
dufiﬁg the activation and postactivafion lag stages (Cotter, 1973, Cot-
ter et 2l., 1976). In relation to this model, the majority of spores in

.the late postactivation Jag phase have reached the ”reléxg%" conforma-
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Fig., 26. fhe "multistate model for spore activation” (Cotter et al.,
19?6). 4?cording to the medel there is a single dormant conformation
(D) of the regulatory proéeins in the inner mitochondrial membrane
which partially restricts oxidative phosphorylation in dormant spores.
Activation results in the production of one of a series of reversible
metastable (M) states which allow some -oxygen uptake. The respiration

at this particular point is attributed to slight uncoupling of electron

-transport from oxidative phosphorylation. Under certain conditions the

metastable states decay towards a lower energized conformation and:
reach the relaxed {R) states. The relaxed states, which consist of a
small set of major conformations of the regulatory proteins, produce a
stable coupling of oxygen uptake and phosphorylation. The resultant
coupling allows ATP fgrmation, which is required for sﬁore swelling.

Inhibition of the relaxed state may result i~Eurther decay back to

‘the dormant conformation. The "I" states represent irreversibly de=

-~
natured conformations which presumably result in the death of the
" spore. :
5
Fa
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tlon under restrictive conditions and, due to the negative signal re-
ceieed. return to‘dormancy. The dormant.state is reinstituted through
the transition of the presumptive regulatgry protein from the relaxed
to the dormant conforma;ion. Actlvated spores in early lag rphase re; R
quire a 1onger perlod of time in order ;o revert to gormancy sipce
they initially possess a hlgher metastable state whi ust decay to
the»relaxed conformation before the system is able to discriminate be-
tween favorable and restrictive environmental conditions. On the other
hand ores within 7-10 minutes of swelling or that have begun to
. swell™are committed to the continuation’ of the process due to their
hypothetieally tightly coupled eonstitution. |
Revérsiblé activation is a temperatupé-dependent ﬁhenomenoﬁ.\ihis
was clearly demenstrated by the ngervation that DMSO activated spores
incubated at 37 C require only 1 h in which to deactivate whereas bMSO
activated spores incubated at 0 C required ;£ least 24 h to achieve the
same percenfage_of deactivation. A similar observétion was made in the

caee of bacterial spores. Keynan et al. (1964) reported that the ger-

cubated at 28 C

mination rate of activated spores of Bacillus cereus
for 72 h was reduced to that of dormanf spores, qhi e activated spores
.incubated‘at 4 C for 72 h yielded a ge%mination te which was 40% of
that exhibited by activated spores which had been Placed directly into
germination medj.um; As in the case of D. discoideum spores, deactivated
becteriallepores weﬁz‘able to gefminate after a second ﬁeat agtivation
treatment when incﬁbated in L-alanine- or adenosine-containing media
(Keynan et al. i964) ) ‘
Activated spores are able to germinate from pH 3 to pH 11 and ap-

: par?%%ly survive for a short peried of time under the mére extreme

\l
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ends of thé’ TH range. Whether or not these germinated individuals are
able to successfully grow and divide at the far ends of the pH spec-'
trum (eg. pH 3-4, pH 10-11) is doubtful but would require further ex- - .fﬁ
perimentation for verification. It is apparent nowever; that these pH - ‘
regimes are out of the normal,physiological range encountered by these
organisms sinece their natural'habitat. forest aoil,’certainly never
reaches such pH extremes. The marked decrease in viabillty of spores
incubated at the extreme pH values of 2 and 12 is undoubtably due to
the departure from the pH regimens enconntered in natdre. However, the
observation that 20% of activated spores were able to survive via de-
activation undexr the‘Severe stress exerted by pH 2 and 12 demonstrates
the remarkable survival capacity of the spores. The survivors also show
that the regnlatory mechanisms of thegpores are affective even under
the most severe environmental~conditions. ‘
Increased osmotic pressure prevents the germination of activated

spores and causes the treated spores to return to the dormant state.
The effects of osmotic pressuxe.on spore.germination have recently been
_examined by Cotter (19?7). The deactivation caused by osmotic pressure\v)
was suggested to be induced through decreased water potential. That is,
irncreased osmotlc pressure functionally acts to reduce water activity
which creates a pseudo-dehydration, thereby preventing development In
fact actual air-drying of activated spores yesults in deactivation of
.the population (Cotter, 1977), adding feasiblity to such an argument.

