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) e _ABSTRACT N . :
""r _AUTOACTIVATION OF SPORE GERMINATION TI-[E_:‘_
CELLULAR SLIME MOLD DICTYOSTELIUM DISCOIDEUM

. by
S~=~_ Kurt Robert Dahlberg

1
1 L

Constituﬁively dormant Dictyostelium discoideum

spores oecoﬁe capable of germinating in the ébsence_of an

exogenous activation treatment after 1-2 weeks of

maturation in the intact sorocarp. Spontaneous'mutanﬁs

-

Have been isolated which, autoactivate without the reed
for spore.aging. InJﬂddition, a variety of other slime
mold species and strai;g’;lso show spontaneous spore;'
germination: o

The process of autoactlvatlon of D d15001deum
sSpores 1? fundamentally dlfferent than that of exogenous
spore activation by heat or chemlcals. Spores at high |
densities autoactivate raﬁidly and to high percentages,
-while populatlons at low densities often fail to complete;,rk
ly germiha%e. Spore germination in the absence of an
activatioq treatment is'medistéd by soluo;e.autoactivator B
faotors released by spores during the swelling stage of
germination: The Autoactivator factors dramafically .-
stimulate spore germination’in'all D. -discoideom strains.
Crude.autoactlvator preparatlons can be chromatpgraphl-

oally fractlonated 1nto three active components. Two of ‘

these components are also present in dormant spores and

i

iv



vegetatlve amoebae. The third is unique to the process
of autoactlvatlon. Attempts to. identify theltnird com-

L)

ponent by spectroscoplc and radlolsotoplc methods falled

‘due to. the mlnuscule concentratlons of the substance

Autoactivator activity could not be mlmlcked by a variety

‘of substances;sdded t0 dorment spores. 'A‘number of

bacteria release substances which mimic autoactivator

activity.

Autoaotlvatlon of D dlsc01deum spore germlnatlon
is sens1t1ve to 1nh1b1tors of proteln synthe81s, and
may also requlre RNA synthe31s. The 1nh1b1t10n of
spontaneous spore germlnatlon by ‘some RNA, .and proteln-

synthesis 1nh1b1tors is overridden by the autoactlvator

factors. Autoacti%ation is reversibly inhibited by high

“osmotic pressure. and témperature extremes. Inhibitors

of resplratlon such as cyanlde and ‘'salfcylhydroxamic acid
delay, but db not prevent autoactlvatlon and spore
respiration. Addition of autoactlvator substances
stimulates the respiration and germination of spores
tngated with these compounds.

In contrast, D. discoideum spores a{gz;ated by an
exogenous treatment do rot require protein or RNA
syntheslis to gerninate, end spores do not interact ' 2
during the process. Such spores do not release auto- |

activator substances, but rather release autoinhibitors..

‘Mutant spores have altered requirements for exoéenous —

, spore activation and are insensitive to some deactivating

' ‘



| o - .‘. L .“- R
treatments. :_ ' | N ' |
Kaédactivation occurs'after spores- have advanced
* _from cbnstituti#ewdormancy to "poised dormancy” . Mutant
spores"are ?onsigﬁtly in pbiSed‘dquaﬁqy,'whilﬁ'&ild type
_spores require 1-2 weeks'qf'aging tb‘reach'the state.
-Spore maturafioh ﬁay iﬁfol&e éhanges iﬁ spore_permeab;lity.-
| Three mechani$ﬁs of D. diécoideum Spore’actiyation
d are'%ow:recognized; exogenous activation.lresponse to
substgnces released by'bacteria, and aﬁfbactivétioh;
‘Egch‘of these mech;nisms may occur in nature. Exogenous
activation could result from heating of EPe.soil by |
dir_‘ sunlight. Reébonée to substances feiéased by -
bagi::ié signals.the,presence oflsufficignt nutrients
to support vegetative growth. Aufoactfvation may be a
 mechanism in whiéh sporeé germinéte in ah:environment

deplete 'iﬁ nourishment, qﬁickly aggregate to form a C o~

migrate in search of bacterial prey.

vi
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INTRODUCTION

The cellular si;me‘gpld'Dictyosfelium discoideunm is.\

fan'organiém which has attracted a considefable amount
of attentlon from developmentgl. molecular. and cellular
blologlste' The organism, which has been varlously
categorized as a protozoan, a. fungus'within the c¢lass

-Mycetozoa (Olive, 1975), and "an organlsm of uncertaln

- afflnlty" (Alexopoulos. 1962) possesses & number “of
features maklng 1t a model system for studles of eucary-
otic development. The organlsm has simple growth
requlrements, is- ea31ly manlpulated in PPe laboraiory,
and has.a brlef (about 4 d) 1life cycle. Of more-@mport-
ance, perhapST’lS the fact that D. discoideum is a
primitive eucaryote which is capable_of complex cellu-
lar interactiens, chemotaxis, and theidevelopment of"
cellular receptors and contacts. Because of its relative
cellula{\81mpllclty and developmental patterns,x

i

.Dictyostelium discoideum is considered by some to be the

organlim of choice for.studies of differentiatiop of
: . ,

-

the lower eucaryotes.
¢ Sope aspects of the D. diecoideum life cycle have

tensively studied. "For ekample, aggregation of

<«

) . LN
D. discoideum myxamocebae and subsequent sporulation have
been investigated, and many of the molecular and biochem-,
ical events during these developmeﬁtal stages have been

eYucidated (Loomls, 1975; Newell 19?8) Information



~derived from'sﬁchtstudieS'may be of value in. furthering

our understahding of cellular interactions in higher

A

'organlsms.

One aspect of the D dlsc01deum llfe cycle that has
not been so extensively studled 1s sSRore germlnatlon.
The control, of spore germlnatlon in D. discoideum 1s of
1nté?est for a variety of reasons. Perhaps the most
compelllng reason to . .study spore germination is that it
represents a major control p01nt in the 1life cycle of a

spore formlng.organlsm. The process marks a transition

- point where most, if not all, of the organism's vegetative

apparatus must be revived from a state of dorﬁancy.

The‘shift.from‘ﬁormgﬁcy to activity may be analogous to

a variety of systemsiin higher organisms, such as the

shifts of a cell from quiescence to active proliferation,
. w

or even the dramatic increases in cellular activity

accompanying neoplasia. Knowledge gained from studies

"of simple organisms, such as D. discoidéum, may be of

value in understanding control mechanisms of organi%ms
hlgher on the evolutlonary scale. a
The spe01f1c purpose of this research is to study
the phenomenon of autoactivation, or spontaneous germina-
tion, of Q;-oiscoideum spores. The phenomeﬁon is of
ioterestlgeoause it represents an alternative method of
sﬁore germinaﬁion to that heretofore described (see
LITERATURE REVIEw'or Cotter, 1975). The phenomenon may
> .

be observed as a result of spore aging@or mutations,



-~

- suggesting that the mutations may affect the "témporal
- programming” of the odrganism.. A number of diétinct

differehbes exist between constitutively dormant spores.

.and thosf/;apable‘6f‘éut6activéfing.. Finalf&, the lack’

. of severe tréatments necessary to induce spOntanequs Y

spore germination suggests that it may be one method of

D. discoideum spore germination in nature.

A
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LITERATURE, REVIPW

1. ,General Information of Dictyostelium diécoideum

Dictyostelium dlSCOldeum was flrst dlscovered by

Raper (19355 on decaylng forest lltter in North Carollna.
It hés 31noe been isolated from a wide variety of climatic
regions, and may be con81dered ublqultous in dlstrlbutlon

in many parts of the world.

In nature, D.- discoideum obtains its nourishment by -

ingesting bacteria growihg on the forest litter. 1In the
laboratory, D. disooideum may be successfully grown with
bacteria in two membered cultures, most frequently w1th

Escherlchla coli, Enterobacter aerogenes, or Kleb31ella

pneumonla " Growth of D. discoideum is not llmlted to

gram negatlve rod shaped bacteria, for it has also been .

groun on a variety of other baoteriai(Rég§,5193?;

\ » . N
. Depraitere and Darmon, 1978). Axenic growéh of the

organism is also possible as a result of mutations
(Loomis, 1975). |

While Alexopoulos {1962) stateo that the cellular
slime molds "undoubtably have a role to play in- the
economy of nature”, this role is probably minor in

relation_jo the significant activities of other m&sro-

organisms.’ The primary importance to man of the cellular

slime molds‘LNost notably chtvostellum dlsc01deum, is
'thelztrole as research toois. Their unique life cycle
affords numerous opportunities to study cellular inter-

actions at a simple level. The D. discoideum life cycle

Y

It



. form stalk cells or may 1éy down tripartite walls and

'tlon of the food supply, the myxamoebae aggregate v1a

'col%ﬁctively compose the sorocarp (sorus), or asexual

R .a : > | . 5 . 7 ' o . -

is presented schematlcally in Flg. 1.

chtvostellum discoideunm myxamoebae gErow by ingestion

of bacterla and divide by binary flSSlon. Upon exhaus—

cAMP- orlented streamlng to form a multicellular pseudo—

plasmodlum (slug. grex) Amoebae within the pseudOplas-

modLum retaln thelr 1nd1v1duallty. but wor_ in conjunction

with one another t¢ form a primitive "tlssue".
pseudoplasmodium may migrate in séE;Eh'of additional

nourishment, or may ;mmediately enter the culmination

stége of'deVelbpment.. Pre-patterned cells within t

v

pseud0plasmodium may either lay down cellulosic walls to

-

enter dormancy to become spores. Spores andﬁs%alk.cells

-

sporangium.,
It is not the intent 6f this disserfatignjto'exﬁaus—

tively review the D. discoideum life cycle. The Yemainder

of this literature review and dissertation will speci\fi-

cally focus on D. discoideum spore dormancy and gepﬁina;

tion, with reference to autoactivation of spore germina--

“tion.- Addltlonal information on the D. discoideum llfe

cycle and detalls esoteric to this discussion may be
found in the excellent reviews by Bonner (1967) and by

Loomis (1975).



-
-

Figure 1., The life cycle of Dicdtyostelium discoideum

(Redrawn from Alexopoulos, 1962)

+
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"2.  Activation and Germination of Constituti#ely’Dermant

chtvostellum dlsc01deum Spores \

¢

a. Malntenance of. spore dormancy'h' ) o

Fol ow1ng the séries of events of aggregatlon and.

sporulatl ' QL dlscomdeum asexual 3pores are keld aloft

I

w1th1n the sorocarp These Spores are constltutlvely

““dormant accordlng to the deflnltlons of Sussman and ‘

-

Halvorson (1966) Thus, the spores are in a reversible_

state of hypometabolism maintained by some innate property .

of the spores. Freshly formed spores arélincapable of
P ™ -
: ®
germinating in the absendé/;; an activation treat;bs%{4

v

_as'dispuSSed below. In addition to the innate properties

of the spores, dormancy is.maintained by other fattors .-

within the sorocarp, including the presence of auto- -

inhibitors and high osmotic pressure.