' The respiratory inhibitors azide and cyanide as well Aas anaerobic
. conditions deactivate spores, Since D. discoideum is an obligate aerobe,
the dependence uporn respiration during development is not surprising.

<

Howe;?gr“the abllity of the organism to return to dormancy without a

3 . -
a
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16$5 in viabllity in the treated population is less expected. Reversi-
ble activation was first observed by Goddard (1935) who found that

heat activated Neurospora tetrasperma ascospores wWere not only unable

1o germinate under anagrobic conditions but were deaétivated after a
period of oxygen deprivation. Goddard also.noted that the cycle of
activatlon—deactivation could be repeéted severai times without loss
of viability in the épore population. These resqlté were later corrob-
orated by Sussman et al.(1956) who alsc used Neurospora aé a model
system. . . ' ' '

Activation of D. discoideuﬁ spores is ;ppgrently iﬁdependent of
the presence of oxygen, unlike the later stages of germinétion. Similar--

ly, spores of Neurospora, Mucor rouxliana and Mucor hiemalis, for exam-.-

ple, may also be activated in the absence of oxygen (Sussman et gl.;
1956, Sussman and Halvorson, 1966); as in the slime mold, the later
stages of germination in these organisms are dependent upon aerobic '

conditions. These observations, tend to strengthen the idea that a reac-
tion such as the proposed partial helix-coll transitio; of a regulatory

+
protein may be responsible for activation, since such a reaction would

not requ}re‘oxygen. ,
The loss of fesiétance to harsh envirommental conditions during
germinatign is well known for bacterial and fungal spores. Once D. dis-
coideum spores are swollen, their resistance to severe environmen@al
conditions 1is partially lost regardless of the phase of swelling. Low
temperature or increased osmotic pressure as environmentai shifts are
not as deleterious to thg survival of swolleq‘spores as the other con-

ditions tested. In addition, there was virtually no loss in viability

detected even in the populations of emerged amoebae incubated under
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these envircnmental conditions. However, if ice crystals had formed.
under low femﬁerature incubation death of both swollen spores and e-
merged amoebae would have ensued as previously shown by Cotter and
Raper (1968b) The survival of vegetative amoebae is, as expected
severely affected by conditions other than low temperature or high
osmotic pressure. ’ |
| Theincubation of activated spores under restrictive environment-

al conditions prevents the marked increase of respiratory.activity ob-

_ served in spores incubated under a permissive milleu. After prolonged‘

+ incubation pnder‘most restrictive conditions, the respirato;y rates of
activated spores declines to a level comparable to the endogenous res-
plratory rate of dormant ;poxes. Such a relatibnship was first observed

| by Goddard (1935) who reported tiat deacﬁivated N. tetrasperma asco-

@}o:és respired at a rate s1ightly higher than dormant spores. Thus,
spores.induced to réspire at lower rates due to'enviropmentallfactors
are able to revert back to the dormant respiratory constitution and
maintainrthe lower rate. This ability demonstrates a crucial survival
mechanism possessed by these spores. Thq.éarficularly'drastic reduction
in oxygen consumption observed in D, discoideum spores treated at}the
pH extremes of 2 and 12 may be attributed to both loss of viability and
deactivation within the popuiations. The reduction in‘respiration of
activated spores incubated in 0.25‘M sucrose may be correlated with the
effect upon, he mitochondri; since changes in tonicity are known to af-
fect mitoéhondrial function. For example, the conidia of Aspergilius
niger possess a respiratory quotient (QOZ) of greater than 5 at 100%
relative humidity whereas at GQ% relative humidity the QO2 of these
spores is diminished to a value of 1 (Terui and Machizuki in Sussman
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and Douthit, 1973). In addition, various'éﬁzyme systems may be affec%ed\
similarly due to conformational shifts under reduced water_potential.

D. discoideum spofés possess.a cyanide-resistant respiratory path-
way. Cyanidé and 2,4-dinitrophencl (2,4—DﬁP) stimulate oxygen uptake of
dormant spores. Both compounds &pparently stimulate the alternate'elec-
tron transportlsystem. This conclusion is based on the observgtiohs
that dormant Spores_treated Hi#h the pombination of Z;A—DNP + SHAM
yields a respiratory rate virtually equal to that of nonfreated dormant
spores. The combination of cyanide + SHAM resulés in the. elimination of
oxygen ;ptake‘of dormant spores. Likeﬁise, heat activated spores tréat—
with the combination of cyanide + SHAM are prevented from' respiring,
although SHAM by itself has 1little effect upoﬁ the respiration of ei-
ther dormant or activated spores. The inhibitlon of respiratory metabo-
1lism shown by these inhibitors apparently does not constitute a more
efficient means to deactivate-heat gctivated spores since a 5 h treat-
ment is still ineffective in causing the treated‘sporeé to, return’ to
dormanqy. This observation suggests that the deactivation process must
certain1y¢involve other, as yet undetermined mechanisms along with the
regulation_of respiration as part of tq? organism's control system.

Tﬁe alternate electron transport system of these spores is not re-
gquired for germination since SHAM (5 mM) does not deactivate or signi-
ficantly inhibit regpiration of heat activated spores. The effect of
SHAM seems to be specific because the combination of cyanide + 0.25 M
su;rose failed to reduce the respiration of heat activated spores to the
extent of cyanide f SHAM. The mixture of azide + SHAM did hot reduce oxy-
gen uptaﬂe\to the extent of cyanide + SHAM, Evidently, azide exeris an

[
~



unegpected'interacticﬁ which Eeﬁuces the effectiveness of SHAM, Other
organisms, such as higher plants, bacterie and.fungi also have been

found to possess a cyaniae~resistaht respiratory system (Bendall and ~

Bonner, 1971, Weber and Hess, 19?6) Since this system has recently

been characterized in conldicspores of N g;gggg, it shall serve aq a
model system for further discussion here. N, cxassa possesses a cyanide-
resistant resPiration which normally constitutes 10% of its toéel res-
piration (Lambowitz and Slayman, 1971). This alternate electron trans-
port pathway may be induced to a rate 20 fold the normal :ate in the
Presence of cyanide, antimycin A, or chloramphenicol (Lambowitz and
Slayman, 19?1) Although oxygen is consumed through this non- cytcchrcme
system (Lambowitz et al., 1972a), oxidative’ phosyhorylation (eg. the

production of ATP) does not ocpur (Lampowitz et 2al., 1972b). The de—

-é%eased efficiency of oxidative phosphorylation in the so-called "poky™

strains of Necrospora is offset by increased respiratory levels via the
alternate electron transpcrt system which functions to meintain a low ’
level of reduced pyridine nucleotides. and other metabolites. This mech~
anism ailows the glycolytic and citric acid cyclee to operate at ig-
creased rates in order to compensate for the cell's reduced potential
for ATP production (Lambowitz et al., 1972b). Thus Lambowitz et al. .
(1972b) concluded that under nommal conditions, respiration in the wild
type organism may be partitioned so that the thochromelsyStem operatec
at full capacity, whereas the alternate system han@les the excess elec-
tron flux, This‘mechanism may well be functioning similarly in D. dis-
coideum spores since the pathway seems not to be essential for germin-~

ation.



Sodium fluoride and sodium fialonate partially inhibit the respira-
tion of activated spores. M@ {act] that fluoride,” an inhibitor of the