The first suggestlon that chtyostellum spore germln—‘

S,

1 i

atlon was affected by self-inhibitors resulted from work

" by Russell and Bonner (1960), who demonstrated that

germination of D. mucoroides spores was inhibited at

high spore densities. Snyder and Ceccarini (1966) later
showed that such a germinstien inhibitor does, in fact,
exist. The* inhibitor is resdily washed from‘spores wifh
water and is resistant to boiling. The hierarchy of
1nh1b1tors from several acrasid spec1es suggeg%g that
different sllme molds show a differential susceptibility

to the autoinhibitors, or possess different autoinhibitors.
. . Lo



Further iﬁyésﬁigai%on (bgpcarini and Colien, 1967; Cohen
and Ceccarini, 1967) showed that different species
posgsess: different g#toinhipitors'of varying efficacy,

" and whieh could affect other stages of the life cycle.s
ﬁdditionally, the D. discoideum germiné%ion inhibitor is_.-

dialyzable, with a molecular weight of about 200 da;tbns

(Ceccarini and Cghen, 196?). The substance is effective
ion below that which wéuld ébsdrb ultra:\_
violet i'g t. Cohen and Ceccarini“(196?).feiterated the
concEpt of a species hierarchy of siime mold germination
inhibitors: and demonstraéed that the inhibitors could

affecf other stages of-the life cycle, including aggrega-.
tion and fruiting? In this way, t;L'autoinhibitors |
could ﬁe-partially responsible for fhe_spaéing of aggrega-
-tion centers (Bonner and Hbffman{ 1963). |

' Cotter and Raper (1%68b) p9ipted ut that while -
D. discoideum spore germination ks affected by the auto-
inhiﬁitor} other factors are also involved. Fdr, instance,
spores inducéd fo germinate by peptone.do not germinate
apgve 1 x 106 spores/ml even if washed or dialyzed free
of the autoinhibitor prior to testing. 'The autoinhibitor
has differential effects on spores treated with 1%
péptone'or.héatea at 45 C far 30 min: spores treated
with peptone do not germinate in the presence of 1 mg/ml
crude autoinhibitor preparaﬁiont while those activated by

heat shock germinated to high percentages. Heat shocked

spores required up to 20;ﬁg/ml of the crude preparation
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to oe inhibited} However, at thls ﬁlgh concentratlon,
osmotic inhibition of spore germlnatlon probably ‘results
.(Cotter, 1977). ' f
The aut01nh1b1tor does not 1rrever51bly damage-- L
spores, but rather causes them to return to the. dormant :
state. Spores activated with heat wi\{thin the Lntaoﬁ.
sorocarp or those activat with hea;\\hd 1ncubated w1th .
natural concentrations of the aut01nh1b1tor ‘are- deactlva—‘
ted durlng the preswelling periocd. ‘A second aotlvatlon

" treatment after washing the spores free of the aut01nh1b-
:1tor results 1:hnormal spore germination. - Cotter and

Raper (19§8b) suggested thas the autqinhibitor had
physical properties similar to a sugar alcoh01; In
"addltlon, both- mannltol and sorbitol (20 mg/ml) resulted

in a 65% 1nh1b1tlon of spore germlnatlon Subsequent
investigations (see below) demonstrated that the auto-
inhibitor wss not a polyaleohol, The inhibition afforded
by these sugar alcohols is probably due to osmotic RN

effects (20 mg/ml mannitol or sorbrtol = 0.11 M) which

-

..are n::/ghown to -iphibit D. discoideum spore germination
(Cott 1977).

The biological characteristics and identity of the
slime mold autoi::ﬁ)itorshave been extensively studied.
Katilus and Cecc ini_£19?5) investigated the autoinhib-
itor from D. purpureum, but could not estimate its molec-
ular weight due to interactions of the molecule w1th

Sephadex and Blogel gel filtration columns. The material
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1ost some act1v1ty after repeated freeze thaw cyoles. and

X absorbed uv llght at around 200.nm. The 1nh1b1tor also

Tor

-

causes a lengthenlng of the lag phases of E. COll and

Baolllus subtllls growth curves._ Presumably thls allows

» ]

myxamoebae.to assume a dominant role in mixed culture\

.

before “Bnhibitory éffecfs of the bacteria (such as lowered

ij become manifest. " The autoinnibitor aiso inhibits

D. discoideum aggregation ?sﬁ?preV1pus1y shown by Cohen

and Ceccarini, 1967). perhaps by 1nteract10n with CAMP.

;Addition of exogenous cAMP allows_normal_aggregatlon and v

sporulation. L -

The -identity of the D. discoideum autoinhibitor has
[ - f"

'baen the subject of some dispute. It was initially

4

identified as Zldimethylamino—6—oxypurine riboside

(N,N-dimethylguanosine} and reported 1o yield 100% innib—

;itory‘activity at 50 ug/ml (Bacon et al., 1973).

Further work suggested that the compound specifically

inhibited protein synthesis, but had no effect on
respiratory metabolism or RNA synthesis (Bacon and
Sussman, 19?3) .However, subsequent investigations
suggested that dlmethylguan051ne was not the authentlc
autoighibitor of D. discoldeum spore germlnatlon.

Tanaka et al. (1974) could not demonstrate inhibition of
D discoideum spore germination with dlmethylguan051ne ‘
at up to 300 ug/ml. Addltlonally, under some, chromato-

graphic EOnditions.dimethylguanosine and the autoinhibitor

do not coelute. Thus it appears that dimethylguanosine
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'Tanaka et all, 1974)

is' not the @\théntlc aut01nh1b1‘tor (Obata et al.,L19?3,

" These workers"(Tahaka et'al.,'i9?h' Abe et al 3 19?6)
identified the aut01nh1b1tor as 3 (3- amlno 3- carhoxypropyl)
~6-(3-methyl- 2 butenylamlno) purlne, or "dlscadenlne"

(Fig. 2). "This compound is. reported to be 100% inhibi-
tory to D. d1$001deum spore germlnatlon at 30 ng/ml
(Tanaka et al., 1975) and has “51gn1flcant" cytoklnln
act1v1ty (Tandka et al., 1975, Nomura et al., 1977),
mlght be expected #rom 1ts structure The minuscule
blologlcal concentratlons of this compound are perhaps

best 1llustrated by noting “that the- 1solatlon of L5 mg

'of puge discadenine requ1red the uselof 20,000 petri

dishes (Abe et al., 1976)! )

: \Dlscadenlne is synthe81zed\from 5'AMP by the pathway
shown in Fig. 2 (Taya et al.. 1978a,b; Tanaka et al.,
19789. Isopentenyladenlne (1 Ade) 15 not produced by the
degradation of tRNA but rather is synthe31zed by the .
enzymatlc addltlon of A —1sopentenylpyropho/phate to the
S5TANP, followed by the removal of ribose phosphate.
Converslon of the 16Ade to discadenine occurs by the
transfer of the 3-aming- -3~-carboxypropyl group from S-
adenosylmethlonlne. This reaction is catalyzed by
"discadenine synthetase”, which has been isolated from
cells in the late culmination stage: of fruiting (Taya

et al., '1978b).
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. - The possible significance of tiis pathway of disc-
adenine syntheésis should not esdéape the careful reader.
5'AMP resulting from the'degradatioh of cAMP during

\ . 4 . .
aggregation mayfbe.available for incorporation into

discadenine. Thus, D. discoidéum appears to demonstrate . -
extreme thrift in its use of regulatory moleoules. The

same molegg}ar skeletons re5pon81ble for control of

&

aggregatlon may be used. for the maintendncd of dormancy
Desplte the metlculous.work in elu01aat1ng the
structure and synthesis of discadeﬁine, %if;le is present-

ly'kﬁown of its mode of action in inhibiting‘epore -
germination. it is not known if discadenine inhibits

‘ L
protein synthe51s, as was the suggested mode of action

[}

for dlmethylguan081ne (Bacon and Sussman, 1973). Tt s

likely that the autoirhibitor- will be shown to affect a

~

function required for spore germination, such .as respir-

ation. It is known, however, -that residual_Q; discoideum

autoinhibitor is released from sﬁores during the swelling

’Etg;e\of spore germination.(Dahlberg and Cotter, 1979).

At this time i4s function is no longer required.

" Whether the excreted autoinhibitor molecules are also

recycled for other functions during vegetative growth
remains to be éeteréined. .
In addition to the innate properties of the spores

and autoinhibitors, spore dormancy is probably also

" maintained by high osmotlc pressure within the sorooarps.

The interstices between spores have been shown to contaln
-2 .

v
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a Variety of subsfances,.includingrsalts, proteins, pig- %

. ments, carbohydrates (Ioémis.'19?3),'and_éeveral enzymés,'
| including acidlphosphatase (Gezelius, 1972), ﬁ —glﬁco-
siﬁase. and N-écetylglucbsaqinidase (Tisa and Cotter,
personal communication). Cotter (1§?3b) hg?,estimated

] thaf/gggﬁe components of the sorocarp collectively exerf
an oémotic preésure upon the-spéres.of betwéén four and
— five atmospheres, épproximately equivalent xo‘that
exerted by 0.20 M sﬁcrose. A varietj of subétances have
.~ been shown to osmptically prevenf D. discoideum spore
. germination- (Cotter, 1977). For instance, Olad'M
'sucroéé,-and various other pdlyhydfié compounds at 0.25 M
.prevent the germinatiom.of heat ac{ivated spores and
cause them to return to dormancy wi%hin 6 h, Thus, .
conditions within the intact sorocarps and the sensitivity
of the spores to high_osmotic.pressures'suggest that
the osmotic environment of the fruitiﬁg body contributes
to the mainﬁeﬁance of D. discoideum spore dormancy.

b. Activation of Dictyostelium discoideum spores

Previously in this discussion .constitutive dormancy

has been referred to. Constitutive dormancy is'defined
by Sussman and Halvorson (1966) éx\gzggversible_state of
%hypometabolism maintained by an innate property of the
spore. . This innate properiy may include a metabolic

blockage orlrestriCtion on respiration, for example. One

important feature of constitutive dormancy is that an

-

‘o
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;abtivation treatment is required to relieve'the restric-"

tlons on vegetatlve growth and metabollsm. Very often,

the nature of the innate property of the constitutively

dormant spore is best deflned by the nature of the actlva-

*tion treatments necessary to break dormancy. Such is the

case aﬁong-D d;sc01deum spores, ~

3 © )
"Activation" is here deflned as any treatment which
results in an increase. in spore ermlnatlon. ‘D. discoid-.
‘ . D . UJ. discold

‘eum spores may be activated by treatment with a racemic

. mixture of.the hydrophobic amino acids tryptophan, phenyl-

alanine, and methionine (Cotter and Raper, 1966), :gamma .
irradiation (Hashimoto, 1971; Hashimoto and Yanagisawa,
19?0 Khoury et al., 1970}, heat shock (Cotter and

Raper, 1966 1968a), dimethyisulfoxide (Cotter et al.,

1976), urea‘(Cotter and 0'Connell, 1976), penetrating -

polyhydric compoynds (Cotter, 1977), or a ninhydrin-

negatlve "spore germination promoter“ released by

Enterobacter aerogenes (sic) .cells (Hashlmoto et al., .

1976). All of these-treaziegyé,inSPire rapid and
synchronous spore germinafion. i

‘ The observation that the common denominator for
most.of these treatments is protein denafuration led &
Cotter (1973a) to propose the "multistate model for spore
activation”. This model proposes that a mi%ochon&riai
regulatory protein restricts oxidative phosphorylation

of ATP in the dormant spore. The activation treatments ~

induce a conformational change in this regulatory protein,

™ {
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resulting in an uncouplin%;of oiidaﬁ}vé phésphorylation.:
A decay of the regulatory prote%i from its partially
denatured state to & "relaxed” conformation results in a
couplihg of oxidative phosphdfyla%ion,and allows ATP
production, = ATP formed in this way is then available
for the myriaduréac%ions of spore germination and vegeté—
tive growth. | ] ) '

| It appearé th?t_tﬁe available ez}dence supports
Cafter'é-(l9?3a) hyp&fhesis. Thermodynamic considera--"
tions suggeét-that heat activation induces é partial
"helix—goil transition in a protein in the inner mitgghon—
drial membrane. Suggestions that the mitochondria are
involved in the activation process result from a theoret-
ical analyéis showing,thét the number of a;tivation siteé
corresponds to the number of miﬁochéndria in dormantv
" spores. Additidnally, mitochsﬁﬁria are the first organ-
"elles damaged By supraoptimai activa%ion.treatments '
(Cotter and george, 1975). Additional support for the
model‘resulté from an analysis of treatments known to
prevent spore aétivatibn or deactivate s?gres. Apparent-

ly, any treatment which blocks spores prior to the late

post-activation lag'phase (see below) results in a

o+

re-imposithn of dormancy. For example, spores treated

with 0.20 M sucrose, azide, cyanide, or pH or tempera-

ture extremes return to the dormant state within 5-6 h
(Cotter et al., 1979). Such treatments apparently allow

the regulatory protein to return to the "dormant config:
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uration” b& some "fail-safe” mechanism. .
Whlle Cotter's (1973a) activation model has galned
wide acceptance and has been incorporated 1nto a hypothe-

31s on the entlre D. dlsc01deum spore germlnatlon seguence

(Hohl, 1976), some workers have urged restraint in

broadly acceptihg the model. Sussman (1976) argues that

- while Cz}ter's model is indeed plausible, protein denat-

uration is not the only possible result of the various

actlvatlon treatments. Citing a cohsiderable amount of

data on Neurospora ascospore activation, as well as other

~ spore systems, SuSSman (1976) makes a cogeni argument

'E%%’the involvement of lipids in fungal spore activation.

He cites numerous examples in which lipids are reQﬁired
For enzyme activity and shows, at least in the case of
fuffural cctivation of Neurospora ascospores, that the
activatihg compound acts on membranes (cf. Eiiers and

Sussman, 1970 a,b). Thus, at least in some systens,

activation treatments appear to be mediated by lipids or

L4

" membranes. In D. discoideum, for example, activation -

results in a large difference in spore permeaﬁility
(Hohl et al., 1978).

‘It is not possible at this time to accept or reject
any of the hypotheses regarding'actiyétion of funal spore
germination. Pirstly, fungi are notoriously diﬁerseu
The mechanism for activation of D. discoideum asexual

spores may be totally different from that of Neurospora

*
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ascospores, _Secondly, a cell or .spore is not a packet:
of isolated components, .Proteins and lipids are intim-
ately assoolated and may transmit effects. Thus, while
the primary effeot of an activation treatment may be on
a ‘membrane, one would expect the effects of altered
Imembrane fluidi'ty to be manifest in the activity or
looationlof memprane associated‘enzymes. Finally, fungi
ére'quite resourceful. It is possible, or likel&, that‘
there are multiple pathways leadlng from dormancy to
'vegetatlve growth., "~ A fungal spore gﬁ& be’ capable of

r

germinating through several mechanlsms depending on

»

external conditions.

c. Germination of Dictysteffz%)discoideum spores

"Germination" is\defined as "a process wgich leads
to the first irreversible stage which is recognizably
different from the dormant organism, as judged by

pPhysiological or morphological characteristics”(Sussman

and Halvorson, 1966). In the case of D. discoideum N

spores, the first recognizably different stage i# spore
swelling. Swelling involves the formation of a lateral
protﬁberance in the spore wall, and a distinct spore
darkening when viewed under-phase contrast mi:croscopy
(Cotter and Raper, 1966). Actifated spores are committed

to swell'approximately 7 min before spore swelling
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 the processes that occur. between 7 min before spore

19 - .

]

begins (Cotteé, 1977). Thus, spore germination involves
swelling and the actual sweflinglgvent:l Féf simplicity
in. operational use, a swollen spore is con31dered to be
germlnated.
T The tlme course of spore germlnatlon is presentedlln .
Flg 3. Zero time is the end of &he actlvatlon treatment,
which in this case 1s heat actlvatlon at 45 C for 30
min, No observable changes 1mmed1ately follow the
activation treatment. This period is considered to be
the_"post—actiyétion lag phasé"; and lésts approximately
one hour. The swelling (germination) phase follows the
1aé‘phase, beginning at approximately one hour and
being'essentially completed by two hours after activétion.
During thié_time, spores lose their refractility under
phase contrast microscopy and acquire a turgid appearance.
Approximately 2.5 h after activation, a single mykamoeba
begins to emerge from each swollen spore. This stége
maj be considered to be analogous to bacterial spore
Youtgrowth”, but differs in that it requires no exogenous
nutrients or other treatment (Cotter, 1975). By 5 h
after activafion, the entire'sequence of events is
cdmplefed, and vegetative'amoebae are free to grow and
divide.j

Severél metabolic events occur during the germina-
tion.sequence: Spores begin to take up oxygen shortly

after the end of the activation treatment (Cotter et al.,

[l
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Figure 3.
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HOURS

The germination sequence of Dictyostelium

discoideum spores heat activated at 45 C for

30 min, (redrawn from Cotter, 1975)

.-(Q) percent spore swelling versus time in

hours; (@) percent emergence of myxamoehae
versus time in hours; morphological changes
are shown schematically above the germination
curves: ..
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1976; Cotter, 1977; Cotter et al.,.1979). "Oxygen -
. ~ .
consumption continues throughout the entire process,

Spdres élsp‘begin to incoépérate 1%0£iabelied amino acids
into hot trichl oacetic acid (TCA) precipitable ﬁaterialé”“
shortly after _dtivatioq (Bacon and Sussman, 1973;

Yagura and IGabuchi, 1976% Giri and Ennis, 1977, 1978).

This protein synthesis continues at a low rate until the
beginning of spore swéliing,_whereupon the rate increases.
RNA synthegis (as measured by incorporation of 1&0 uracil
into celd CA precipitable materials) is absent'until'

the beginnisg of spore swelling, but begins about..the

same time that spores'begin to swell.(Yagura and ;Labuchi,
1976; Girt and Ennis, 1977, 1978). That eérly protein
synthesi§ precedes the beginning of RNA synthesis suggests
Fhat tearly" proteins are synthesized by pre-formed mRNA
and riﬁtsomes. The increased rate of protein synthesis
following spore swelling may feflect synthesis on newly
formed RNA templates. ’Neithér rRNA nof general protein
Syntheéis is required for heat induced spore swelling, -
Since thg event occurs normally in the presence of cyclo-““““jéa
heximide and actinomycin D (Cotter '‘and Raper, 1970;

Yagura and Iwabuchi, 1976) . Cyclohexiﬁide completely

inhibits the emergence of myxamoebae from swollen sporeg,
suggesting that protein synthesis is required.for thié'

stage. HewtnemycEhrDd dnésEndtsihh@b;t the émergence

stage, However, Giri and Ennis (1977) have shown that .

other inhibitors of RNA synthesis, including daunomycin

s
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and lomofungin, do inhibit emergence. These workers
suggested that RNA synthesis is reQuired for emergence,

v

but that the spore is relatively impermeable to actino- -
my01n D. )
. A variety of molecular events occur during the

ra
D. discoideum spore germination sequence.\Jfor instance,

Giri.and Ennls (%???) have shown that stage sp901f1c
proteins #re synthe31zed at various tlmes throughout the
process: kSlmllarly, quantitative and’ qualitative differ-
ences in RNA éynthesis 6ccur.-including diffe enceé in
the translational eff1c1ency of.poly A(+) RNARFG{;i and
Ennis, 1978). DNA synthe81s also beglns two hours after

spore activation (Yagura and Iwabuchi, 1976).

d. Spontaheous spore germination
Cotter and Raperw(1968b) initially reasoned that

Dictyostelium discoideum spores might be ekpécted to

communicate with each other during spore gerﬁinétion.
Spores are in intimate contact with their environment,
and it would not be surprising for them to detéct the
presence of other spores and respond accordingly. Sucﬁ
”Egﬁg;ior would Be consistent-with their reputation as
"soclal amoebaea. However, under the experimental condi-
tions employed by Cotter and Raper (1968b), each spore

was independently activated, and germination was not.
- “

affected by‘other spores in the suspension. Thus, there.

1
1
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was no evidence for autoactivatibn of D. discoideum spore

germination.

In contrast, Kornfeld (1968) reported that D. purpur- e

gum spores germinate in a denéity dependent manner.

Spore germihation incféases és spore density increases.

- Washing of spores resuits in a decrease in spofe gérmin—
atidn,'suggesting the.existence of an "endogenous
germinant" of D. pPurpureum spore germigétion. Later work’
" (Coco and kornfeld, 19?%) reiterated the concept tﬁat
final percent germination-of D. purpureum spores is
dependént upon the number of times spores are washed
and:spore density. Readdition of the washings to Spores
results in a stimulation éf spore germination. What is

apparent frbm these reports is %hat an endogenous

germinant is present in the sorbcarp prior to the initia-

13
L)

tion of spore germination. In this way, D. purpureun

¥

spore germination may be similar to that found among

many Myxomycetes (Wilson and Cadman, 1928; Smart, 1937;

Dahlberg and Franke, 19??). It is not known if additional  '

amounts of the endogenous_germinant afe released by
" germinating D. purpureum spores.

A similar phenomenon of "autoactivation” of D. .
discoideum spbre germination has been discovered as a
resultlgf spontaneous mutations. This phenomenon is
the subgect of the present dissertation. Salient features

from several published reports and oral preéentations on

-y

1!‘3"

'-,_:' ?‘



the 'subject of autoactivation-of D. disgoideum spore
. . -

germination {(Cotter and Dahlberg, 1977; erg and

Lo 5 " '

Cotter, 1977a,b, 1978a,b, 1979a,b) will be considered

in detail here\i{f.

~

~

Rt
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8 cultured in a35001at10n w1th Escherlchla coli B/r.

e

. MATERIALS AND METHODS

’ A - -

Culture conditions for 5 d1sco1deum and related spe01es

-

A varlety of species and strains of cellular slime,

molds were used in the course of this study. All were

With the exception’of Polysphondyllum pallldum, all

speciles and stralns were mixed with E. coli in a liquid
medium contalnlng per llter 6.0 g Na HPOQ, 3.0 g KH POu,
1.0 g NHuCl.-O.lj g MgSOu, *1-1.5 ml of this medlum
.containing 103-101‘L gpores was aseoticelly transferred to
petri dlshes contalnlng glucose- salts agar (contalnlng
the above components plus 4.0 g glucose and 20 g Difco
agar per liter). THe petri dishes were shaken to distri-

bute the ligquid and incubated at room temperatures in

ambient light conditions. The shaking was repeated al{ter

24;48 h. Polysphondylium pallidum was cultured in a ’
similar manner except that spores were suspended in

sterile distilled water with E. coli and plafed on

0.1% L-P agar (l;O g lactose, 1.0 g peptong¢, 20 g Difco

agar, l 1 distilled weter). Synchronous‘sp .ulation,
‘generally occurs within-3.5-4 dfunder_theee conditiocs.

"~ When not in active- culture, all epecies and strains
are maintained at ca. 10 C on streaks of E. coli on
glucose salts or 0.1% L-P agar plates.J Under these
condltlons, sllme mold spores 1noculated on one end-of )

the streak germinate, and myxamoebae complefe a uegefe—

tive 1life cycle with a minimum of migration. Following

25



sporulation, sorocarps fopplé over, and the spores repeat
the process. Such sfock cultures can generally be kept
approxmmatelydﬁamonths before the slime molds reach the

ardd
end of the: strEak Spores of most slime mold spe01es

.

" are also kept lyophilized.

Tsolation of new strains, when performed, was by
e .

a modification of the methods of Cavender and Raper (1965} .