e : ‘ )
glycolytic enzyme enolase, prevented 40F of an activated spore popula-

‘ tion from swelling seems to sﬁggest that glycolysis may at least play
"a supportive role during germination. Malonate, an inhibitor of sucecinic .
dehydrogénase in the citric acid cyple, at a concentration of -0.08 M
maxkedly affects respiration of activated spores. However, taking into
L2 ‘ account the ionic strength imposed by this cdnceptrétion'of malonate
;ﬁeg. 0.2% M) it is 1likely that this compound never entered the spores
and aséerted a nohspecific osmgtic pressure inhibition similar to that
of 0.25 M sucrose. The fact th;t a lower concentration (eg. 0.02 M) did
ﬂot affeqtlspore germination supports'tﬁis hypothesis; The roie of the
major méfabolic pathways during D. discoideum spore germination has
been neglected in thq.past. Recently, dormant spores were found to con-
tain malate,.glutamaté and thé-NAD—linked isocitrate dehidrogenases of
the citric acid cycle ‘with specific activity levels equal to or higher
than that¥ound In vegetative amoebae (Kobilimsky and Beattie, 1977).
Therefore it would seem that enzyme levels are not a majof regulatory
facet in the'maintenéﬁﬁe of doémancy. Howgvér,.&rawing such a conclusion -d“\
from the results of one study would be presumptﬁéus. Thus, the presénce .
and function of the major metabolic pathways during D. discoideum spore
germination is a woxrthy topic for future study.:
The protein synthesis inhibitors cycloheximide and chloramphenicol
fail to.inhibit oXygen cgnsumption of activated spores to a significant
uQegree. Though cycloheximide~treated spores were preventéd from enter-

ing thelemergence stage of germinatlon, chloramphenicol had no effect

upon the rate of swelling and only slightly lowered the rate at which
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emergence took’ place. It.is certain that some gg_ﬁﬁgg‘protein synthesis,
vhich is.directed by cytoflasmic ribosomes, 1s required for emergence.
On the other hand, piotein syntﬁésis directed by mifochondiial ribosomés
Hould;nbi seen to be required for spbre.germination. Tt must be notéd
that due to possible permeability problemg in the nonswollen spore,

such interpretations may be subject to error. HOWder, supportive evi-
dence for such cgnjeCture has recently been presented by Kobilinsky and
Beattie (1977) who .found that dormant spofes'of D. discoideum contained
a structurally-complete mitochonarial respiratory system. These authors
also preseﬁted evidence that chloramphenicol (Q’mg/ml) prevented the
development of activated spores. Unfortunately with such a high concen--
tration of the inhibitor it is éifficult to rule out‘noﬁ~specific ef-
fects upon the spore system. Thus, their conclusion that mitochondrial
protein synthesis is required for germiﬁation becomes questionable.
Examining other model spore systems, for instance, the ascospores of

Botryodiplodia theobromae, which possess lowered levels of cy%ochromes

-

completely inhibited from germinating and exhibiting inqreaSed_respira—
tory activity in the presence of cycloheximide (Brambl, 1975). Chlor-
amphenicol partially inhibits a secondary increase of respiratory acti-
vity in the biphasié respiration profile of these spores (Brambl, 1975).
On the other extrepe, although a rise in oxygen consumption along with

increased cytochrope oxidase activity are concomitant with the germina-

tion of Saccharo s cereviseae ascospores (Rousseau and Halvorson,

1973) neither event is™rgguired for germination or outgrowth (Tingle
et al., 1974). Thus, althbugh fhere may be parallels in different ger-
minating systems the absolute requirements of each may ultimately be

u.niq_ue .
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Me initiation of protein aod‘HﬁA syntheses, which usoally oceur
during tﬁe gérmination of activated D. discoideum spores,:are iohibited
when spores cre incubated under restrictive environmental conditions.
This observatlon suggeéts that protein and ﬁNA syntheses are_preven%edﬁ‘
in octivated sporéo which are returning 4o dormancy. The increase in -
trehalase activity during the late swelling phase of germinatfion 1s
cycloheximide; sensitive (Cotter and Raper, 1970). The fact-thdt deact-
ivating spores failed to yleld an increased trehalase activity demoo; |
strates that de novo proteintsynthes;s, which normally occurs during
the later phases of germination, is prevented, However, further experi-
mentation is required to determine whether protein synthesis occurs 1in ]
the early phases of oeactivation.,There is a pcssibilit{-that membrane
associated transport systems wexe shut down as a'result of thé incuba- *
tion of activated spores in unfavorable conditions, thereby preventing
the uptake of the labelled precursors used as indicators of macromolec-
ular syntheses. For instance, azide and cyanide are known to inhibit =
active transport systems in a number of different cellular systems
(Lehninéer, 1973). It is doubt'fgl, however, that all the restrictive
environmental conditions used in this study acted to specifically inhi- : 1(
it such transport systems. Since these spores require no exogenous
metabolltes except for water and oxygen for the entire process of ger-
mlnatlon, it is phy51olog1cally 1nsigniflcant that transport mechanisms
for dlsplacing exogenous materials into the spores were inactivated.
On the other hand, the p0551b11ty exists that the inhlbltlon ofPinter-
nal transport mechanisms may be a factor through which these unfavor-