. - s
Soil samples were collected at_Pt. Pelee National Park,

¥

Ontario, and at variousﬁlocations adjacenf to.Massachu—-'
setts Routes 2 and 128, and U.S. Interstate 90 in Massa-
chusetts and New York. Upon returning f& the laboratory.
1.0 g-of each soil sample was suspended inc 7. 5 ml of
sterile distilled water ‘and vigorously shaken. After soil

\ - Oy
-

particles had sedimented,- the suspension was diluted 1:10

" in sterile distilled water, and mixed with a heavy

.

inoculum'of E. coli. Aliquots (0.5 ml) of each suspension
were spread on 0.1% 1~P agar plates’ and 1ncubated under

amblent laboratory condltlons. At daily 1ntervals, the

‘,.

platej/w_re examlned for clear plague-like areas in

the B4 coli lawn, or for sorocarps. Spores from upright

gorocarps were transferred with a fine wire needle to
streaks of E. coli on glucose~salts or 011% L-P agar.

platesx ‘Under these conditions, the slime molds generally
) ' ~ ) ‘ ) ) .
migrate free of bacterial and fungal contaminants to

L

yield bﬁre cultures. Stimesmolds were identified

.

according to the characteristics discussed by Bonner

(1967). -
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Dlotyoste11Um dlsc01deum and other sllme molds were

cloned, when necessary, by a similar platlng technlque.o
Spores w;;e suspended in sterile phosphateﬁbuffeg (10 mM,
pH 6.5}, salts medium, or distilled water, énd'ooncentra—
tiens were determined with a hemgcytometer. Serial.
-dilutions of the spore suspensions weqo performed to yield
5-10 spopes/ml.: A heavy inoculum of E. coli was added
to each suspension, and 0.5 ml aliqoots wereféoread on
glucose-salts or 0.1% L-P agar plates. Plates.were _
ihspected‘dally for plague-1like clearing in the E. coli
lawn. Amoebge from such clearing were transferred to
glucose salts agar plates and allowed to grow and sporu-
late. Resulting spores were tested for'phenotype by

-

usual procedures.

Optimal conditions for spore germination

Dictyostelium discoideum spores were generally

harvested from agar plates by holéing a moistened glass
microscope slide several millimeters above the agar
surface and gently rotéting the petri dish;_ Spores from
the sorooaros adhering. to the slide were rinsed off into
5-10 ml of distilled water in a 50 ml beaker, and the
suspension wos poured into 15 ml conical glass centrifuge
tubes. The preparation wag‘oen%rifugod at higﬁ speed
in an IEC Clinical Centrifuge to pellét the spores, andl
the supernatant was poured off and.saved as "crude auto-
inhibitor preparation"., Spores'wefe roéuspended in 5 ml

——
Ea



bf 10 mM phosphate buffer, pH 6.5 and recentrifuged.
This washing prdcedure was‘repeated twice.
If an activation procedure was to be performed

ﬁpores were suspended in 5. ml of phosphate buffer in a

conlcal glass centrifuge tube. The sides of the tube

' were'carefuliy wiped to rempve Wny spores that might-not

be exposed?to-the thermal treatment. The entire tube was
‘exposed %o the activating regimen:lIQS'C for 30 min in

a Braun Thermomix II circuiating water bath or 37-41 C
for 30-60 min in.a Julabo P5 water:bath. Folldwing,‘or
in the absencé of an activating treatﬁent, spore concen--
tratlons were. determlned w1th a hemacytometer, and the,

- .
Spore densities were adJusted w1th phosphate buffer.

6

Spores were generally incubated at between 1 x 10° and

1 X 10?/ml at 23.5 C with stirring supplied by 10, mm

‘magnetlc stlrrlng bars. Volumes wefe generalfy kept'

; below 4 ml in 1 X 10 mngﬁ@ff;::bes. Percgpt spore -
- germination was monitored peri ically‘by placing a small

volume of the spore suspen81on ‘on a glass mlcroscope

slide and examining it with a Zeiss phase contrast micro-
scope at 650 power maghification. A minimum of 200 objects
were .examined and seered as-Jdormant'spores"(phaSe—bright,
regularly-shaped spores), ”swoilen spores"dbphaSe dark
spores with distended spore cases), or."emerged myx-

amoebae"” (amoebae not enclosed in spore cases).

In experiments to determine the times of autoactiva-

~tor and'autoinhibitor'release, spBres were suspended at
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1'% 107/h1 in 25 ml phosphate buffer in‘ehrlenméyér
flasks With“yigorous stirfing. Use.of such larger volumes
" often delayed gfér?“gerhination, presunably due to,lowered
oxggen fensiqns and déépite vigqrous stirring. At“inﬁer;
'vals, aligubtsqof the/l‘ore suspénsioné.ﬁere removed,
{filtered %hrdugh 0.4é/ii Millipore'filters, and frozen
pending defection of autoactivators ang‘autoinhibitﬁrs.
Time of loss of cycldheximidé sensitivity was détermined
by .removing 0.5 ml~aliQuoté of %he_spore suspens;ons'
"'at intervals, and adding 0.1 ml of. cy‘cTS}eximidé (Sigma)
at ‘1.67 mg/ml. Percent spore swelling in each aliquot °
'-Waé'scored‘af;er the untreated population had reacheq

i

maximal spore germination. .

:

In experiments in which spores were germiﬁéted en
mgggg for generation of autoactivator factors, spores ~
were washed from the petrl dishes into a 250 ml beaker
with'distilled water.. Thelresulting suspension, .contain-
ing spo}es, stalk cglls, bacferia, and autoinhibifors”

- was adjusted to approximately 1 x 10?‘spores/ml by the

"Iball"-techniﬁue and made 10 mM with ‘respect to phosphate

by the addit;oﬁ of 100 mM phosphate buffer, pH 6.5.

Spore gefminat;on was monitored m%croscopically, and

upon the completion oof germination, the. preparation was
filtered"tﬁrgugh cheesé;ioth ;ﬁd centfifuéed at 10,000 x g
"in aiSorvhll RC2-B centrifuge. .The supernatant‘was

poured into Nalgene bottles and frozen., Such preﬁarationé

were normally lyophilized to dryness and extracted ‘twice

]
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with.Bb%‘ethanol. Following cenfrifugation to bellet'

the pfecipitated proteins'and~cellular compqnents. the

ethanol was removed by evaporatlon in vacuo at 45 Cﬁiandw A

the preparatlons were lyophlllzed o i;x&ess.~ :

Detection of autoactivators and autoinhibitors

-~

Détebtion of autoactlvator substances was by mixing

a volume (at least 0. 1 ml) of putatlve autoactlvator

. | solutlon with an equal volume of 1-5 d old strain NC4
spores, strain SG1 spores, Or strain SG2 spores inhibited
from autoacfivating By cycloheximide. Test spore suspeh-

sions were at 2 X 106 spores/ml and 200- ug/ml cyclohexim-
-

5 ide so that mixing with the test solutions brought the
f;Lal spore concentratlon to 1 X 106/ml and cycloheximide
to 100 ug/ml. Under these conditions, enq\gengus auto-

activation is at a minimum, and the presence of exogenousb

autoactivator substarices results in a stimulation of

spore germination."Detection of the presence-of autoinhib- .

1tor ‘substances was by a similar method, but conditions

-7 were adgusted to give maximum autoactlvatlon. The

presence of autoinhibitbrs results in a decrease in

L3

spore germination. -

*

" Chromatographic techniques:

LALL blologlcal materlals (1 e., materials from D.
discoideum or bacteria) to be subJected to chromatographlc
' separatlon were first extracted twice with 80% ethanol.

\ ' Ethanol éoluble,materiéls were reduced to a small -volume

. E
LY .

Y
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by evaporation at 45 C and were 1yophili%e¢ to dryness{

- Routinely, 100 mg of this materlal was suspended in 1-2

ml of distilled water, applled to a 3, x 55 cm Blogel®

P2 column, and eLpted with distilled water at flow rates

of ca. 40 ml/h (20 cm head pressure). Little or no.

change in the appearance of the maaor peaks of activity

was detected when the column was eluted with 20 mM phos— ‘

phate buffer, pH 6.5. Fractlons congisting of 200 drops
(8 ml) were mechanically collected until two tlmes the
f/ternal volume of the ¢olumn had eluted. Each fraction

was teSted for absorbance at 260 and 280 nm 1n a

. Beckman DB Spectrophotometer, and tested for autoactiva-

-

tor‘(of autoinhipitor) activity as Hescfibeﬁ above.
Purified substances to be . tested for column elution char-

acteristics were chromatographed in a similar manner

'w1thout prior. extraction in ethanol

. Selected fractlons from the Biogel P2 column were

often pooled, lyophilized to dryness, applied to a 1 x

18 cm Sephade_x® IH-20 column, and eluted with distilled

waterl., Fractions (1-2 ml) were mechanically collected.
H“Tffgesfed for ultraviolet absorbanceé and autoactivator
activity. Since active substances generally showed high
biological activities with 1little or no ultraviolet

absorbance, no further chromatoéraphic_purification

was deemeakgiiaggary.
~
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Radioisotopic methods "

On several occa51ons in this study, attempts were
made to incorporate radioactive- precursors into auto—
:actlvator bstances. -Such attempts were made by . adding
the radrq§221vely labelled compounds (usually 5 uCi)
directly to petri dlshes in whlch D. d1$001deum strain
SG1 amoebae were growing in two,membered culture w;th.
‘E. coli. In several instances the E. coli was inhibited
by prior addition'of streptomycin sulfate (to 100 gg/ml),
whlle in others the bacte‘}a.were allowed to grew normally.
Followﬁng aggregatlon and sporulation of the amoebae,
spores were harvested into sterile phosphate buffer to
approximately 1 x £o7 spores/ml and allowed to autoactiv-
ate. The resulfihg supernatante‘were tested for auto-
activator activity, lyophilized to dryness, mixed‘ﬁith
75 mg of an 80% ethanol extract of unlabelled SG1 auto-
activator preparation, and applied ta a3 x 55 cm
Biogel P2 column as above. Eech fraction was tested for
UV absorbance and autoacti;etor activity. Selected
fractions. were tested for the presence of‘radiolabel:

0.1 ml samples were added to 10 ml-of a scintillation
cocktail (16.5 g PPO, 0.36 g POPOP, 1 1 Triton X 100,

2 1 -toliiene) and counted in either a Nuclear- Chlcago
Mark II or a Beckman 1.S3150P liquid SCLntlllatlon counter
w1th approprlate preset channels and quench correejlon

techniques. Labelling of autoactivator factors was N

also attempted by harvesting unlabelled D. discoideum

<
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strain SG1 spores and addlng labelled compounds (5 uCz/ml)

-to the suspens1on. Slmllar chromatographlc and 1s0toplc

techniques were employed. T B

Respiration expériments

Oxygen uptake by germinating spores was determined

with a Clark type oxysen monitor (YSI Model 53, Yellow

Springs Instrument Co., Yellow Springs, OH). Spores

s&bjected to various treatments Were incubated at 23.5 C
in the YSI Model 5301 standard bath assembly coupled to
a Haake model HE constant temperature circulator. Spores

were suspended in 5 ml of phosphate buffer to 3-10 x-10° /ml.

Oxygen consumpbion was recorded as a function of air
Saturation (6.139 ul 02/m1 at 23.5) and was recorded
at 30 min intervals. If afr saturation fell below

' 55-60% during the course of an experiment, the samples
. were reaerated by bubbling air through the suspension.
Spores.were kept in suspension by stirring with 10 mm
magnetic sfirring bars. All results were corrected to

ul oxygen Qonsumed perlqﬁmr 1 X‘107 spores.

o

\.

—-—



RESULTS

1. Isolatlon of chtyostellum dlsc01deum Autoactlvator

{ Spontaneous Germlnator) Mutants 1

Freshly formed wild type (1 e., strains NC4 or Vi

Dictyostelium discoideum spores are constitutively

dormant, Thus, these spores do not_germlnate in the '
absence of an exogenou31y applied activation treatment
'(Cotter, 1975; Fige 4) In laboratory cultures, D.

discoideum spores are normally S0wn on glucose-salts agar
—=2toldeun

plates 1ni£ssoc1at10n with ESChEPlCla coli B/r, Th
glucose-salts medium contains no componeéts.capable f
activating the spores. However, E, coli growing on fthe
glucpse~salts medium may release materials capable of ;
-eotivating the spores, incloding the amino acids trypto-~
phan, phenylalanine, and methionine (Cotter ang Raper,
1966), or other substénces (see below). One must assume,
“however, that there is a period durlng which the bacteria

. are grow1ng before Spore actlvatlng components are °

present in sufficient conc ntrations to induce spore

germination. Any spontaneous

length of time spores remain ungerminated under such

conditions would have a seiective- dvantage in these

1 Note that the terms "spontaneous germlnatlon" and
"autoactivation" will be used interchangably. Spontaneous
germination refers to the ability of Spores to germinate
in the absence of an activation treatment. Autoactivation
w1ll be dlflned in the DISCUSSION section of this disser-

34 o A
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Dictyostelium discoideum spore germination.,

Percent spore
in hours.
activation treatment; (
speres activated at 45 C for 30 min:
strain SG1 spores,

ermination is plotted vs time
(jL? 2 d 0ld strain NCL spores, no
@) 2 4 strain NCL

(O)z 4

no activation treatment;

(O) 2 d strain sC2 spores, no activation

treatment;
no activation treatment

(A) 14 q strain NC4 spores,
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'of D. discoideum strain NCMJ(hap101

cultures. Thus over several years of 3eria1 transfers
in the_laboratory of
Professor D. A, Cotter, 1t is not surp ising “that a sub-

population of spores was detected which did not requ1re

- an exogenously applied activation treatment to germinate.

Cultores containing this subpopulation were designated
SG10 (10% Spontaneous Germination). |
-Mutant spores from SG10 cﬁltureé were_concentrared
by allowing large numbers-o%’washed spores to germinate
iﬁ small droplets on non-nutrient agar. The majority of
young wild type spores do not germinate -under these
conditions, but mutant spores do so rapidly. Amoebae- ——
within the droplet quickly aggregate to form small fruit-
ing bodies due to theﬂlack of nutrients required for
veget Browth, Spores from these diminutive sori were
clo;;i%%:i;l@ores from individual clones were tested for
the @bility to autoactivate. After cloning a second -

-

time, a homogeneous population of spores capable of f

spontaneously germinating was obtained. This population
& . : .

- was designated SG1. The primary charao%eristic of

D. discoideum strain SG1, its ablllty to demonstrate spore
germlnatlon in the absence of an exogenous activation
treatment, 1s shown in Fig. 4, _

. Mutant strain SG2 arose spontandously in stock
cultures of D. discoideum strain V12 which was maintained
on streaks of E, coli on glucose-salts agar at cdl 10 C

( see MATERIALS AND METHODS). Over several six month
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periods petween traQ§fers of stock cuitures. the énéire
populatibn became capable of Sponténeously germinating
without the neéd for cloning.. Thé‘phenotype was first
‘detectéd when it was observed that $trai; V12 spores-had -
gerﬁinated within the intact‘sorocafps in the humid

stock cultﬁfes. Investigation of thelstrain revealed ,
the presence of ; homogeheous'population'capable of
_spontaneous épore germination. 'The‘population was desig-

nated SG2; its charadcteristic of spore germination in

the absence of an activation tr&atment is shown in'Fig. 4,

2. Age Induced Autoactivation of Wild Type Dictyostelium #

§

discoideum Spores.

During the course of studies of the D. discoideum

spontaneous germination!phenbmenon, wild type strain NC&
spores were often used .as controls. The purposé of such
controls was to ensure that various manipulations of the
spores were not in themselves activation treatments. If
wild ‘type spores undergoing the various treatments did
not germinate, the treatments were considered non-
activating.

Duyring one exﬁerimental series on the effects of
age én?Zhe-ability of mutant sporés.to autoactivate, it
was noted that strain NC4 control spores also germinated
to a high percentage. Since the sporeé received no treat-
ment except aging in the sorocarp, the effect of matura-

-

tion on strain NC4 spores was further investigated.

L
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The data of Figﬂlu*show an example of the effect of age
: :

on autoactivatfqn of strain NC4 spores. Freshly formed

(i.e., 2 d after fruiting) Spo#eé are constitutively
dormant, and thus do not germinate without an activation

tredtment.. Spcres aged in the sorus at 23 C at ca. 50%

-relative humidity ibr'\mﬁd germinate synchronously and
.to high percentages when suspended in phosphate buffer.
. !

. The aged wild\?ype spores requife a longer lag time prior

to the beginning of spore swelling than autoactivating
mutand épores;_but otherwise the spontaneous germination
is normal. -Results plotted in Fig. 5 demonstrate that
wild t&pe spores become capable of autoactivating after
6-7 d-in thetsorus, reach a peak of almost 90% germination
at 10°d, and then rapidly lose their gefmina%ing akility.
A comparison of the percent germination at 6 and 8 h
after suspension of the spofes in phosphate buffer sug-
gests that one effect of age on the abiiity of spores
to autoacfivate is to alter the lag times. Thus, spores
aged 7 d show about 1% germination-at 6 h and 17% at 8 h,
while those aged <10 d show 17% germination at 6>ﬂ and

86% at 8 h. The entire curve is shifted to shorter lag
times, but the syﬁchrony of spore germination is retained

despite aging. Note that spores aged 14 4 (Fig. %) still

- germinate to at least 95%, but have a lag period in

excess of 9 h.

The percent germination at 10 h is not shown in

Fig. 5 since myxamoebae in suspénsion tend to aggregate,
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FigureVS.

Age induced autoazctivation of wild type
(strain NC4) Dictyostelium discoideum spores,

- . Percent spore germination ai 4 h (A7,
& h (), and 8 h ([J) after suspension in
phosphate buffer is plotted vs spore age
in days, ' - o

waa
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' making accurate counts at this time‘difficuit. Spores
which have lost the.ability t6 spontaneously gprmina%e
with advanced age retain their viability since they are
capablé,of germinating in response to a heat shock (dafa
not sh&wn). Experiments were not conducted past 20 d
after frulting since ;orocarps dry to such an extent that
harvesting of spores is difficult. .

D. discoideum straip NC4 is normally coné;éerea
"wa}d type". Howeverg this strain has been in laboratory
cﬁ{%ure for mahy jears. Since laboratory culture cpndi;

%ions‘are known to exert selective pressures on B«

discoideum (note the isolation of the SG mutants), the
poséibility.was consideréd that the effect of age on
strain NC4 spofes was an artifact of long term laboratory
selection. In ordér to determine whether the aging
pﬁenomenon was ;aturai (i.e., a characteristic of true
"wild typéhlsﬁoreS),'or an artifact, similar tests were
conducted en a fresh D. discoideum isolate. -D. discoideum

“-\
strain JC1 was a gift of Dr. James Cavender (

Univ.,
Athens, OH); and was freshly isolated fr;m thé.sofl -
(August, 1977). Immediately upon receipt of the cylture,
spores were lyophilized to preserve the "wild type
phénotype. Spores were revived from lyophilization wnd
cultured in such a manner that the working materi®l
repfe;ented products of ohly-the third sporulation in
laborétory culture. Data in Fig. 6 demonstrate that

strain JC1 spores also autoactivate as a result of spore
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Figure 6, Age induced autoactivation of wild type
(g%rain JCi) Dictyostelium discoideum spores.
Percent spore germination is plotted vs-time
in hours after suspension in phosphate buffer;
(O) 2 d old spores; () 9 d old spores;
() 16 4 old spores.
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. maturation. While the kinetics of age induced gefmination
diffeC between stralns JC1 and NCR the observatlon of the
autoactlvatlon phenomenon suggests that 1t is not an’
*Hfiv-“f: " artifact of laboratory seleetlon. S B .
It should be noted,that age 1ndueeé_autoactivation
of wild type D. discoideum spores is somewhat veriable.
. ~ The peériods of time before the onset and peak of auto-
%J\ activating ability are nof very reproducible. Mingr
variations in laboratory temperature and humidity probagzg'

account for most of thds variation. -

. \ ' Inve +i fions 0 age induced spgie autoactlvatlon

were not exhaustlvely pursued due to this varlablllty
and the 1nceuven1ence Of the requlrements for- aglng and
long lag times. Autoactlvatlon of wlld type spores was -
" investigated only when necessary to confirm characteris-
tlcs of mutant spore autoactivation.. - As will becoﬁe
— - apparent belou the mutations affecting strains SG1 and
. SG2 probably induce a "premature maturatlon" phenomenon.

Strains SG1 and SG2 were 1nvest1gated as a paradlgm

for autcactivation in general.

3. Autoactivation of Spore_Germinatioq_Among-Other
- Acrasids e |
Spores of other strains of D. discoideum aIEe
% ' ‘ demonstrate autoactivation to a limited,extentl For
instance, D. discoideum strains B, AX3, and HC9I spon;

taneously germinate to approximately 25% within 5 h after
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suspens1on in phosphate buffer. No effort was made to
exten51vely study autoactlvation in these strains. however.
for the.following reason: these genefically marked S

strains were isolated after mutagenesis with nitroso-

_guanidine (Ennis and Sussﬁan, 1975; Loomis, 1975), and

appear to have multiple gehetic defects. 'For instance,

ulspdres of strain B are oval rather than the normal

capsule shape of strain NC4, Additlonally, strain B
spores germinaie somewﬁat asynohronously after heaf activ-
ation at 45 ¢ for 30 min‘(Ennis and Sussman, 1975).
QL'diséoideum strains AX3 (axenic growth) anleC91 (Brown
pigmented sori) are similarly disturbed. hBecaose’of the
mutagenesis in their histories, these strains are consid-
ered Er be défective, and any data obtained ftom them

must be considered su5pect. Therefore, these strains

were studied only- for the purpose of comparison with

data obtained from the spontaneous germinator mutants.
Other slime mgld species demongtrate autgactivation

of spore germination, Spores of two strains of Dictyo~

Stelium purpureum spontaneously germinated up to about

50% within 5 h. Cloning of these pfpulations would

probably yield a homogeneous populakion similar to that

reported by Coco and Kornfeld (1978). ictyostelium
‘\______‘_,""

mucoroides spores may also autoactivate., Of ten strains

tested, four demonstrated spontaneous spore germinaiion.

0f these, three'autoaotivated~to'high percentages.

D. mucorocides var. Stoloniferum spores have previously
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been shown to'germinate immediatply‘afféf"sorocafps
topple over (Cavehder and Raper, 1968). Thus, spontaneous
germination in this variety is not syrprising., D. mucor-
oides strains MA1 and NY2 do not appéé? to be members of

the Stoloniferum variety, however,: since sporés do not

germinaté onl ‘the spent agar surfacé;when sprocérps
‘collapse. The difference in tﬁé_aﬁility of spores, to
autoacﬁ}yate could reflect’ their status in the "D,
mucoroides complex"{Cavender and Raper, 1968). Spores

from Polysphondylium pallidum and Polysphondylium

[y

vioaceum do not appear to be capable of autoactivation.
7 ‘
Autoactivation was. not extensively studied in

species other than D. discoideum Very little is kriown
. of spore germination in D. pufpureum and D. mucoroides
coﬁpared to D. discoi@eum.' Therefore, emphasis was .
placed on furthering our knowledge of the one species

rather than extending our studies to others. Autoactiva-

tion of spore germination in D. mucoroides and D. purpureum
was examined only for the purpose of comparison with

the process in D. discoideum.