able environmental conditions facilitate the deactivation process.

Trehalose is a common storage product in many fungal spores. For
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instance, spores of Neurospora and Phycomytes blakesleeanus utilize

this disaccharide during germination (Sussman in Sussman and Halvorson,

’ 1966 Van Assche et al., 1972) Although heat shock activates trehalase

activity in P. blakesleeanus (Van-Assche et al., 1972}, this activity
- 4

is :Pc;t required gFor the activa.tionl stage of gefmination, but is utilized
later in ;erminatioﬁy as in D, discoideum..The events occuring during
the postacjlvation lag and early swelling in D. discoideum spores prob—'
aﬁly utilize endogenous reserves such as free glucose, glutamaté and/or
amino acids rather than trehalose as an energy source. The fact that
spores placed in envirénmental con&itions,which cause deactivation do
not produce trehaiase and possibly othexr ngg protéiQ§ demonstrates the

' \
conservatism built into this system.

>

\\ SUMMARY ' ’

L%

The major physiologiﬁal effects of restrictive environmental
iscoldeum spores were examined. The major

changes-on activated D.
points observed were as follows; i) activated spores may ﬁe deactivated _ -
by a diverse range of environmental shifts and spores which are closest
to the period 7-10 minuteé prior Eg;zge iniégation of swelling are most

sensitive to such shifts,.ii) the survival of swollen spores under cer-

tain restrictive environments is independent of the relative phase of

szelling, 1ii) respiration of actlvated spores is severely inhibited by

restrictive environmental conditions and given time respiration declines
to a rate compayahle to the endogenous respiratory rate of dormant
spores. This decline marks the deactivation of the treated spores, iv)

elimination of respira.torx processes (eg. by cya.nide + SHAM) ‘apparently

does not constitute a more efficient means to induce deactivation, v)

\
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é; amino acid and uridine uptake is inhibited in acti&ated spores which

“were incubated under restrictive condi£ions suggesting an Inhibition
of de/novo protein and RNA sytheses, vi) trehalase activity fails to
incfease from dormant levels when activateq spores. are placed under
-ndiﬁions which cause deacélvation, indicafihg that protein synthesis,
at| least for late eventsuduring gexmination is prevented in deactivat;.
ing spores. It is concluded from these studies tha% the funétion of the
mitochondrial respiratory systgm is required for every aspect'of ger-
mination exéept activation. Thus, almajor regulatory position in both
%he maintenance gﬁé breaking of dormancy may be held by th; mitochon-
dria in these spores. Since all-the s%&uetural components for mitoﬁhon-
. : v
drial respiﬁation along with components of the _citric dcid cycle are
present in dormant spores (KobilinsRy and Beattie, £977), a mechanisn
regulating the funttion of the organism's respiratory metdolism rather
than the biosynthesis of respiratory elements may conirﬁléspore ?ormancy.
Furthgrmdie, the fact that the elimination of respiratory metabolism
does not cause immediate deactivation suggests the possibility that a
cascade of évent§$axe required iﬁores which are induced to return
to the dormant state.by the impoSition of restrictive envirdnmental
gonditions, , -

Currently, aspects of protein synthesis which include the effects
of cycloheximide ;nd chloramphgnicol during D. discoideumfbpore germin-
ation are being investigated in our laboratory. The outcome of these
studies should prove to be enlightening. Future work éoﬁcerning the

process of germination include; i) investigation of the pyridine nucleo-

tide levels, ii) cytochrome levels and 1i1) the activity levels of the

enzymes of the major metabolic pathways.
- r '
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