4, General Aspects of Dictyostelium discoideum
.Autoactivation ‘ |
.a. Comparison of growth and deve}opment of wild
type strain NC4 and mutant sfréiﬁs SG1 and S5G2

Mutant strains SG1 and SG2 are similar or identical

to wild type strain NCA4 {haploid) in regard to growth
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and sporulatidn. .The fruiting bodies of strains SGl.and
SG2 are equal to or slightly larger in size than those |
of straln NC4. No abnormalltles are noticeable in the
morﬁhology of_freéﬂ sorocarps from the mutant strains.
Strain SG2 is occasionally observed to form "secondary
sori" in which spores within the sorus germlnate and
1mmedlately reform_frultlng bodies. Such sorl extend
from within tho primary sorocarps. The phenomenon'is
especial%y ovident in very humid culturos. The humid
conditions allow Sorocarps to také'up'considerable
amounts of @oisture as evidenced by their turgid appear-
ance., Thié _.tilu‘teS'the autoinhipitor and
reduces the osmotic pressure, a iowing spores to germin-
ate in situ. When sorocarps frogpstrain SG2 are incubated-
at ambiont laboratqry conditions at ca. 96% relative (>?
humidity, approximately 50% of the -spores germinate within‘
.5 d, They do not germinate in situ at ambient laboratory
‘;fhumidities. Strain S8G1 spores do not appear to germlnate
,in situ under similar conditions, and rarely form secon—
dary sorl. :
Mutant strains complete their 1life cycle somewhat
more rapidly than .strain NC4, At 23 C, strains SG1 and
SG2 sporulate approximately 3-3.5 d after inoculation
~onto glucose-salts agar plates. Strain NC4 requires
approrimately L4 4 to complete its life cycle. Presumably;
this difference is due to the capacity of the mutant

spores to germinate earlier than those of the wild type.
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Thus, these strains begin their vegetative phase earlier
rathef than have accelerateé growth rates. Spoges from
mutant sfrains“aré virtually.indist;nguishable from those
of strain NC4 (haploid). The gé?ﬁfﬁation process of .
mutant stféihsiSGI and SG2 is-identicél to that of strain
NC4 after exogenous activation. Strain SG2 is, of.course,
the opp051te matlng type from strains SGt and NCU,

reflectlng 1ts orlgln from 'D. dlsc01deum strain V12

rﬁ\\\\ . Dehsity-dependencé of autoactivafidn

In previous representations of spontaneous germina-

tion (Fig. 4-6) spore densities have been adjusted to

1 x 107 spores/ml., Under these conditions, spores cqpable"

of autoactivating do so synchronouslj and to high percent-
ages. However, tﬁere is a marked bqsitiye concentrafion
dependence of aﬁtoactivation. Spores.suspended in phos-
phate buffer atl x 106/ml germihate asynchronously and
to lower percentages. The resuI@s preseﬁted in Fig. 7
show that SG1 spores at 1 x.loé/ml-germinate to only
about 30% within 4 h, while fhose 2t 1 x 10?/ml show
essentially complete germination at this time. ﬁSimilarly,
SG2 spores germinate very poorly aﬁ'l X 106/ml, while
those at i X 10?/m1 germinate rapidly and synchronously.
(Fig. 7). Aged -strain NCL4 spores also demonstrate that
_autoactivation is density dependent (data ﬁot shown)a '
While density dependence of autoactivationlcan be

demonstrated in a variety of spore preparations, it is
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Density dependence of autoactivation,
Panel A: strain SG1 spores; Pane% B:
SG2 spores; (A) sporges at 1 x 10°/ml;

strain

(A) spores at 1 x 10°/ml.
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variable:‘ At some times spores at 1 x 106/hl‘germinate
poorly; while at other times they germinate to high ‘
percentages. with a rate and final percentage approaching
that of spores at 1 x.lo?/hli(Fig. 8). The data in
Fig.-7 and 8 represent the tw0'extremes of density depene
dence. Subjective observations suggest that the varia-
bility in density dependence may be due to the effects of
humidity. Spores at 1 x 106/ml generally germinate weil
in the warm summer months, but do so poorly during the
winter months. While .ambient laboratory temperatures

are relativel unlform throughout the year, the humldlty
1n the labofatory is quite low in winter months and higher

in the summer. This difference is especially dpparent

in preparing cultures of D. discoideum. In the summer

months, 1.0 mluof a medium containing spores and E. coli
is added to each petri dish. After approximately 3 d,

the agar surface is dry enough to allow aggregation and

culmlnatlon of amoebae without interference by liquid.

In winter months, up to 2.0 .ml of the liquid must be

added-to each petrl dish to obtain a similar result due
to the lowered humidity. Additironal variations in -
humidity could result from differences in the amount of

[

agar in each petri dish, Eecatioh of the dishes within a
stack, and the temperature of the-agar when poured, for

exampie. Thus, the variations in dehsity dependence of

autoactivation .could result from a number of factors

affecting the hiyidity within the petri dish. The

y
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Figure 8. W density dependence of autoactivation,
ParrelA: straln SG1 spores; Panel strain.

SG2 spores; (A) spoges at 1 x 10$/ml;
(A) spores at 1 x 10°/ml. \
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possible effect of humidity on autoactivation will be

further discussed below. \

c. :Mediation by autoactivator substances
The.Sbservation of a positive density dependence
(hlgher levels of germination with higher spore densities)

of autoactlvatlon suggests the presence of Substances\
stimulatory to spore germlnatlon.31mllar to that found

in D. purpureum (Coco ana Kornfeld, 19785. This effect

ontrasts with tE?dnegatlve density dependence of auto-
inhibition of D. discoideum spore germlnatlon, whereby
higher spore densities result in decreased germination
(Russell andfponner. 1960). Solutjons in which D. <
discoideﬁm spores have previously spontaneously germinated
are stimulatory to subsequent germination due to the
presence of "aqutoactivator factors". When spores-are
added to filtered supernatants in.which spores have
previously spontaneously germinated at 1 x 10?/ml, germin-
ation proceeds rapidly and to high bercentages.

The information presented ie Fig. 9 shows the effect

of various "activated supernatants” on 861 spores at

1 x 106/ml. Supernatants were derived fram SG1 and SG2
autoactivation. In both cases, the supernatants stimulate
spore germinetion to an extent greater than 1f spores
were suspended at 1 x 10?/ml; Activated supernatants

algo stimulate strain SG2 spores in a similar manner .

(Fig., 9). Supernatants in which aged strain NC4 spares

at*
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Figure
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Effect of activated supernatants on strain

SG1 and SG2 spore germination. All data are
plotted as percent germination vs-time’ in
hours gfter harvesting spores., Panel A:

strain SG1 spores; Panel B: strain 3G2 spores;
(A) spores at 1 x 107/ml; () spores at

1 x°105%/ml in a solution in which SG1 spores
have prevéously'autoactivated; (O) spores
at.1 x 105/ml in a solution in which SG2

spores have previously auicactivated.

»
—
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“have autoactivated:ere also highly stimulatory to subse-

quent sgpre‘ger;ination (data not shown). 9
Fresh wild type strain N04 spores are, also markedly

stlmulated by the activated supernatants. While these

spores w1ll normally not germinate in the absence of an

activation treatment, addition of SG1 or SG2 autoactlvator .

v

preparations results in rapid, ‘synchronous spore germlne—_
tion (Fig. 1OY The rate and floal percent éermlnatlon'
‘compare favorably to that obtalned when spores are heat
aotivated at 45 C for- 30 mln. Agaln there is some
varlablllty in the phenomenon. At “times straln NC&
spores germlnate rapidly in response to the egtoactlvators.
At other times, howeper. NCU4 spores germinate asynchron-,
ously (Flg. 10), but still well above control. levels.
Whether this variability is due to dlfferences in the
efficacy of the,activated supernatants or in “the responses
of the spores is unknown, but the former‘possibility is
suspected. | '
Fresh wild type spores -show temporal‘variatio s in
response to the autoactivator preparetions. Spores o N
treated with the autoactlvators immediately after suspen-
sion in phosphate buffer respond well (albelt varlably)
to the germinant. However, 1? spores are incubated for
1 h prior to the addition of the autoactivators, the
-“response‘is diminished or totally abolisheo (Fig. 10).

This finding suggesis that there is a "competence period”

diiring which the substances operate. The period is about

Ve
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HOURS

Figure 10. Effec¢t of activated supernatants on strain

- NC4 gspore germination. Percent spoere germin-
-ation vs time in_hours. (A) 2 4 old NCL
spores at 1 x 107/ml; (A) same, heat activ-
ated at 45 C for 30 min. ([J) same, plus
activated supernatant from SG1 spores;
. () same, plus activated- supernatant from
. SG1. spores from a different lot added at
t = 0 h;same, plus activated sSupernatant
from SG1. spores from a different lot added
at t = 1 h; (Q) same, plus activated
supernatant from SG2.spores,

; ) | b
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1 h in duration!-after’whioh'Spores beoOmeﬁrefraotory
to the signal (Fig.-lly 'The'spores are still viable.-.
Slnce “they. respond to heat actlvatlon (data‘not’shown)
Mutant stralns/fél and SG2, 1n contrast have no such

competence period. Activated supennatants added at any

time, after Suspending the spores in phosphate buffer L

-

Lresult in a Stlmulatlon of spore germlnatlon., Data on_

the reSponse bf SG2 spores\to SG1 autoactlvator prepara-

L]

tion added at-various times is shown in Fig. Il.h -

.The effect of straln NC4 spore age on the response

»

[

-"'to the autoactlvator signal is complex. If the activator

‘substances are added to variously aged strain NCU sPores .

-

immediately after suspension in phosphate. buffer, all

spores resporid well (Table ;). “Aged (5, 7, and 9 4)

spores may reSpond slightly better than fresh (3 d) spores,

but the dlfferences are minor. However, variously'aged
spores show altered reSponses ‘1 h after suSpen81on of the
spores. Those aged 9 d germlnate well, while fresh -
spores show a greatly reduoed response fo_the delayed
—autoactivetor s%gnai (Table 1). Thus, one effeét of
age on spores may'be to eliminate thelcompetence period,
"This finding is consistent with the observation that
advan01ng spore age induces the spontaneous germlnator
: phenotype. Aged NCL spores become more like mutanht spores

in that they become capable of respoﬂdlng to the autoaotlv—

ator signal uphany time,-

hY
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Figure il.
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0 05 -0 - 15 - 20,

"+ - HOURS

Competence period in response to SG1 auto-
activator preparations. Data represent a
plot of percent germination at 5 h vs time

of addition of $G1, autoactivator preparation.
Spores in both cases were* treated Wwith cyclo-
heximide (100 ug/ml final concentration) to*
inhibit endogenous spore activation,

(A) response of NGU4 spores; s (O) response .
of SG2 spores, - .

.?r
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Table 1., Effect of Dictyostelium di:scoideum strain

NCH‘SpOre age on fhe,cohpetence period = - e
Spore ‘% autoactiv- % germlnatlona % germination
age (d) ation at 5 h at 5 h, "AA" “at 5 h, "AAY
. - added t = O=h- . added t = 1h
T — '
3 0.0~ 97.0 . Co. 27.0
5 . 0.0 - o97.0 . 58.0
7 0.0 '96.0° 68.0
9 0.0 | 99.0 . 84,0

& npp" refers to gddition of autoactlvator preparatlon.
resulting from_strain SG1 spontaneous spore germlnai
tlen at 1 x 107 spores/ml. :
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S Spores'shoW'a graded response o the addition of

| .__autoactlvator factors. A volume of the actlvated super-.
natant is-normally added to an. equal volume of spores 1n
phOSphate buffer., When the actlvated supernatant is
derlved from mutant spores which have spontaneously
germlnated at 1 X 10? spores/ml the resultlng 50% auto-
activator solutlon is sufficient to stimulate the entlre-
spore populatlon ( see, for example, Flg. 9 anquo). |
Further dilution of the activated supernatants”results in
diminished spore germination. Fig. 12 shows an example-
of a_dilution‘series.on the SG2 activated supernatant.

In this case, the autoact%yator preparation is tested.

.against strain SG2 sporesainhibited from.spontaneously
germinating by cycloheximide (100 ug/ml) . This.drug
inhibits autoactivation, but its effect may be overrldden
by the addition of autoactlvator factors (see below).

_ (The.purpose of inhibiting autoactivation in this ease

is to prevent autocatalysis of spore germination). As can
be seenlfrom Fig. 12, dilution of the supernatant,reduces

- the stimulation of spore germination.

" The plot oif- percent spore germinationykrelief from
oycloheximide inhibition) versws the percentage of the
lsolutlon as actlvated supernatant results in a hyperbollc
curve (Flg. 12). That this is hyperbollc is supported by

o the llnearlty of a. double rec1proca1 plot of the data

points (data not shown). This saturatlon-type plot is
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- Figure 12,
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-

Dilution series on SG2 act1¢ated supernatant.
SG2 spores at 2 x 106/ml plus 200 ug/ml
cycloheximide were mixed with an equal

volume of various dilutions of SG2 activated
supernatant., () represents percent spore
cermination at’'5 h after harvestlng VS,
percentage of the suspension as SG2 actlvated
supernatant.
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-not unllke that shown by many enzymes. These data may

suggest that multlple molecules-of the autoactlvator

substances must interact with each spore to induce ‘germin-

-

uatlon. ‘WBre only a s1ngle molecule requlred to activate

each spore one would expect a more 11near relatlonshlp

'.between.autqsctlvatqp concentratlon and spore germination.

=

"SG1 and SG2 spores. The_ability‘of‘supernatants to stim-

A similanﬁhyperbolio,relationship,exists between the *

.concentration of the autoaetivstors‘from straln =SG1

and percent spore germination (data not shown) .

d. Releasg-of autoéetivatoy substances during
'nspontaneous spore germination -
Autoactivator substances are not present in the
spore suspens1on prlor to germlnatlon. It is only after
pores ‘have begun to germlnatesfhat supernatants become
stlmulatory to subsequent spore germlnatlon. Data in

Fig. 13 demonstrate that autoactivator substances are .}

released during the swelling -stage of germination of both

ulate spore germination closely parallels the onset of
sppre swelling: Whether the se’ substances are specifically

excreted at this time or are 81mply components of the

.ﬂosmotically active material” released,durlng spore

swelling (Hohl et al., 1978) is not known.
Autoactivator substances are not released under
conditions in which spontaneous spore germination is

inhibited. Thus, spores prevented from autoactivating by .
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Figure 13.

Release of autoactivator factors during
spore swelling. Panel A: SG1 spores;
Panel B: SG2 spores; (A\) pertent spore
swelling at 1 x 107/ml vs-timeé 1n hours

after harvesting; (M) percent emergence

of myxamoebae; () and (Q) ability of the
supernatants to stimulate subsequent spore
germination: percent germination of SG2
spores (plus cycloheximide) is plotted vs
time of sampling. Percent germination yas
scored at 5 h after addition of spores to
the allquots. . : '
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varioﬁs'mqtabblic inhibitors or iﬂhibitofy conditions
' ’ ’ - ‘n - L] .1 - ‘ "
(see belbw)' - do not release -the stimulatory compounds.

Autoactlvators are not released by spores actlgated
to germlnate by the application of a heat shock. Regard-
. less of the straln, no autoactlvators are present in the -
supernatants after 8pores have gefm;nated in r95ponse to
heat activation. ' o | '

e. Effe¢ts of inhibitors and inhibitory conditions

-on autagytivation-

Autoaétivation of D. discoideun spores may be inhib-
iﬁgd by a.varietyiaf drugs and tfeatments.‘ Complete
inhibition-of'autoacﬁivation is considered torbé the
prevéntioﬁ of spores from spontaneously swelling and
reléasiné autoactiv&%dr factors. A numSer"of other - .
drugs and trggtﬁenté.whiéh are known.to allow spontaneous
spore Swélling and release of autoacfi&ators but inhibit’
the emergence 0f myxamoebae Qill not be considered here.-

Caution must be exercised in interpreting thé results .

yd

oﬁ inhibitor studies in D. discoideum spore ‘autoactivation.
One Gannot always'be’sﬁre that a specific drug is |
enterihg the spores, or that it has specific effects.’

As will be seen béiow,-suc@ considerafions ére important

in inferpreting these experimental results,

Cyvcloheximide

One drug of ﬁ’!ﬁicular intereat to a study of D.

discoideum spore ‘germination is cycloheximide, an inhib-
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itor of peptide'elongatéon (bavis_et‘al.. 1973). Several
previous studies have rgpor?ed that cycloheximide doeé
=notablocg the swelling étége gf-spores acﬁivateq 1o
germinate by a heat shock or.dimethylsulfoxide (DMSG)'
treatment (Cotter and Raper, 1966. 1970;'Bacon and
_s‘u-ssman. 1973; Yagura and Iwabuchi, 1976; Giri and Ennis,
4977). This inhibitor 'does, however, prevent the emer-

gence, of”m&xamopbae. Several workers have used this

"Bvidénce to suggest that protein synthesis isjnot required
for heét indudéd spore swelling (Cofter and Raper, {?66,
1970; Yégﬁra and IWabuchi, 1976). However, Bacon and-
‘Sussﬁan (1??3) inferred that protein éynthesis is required

]

'fgr‘spbfe swe;liﬁgwbut that dormant spores are impermeable
téithe Arug. - a | |
. Ao
gutogctivatipn of .D. discoideum spores is sensitive
toiqfcloheximiderap 100 ug/ml. Spores fail to spontan-
eously swell in the presence'gf the drug (Table 2 and
Figf 14), Thus, sporés capable of autoactivation are
__éefméable to pycibﬁeximide. More tellingly, SG spores
activated by heat ‘shock in the:présence of cycloheximide
swell normally (Fig. 1&). Therefore, protein synthésis_
is not required‘for sWélling of heat activated spores,
since the event still occurs under conditions where cyclo-

heximide can enter spores and inhibit protéin synthesis

by greater than 90% (Cotter et al., 1979).
' “\

N
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‘Pable 2.

Effect of various inhibitors and inhibitory

.conditions on autoactivation

Spores Drug or concen- + drug +AA., 45‘0.:30 min
- - treatment tration
(ug/ml)
Sel -  control p 100.0% 96,0 95.0
SG1 cyclohex- 100, 9.0° 99.0°  99.0°
imide, | -
se1 Edeine 200 18.0° ok.5°  98.5P
SG1 Thi%lutin 100° 2.5 81.5°  93.5°
~_ &1 Daunomyein 250 0.0 1.0° = 89.0°
SG1 4NQO ---C g.o®  87.0°  36.0°
se1 ¢ UV —— 62.5° 99.0%  99.0°
SG2 control _—— 98:0. 96.0 94,0
sa2 cyclohex- 100 0.0 99.0°% .£98:0P
imide
62 Edeine 200 9.52 738.5°  97.5°
562 Thiolutin 100° 0.5 69.5°  gh.sP
saz Daunomycin 250" 0.0 3.0° I, 0"
 se2 4NQO — 3.5% 96.0°  s8.0°
G2 uv - 47.0° 99.5° - 99:0°

4 All values represent percent spore germlnatlon 5 h

after harvesting of spores.

b
cC

Saturated solutlon

Emergence of myxamoebae inhibited.

d In all cases, spores were at a den31ty of 1 X 10?/ml
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Figure 14.  Effect of cycloheximide on SG2 spore
germination. All points represent percent
‘spore germination vs time in hours after
spore harvesting., Panel A: ~ (A) SG2 spores
at 1 x 107/ml; (M) SG2 spores at 1.x 107/ml
in 100 ug/ml cycloheximide; ([J) SG2 -spores
at 1 x.107/ml in 100 ug/ml cycloheximide plus
SG1 autoactivator solution; Panel B: (O) sGz2
spores heat activated at 45 C for 30 min;
(@) SG2 spores heat activated at 45 C for
30 min in 100 ug/ml cycloheximide.
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‘The effect of cycloheximide on. autoactlvatlon s

‘ . another phenomenon subaect to some varlablllty While SGZ

- \ ~

- spores are consistently sensitive .to cycloheximide, SG1 -

spores range in‘sensitivity from 0 to 100%. The sensitiv-
ity of strain SG1 spores to cyclohex1m1de generally
correlates with the concentratlon dependence of autoactlv—‘
ation, and may therefore be attrlbutable.to humldlty.
differences. Aceordinglyf this topic will be discussed
below in that context. )

| Cycloheximide inhibition of autoactivation is’pveq—
come by the addition of autoactivater substances (Table 2
and Fig. 14)., Whereas ‘the drug elene completely inhibits
SG2 spore swelling, cycloheximiee plus crude autoacti?atef
preparetions allows a high percentage of spore germination.'
While there is often an alteration in the rate'ef auto-,
activation and a ﬁortion of the spores remain ungerminated,
the autoactivator preperation dramatically stimulates

spore germination. Similar results are obtained with SG1

spores treated with cycloheximide (Table 2). Thus,

spontaneous spore swelling (germlnatlon) apparently

requlres protein synthe51s, but}thls requirement can be
obviated by the addition of aytdactivator factors.

However, emergence of myxamoebae is still preventee'by
cycloheximide.

- Both SG1 and SG2 spores remain sensitive to cyclohex-
imide until approximately 0.5 h before-ﬁge‘onset of epore
swelling (Fig.:15). If the drug is'edded after this time,‘
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Figure

L}

Time of loss of sewisitivity to cycloheximide,
Panel A: SG1 spores; Panel B: SG2 sSpores.
(A) percent spore germination at 1 x 107 /ml
vs time in hours after harvesting; () per-
cent spore germination at 5 h vs time of
addition of cycloheximide to 100 ug/ml.

e
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“spores swell ndrmally}. Thus, 2 crltlcal synthetlc event
occurs about 0 5 h before spore swelllng, after thls
gynthetlc‘event, spores are c?mm;tted to swell, - Th ,'
'synthetic event does not cofrespénd to the release Bf
the autqactivatof_factors, since thié.bccurs concomitant-
ly with spore swelling, not, before (see Fig. 13). -

Qdeine-‘_ : : \ ~
Anotﬁer inhibitor of macromolecular synthesis which
inhibits spontaneous spore germination 1§/éﬁgzﬁe at
200 ug/ml (Table 2). Edeine is an 1nh{b1tor of the
initiation stage of profein synthesis which acts by .~ -
interféring with the binding of methionyl—tRNAf to the
Los riboqgmal subunit (Odom et él;, 1978). The effect
of this drug supports the conten%ion‘tﬁat protein -synthe-
sis is required for autoactivation; -Addition of auto- "
activator substances overrides the inhibition of spore
swelling caused by edeine. Appllcatlon of a heat shock
also allows spores to swell. Thus, the ‘effect o; edelne
on autoactivation appears to be- identical to that of

cycloheximide..

Thiolutin

Thiolutin (3-4 ug/ml) has been shown to inhibit RNA

synthesis by affecting DNA-dependent RNA polymerase
activity (Tipper, 1??3). This drug also inhibits auto-
activation, and hay be overridden by addition of auto-
activator substances (Table 2). Its effect méy also be

overridden by heat shock. This observation suggests that
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RNA synthesis is also requlred for ﬁptoaotlvatlon.
However, it should be p01nted .out %hat thiolutin may
have multlple effects.on the Spores. For instanoe, some
data suggest that the druguay also inhibit protein’
'syntheeis:(D; J. Tipper, personal dommunication to D. A.
Cotter'énd L. S.-Tisa) Thiolutin may also affect respir-
atory metabolism, since treatment of vegetatlve amoebae ‘
‘with the drug results in an 80% decrease 'in ATP levels
_(F.‘J. Garnish, L.S. Tisa. and D.tA. Gottef, personal
communioation). Whatever the cellular effect, it-is
obvious that thiolotin reedily enlers the sporee_and
inhibits autoactivation.

The observatlon that thlolutln 1nh1b1t10n of germin-
atlon is overridden by an exogenous activation treatment -
confllcts with thatﬂreported by Glr; and Ennls,(19?7).
These worke;s showed a failure of DMSO activated spores
to swell in the presence of 100 ugzni.;h%oiutln, and
used this evidence to‘suggest that HNA synthesis is
-nequired for spore "germination" (these workers did not
state wnether they considered spore swelling or emergence
of myxamoebae to be germination) It is p0531ble that
these confllctlng results may be due to Giri and Ennls‘
(1977) use of 1% DMSO to increase the ‘solubility of
thiolutin. The drug used in fhesé:experiments-was.at '
1100 ug/ml, but the solutions were'saturated.- Therefore,

the effective concentration of .the drug was reduced.
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The difference in.results is not due to tﬁe.use‘of heaf-
activation.ra{hgf than DMSO éctivétiohﬂ since %hiolutin'

in 1% DMSO also- inhibits the swelling stage  of heat .
:activatéd‘QL diécoideumlspores (L. S, Tisa ang D.fA; e
Cotter, persénél commuhicéfidn).:'Sinae satisfactory
inhibitioh of autoactivation was obtained ‘without the -

use of‘l%.DMSO, no atﬁempt was made to‘incréasé the
soiubiiity-cf the drug. |

"L_oNitrbguinoline-1-oxide

The drug 4-nitroquinoline—i-oxide (4NQO) is a potent
carcinogen and mutagen (Tada and Tada, 1976). Its ﬁ:imary'
‘cellular effect is mediated throdgh a highly carcindéenic‘
intermédiate,ﬂérhydroxyaminoquinoline—l—okide, which

" binds to puriﬁés (especially guanine); but does not
significantly affect pyrimidines (Tada and Tada, 1976).
The drug inhibits RNA synthesis by reducing the _templa'fce |
ability of;DNA (Tada et al., 1967), and by inhibiting v
' DNA~depéndent RNA polymerase acfivity (Paul et al., 1967).
4NQO results in Towered levelSiof protein,‘RNA, and

DNA in Hela cells (Amsterdam et al.,.196?)._ The drug
apparently.regultS'in ?he synthesis of\ﬁNA fragments,

as there is an increase 'in the le%els df soluble, non-
amino acid éccepting RNA (Amsterdam et al., 1967; Paul

et al.,, 1967). The effect of 4NQO has been likened to
ulfraviolet’irradiation in that theIHNQO—purine cdmﬁlex
i1s inhibitory to RNA transcripﬁioﬂ; and the excislon

repair of the lesions results in high rates of mutation



‘(Iﬁghega et ei;, 19?5)? ' A - s

4NQO is inhibitory to-auteactivafion oi;mufané
strains SG1 and SG2 (Table 2). In the\prSence of éat-
'urated concentzgjlons of the drug, germlnatlon is 1nh1b- ‘
‘1ted by greater than 90% The effect of 4NQO 1s overrld-
den by the addition of SG1 autoactlvator preparatlon ‘but
is only pqifdally everrldden by the application of a
-heat shock.. Emergence of.myxemoepae is prevented ﬁy-xhe‘,'
presence of QNQO -

"While this data might suggest that RNA synthe81s is
requirgd for autoactlvatlon, the results are again
equivocal 4NQO binds to purine residues, but apparently
does not dlstlngulsh between RNA and DNA (Tada and Tada,
1967). Thus, the drug could affect the 1ntegr1ty of
tﬁe ﬁNA template and reduce or prevent protein synthe-
sis. Severa%_groups have reported'reductions in total
cellular protein after treatment with 4NQO (Taya et al.
1967; Namba et al., 197770 The observatlon that heat
.actlvatlon does not completely overcome 4NQO 1nh1b1tlon
of germination euggeste that the drug may not be speci-
fically.inhibiting RNA synthes;s,'siACe eech synfhesis
is apparently not required for spbre swelling (Cotter
- and 'Ra'pe.r, '1966; Yagura and vaa'.b{zthi, 1976). If 4NQO
were affecting dnly RNA synthes};: qnéfWoeld exXpect

spore swelling‘%espite the'presence of the drug.
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‘Daunomycin

- ﬁeunom&cin-is an inﬁibitonfof‘RNA}symtﬂesié which -
acts in a manner‘eimilar to actinomycin D, ethidium
bromiae. and related drugs (Ward et al., 1965;'Kersten,a‘
1971). That is, the drug “iE_terchelates DNA molecules
amd disrupts the template. Itb.effect is to ﬁrevent the
DNA-dependent RNA polymeraee from transcribing tme DNA:

Dauhemycin is inhibitdry‘to autoactivation ofmSGl
and SGZ2’ spores (Table 2). However, its effects cannot
be overcome by the addltlon of SGi autoactlvator pren-
aratlon, and SG2 spores are not relieved from daunomy01n

1nh1b1t10n by heat shock. SG1 spores swell to a high .

percentage after he§;’§iffk (Table 2). The lack of
relief by autoactiﬁa'or,substances and heat shock ‘(S62)

suggests that daunomycin may be cytotoxic to functions

other than RNA synthe51s, thus, these data do not allow
one to speculate about the requirement for RNA

x

synthesis during-autoactivation.
[

Ultraviolet irradiation

From the data abovedlit.is possible to suggest that
protein synthesis is reqdired for auto&c%?%ation\of-
mutant Strains SG1 and SG2. A similar requ1rement for
RNA synthe51s has not been equlvocally demonstrated due
to the p0351b111ty of their being secondary effects

frem,the drugs. ~One further treatment used ln an

attempt to determine the requlrement for RNA synthe513'

]



during autoactivation was the use of ultraviolet'(UVJ
irradiation.~ The major cellular .effect of UV ig the
1nduct10n of pyrimidine dlmers in HUClElC a01ds (Beukers

and . Berends, 1961 Setlow, 1966),_renderlng DNA unsult-'

- able as a template for RNA synthesis. Thus, UV treatment

may be con51dered an RNA synthe31s 1nhibifor. 

Heat activated D. discoideum spores sWell.normally
' -despite the UV treatment\(Table 2 and Flg. 16), butﬂln
mykamoebae fail to emerge. A portion of the‘mutanf spores
_ spontaneoosly swell despite the UV treatment, but the
. klnetlcs of autoactivation are different than those of
non- 1rrad1ated spores (%lg 16). Unlrradlate% spores
germlnate rapldly with sigmoid kinetics.f UV treated
spores begin to swell normally, but soon Show a distinet
alteratlon in germlnatlon klnetlcs. Flnal percentages .
of germination are often reduced (Table 2).. Even
massive doses (15 min, 20 cm) of UV radiation do not
appear to‘increase'phe inHibition of'sporw\germination.
Autoactivator substances added to the UV irradiated
spores overrides tﬁe effect, and spores germinafe'
normally (Fig. 16). I C . ¥

Supernaﬁants’derived from UV irradiated spores are
only minimally_stiﬁplatory to subsequent epore germina-
tion (data not shown), In contrast, supernatants from
the non—lrradlated spores are highly stlmulatory ' This

observatlon may suggeet that 1rrad1atlon of spores inter-

o
-~



_'IOOF

%

S0 F

_?2._-

Figu;e 16,

NS

HOURS,

Effect of ultraviolet irradiation on auto-
activation. All data points represent
at spore germination vs time in hours
after arvesting of spores or end of activa-
gatment.  (A) SG1_spores at 1 x iO§/hl;
spores at 1 x 107/ml, UV irradiateqg '
for 2 at 20 cm lamp height;” () SG1
sporeg, WV irradiated ang h%ﬂ% shocked at
k5 C for{ 30 min; (@) SG1 spores, UV °
lrradiated and treated with SG1 autoabtiv-,
ator preparation, -




73

feres w;th the synthesis or release of autoactivator.

faetofs. However, low concentrations of the factors

synthesized. or already present despite the U\\lrradliflon

-

might be sufflclent to 1nduce at least partlal spore

germination. The. response of spores to autoactivator
factors is not affected by UV; raﬁher, the autocatalysis
of germination appears to be affected.

" . ‘
The observation ghat uv irreﬂ&atiop affects&eutoac-

tivation and release of autoactivator factors suggests
thatﬁﬁNA synthesis is required for the process. Osten-
-81biy, DNA w1th1n the 8pore is damaged to the extent
that it can no longer serve as a template for RNA syntheu
sis. One must, however. consider this data to be equiv-
ocal. Whlle the prlmary photoproducts of UV irradiation
are thymine dimers (Beukers and Berends, 1961; Setldw,
1966), one must also con81der that other pyrlmldlne
'dlmers, strand breaks, and damdge to bases also occurs.
These ofher lesions are not necessarily sPeoific to

DNA, but rather can also occur in RNA. Thus, while the
data appear +to show that RNA synthesis is involved in
autdactivation, no concrete evidence exists. In

summary, the process of autoactivation of D. discoideum
spore germination appears to require protein synthesig,
and may of may not also require RNA synthesis.

Deactivating conditions ° Y

Various other treatments iphibit au%oactivatiop of

e “ i ‘ ) - \\
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mqtantrépores; Mény_of these-tfeatmehts"induce "deactiv-

‘ating conditions” that render evén heat activated spores.

incapable of germination (Cotfgr et ai.. 1979) . “Thus,"

it ¥8._not surprising tﬁat’éﬁmg of these treatments
interfere with autoactivation (the'effe;ts df theése
treatments on ﬁeat activated mutant spofgs will be
considered below).  -~_ |

Mutant .spores treated with high osmotic préQ%Ure

induced by 0.25 M sucrose fail to germinate. Addition

of autoactivator substances does nof override this inhib-"

ition. 'Spores washed from the sucrose solution or
sucrose plus autoactivator solZtio® and resuspended in"

phosphate buffer germinate‘normal an&htq high percent-

‘-

1 4

ages (data not shown).
Mutant spores treated with the temperature extremes
0f 0 C and 37 C fail to autoactivate. Upon release from
the 37 C treatment, SG épqres germinate to‘h;gh percent-
ages (37 C treatment is in itself an activation treat-

ment-sée below). Upon release from 0 é-treatment after

24 h, SG spores germinate to high percéntages but require

a somewhat longer lag period. Autoactivator substances
added-to spoyes at either temperature extreme fail to

%o induce spoxe germinatioﬂ,‘but spores’ germinate rapidly
upon returﬁ to the permissive-femperature af 23.5C

(data not shown). Mutant spores treated at 50 C for

30 min fail to autoactivate-éven after 5 h at 23.5 C



v

regardless of whgther autbéctivaté: substdnces are added ¥

to the susPension (data not shoyn). This observation is
consistent with earlier data (Cotter and Rapef,_19ééa)~
which showed that 50 C for 30 min is lethal to the
majority of the spore population.

Spores are also temporarily‘inhibited fromsaﬁto—
activating by:cyanide.‘ This drug is an inhibitor of the
-mitochondrial electron transport system. In the presence
of 2 x 10'3M cyanide,fSGl spores autoactivate to‘oniy
.1.5% after 5 h (Table 3). However, after 18 h spores
have germinated to high pefcentages. Autoactivation is
not completely inhibited by cyanide, but rather is
delayed. Germination in the présence‘of cyanide appears’
to be normal, since viable—appearing myxamoebae emerge
from swollen spores. Autoactivator'?ubstances_added'to
cyanide treated strain SG1 ‘spores stimulate store germin-
ation. Addition of autdéctivatot factors results in
L8% germination after 5 h (Table 3). Heat activation of
cyanide treated SG1 spores appears to result in a slight
stimulation of épore germing}ion. However, this germin-
ation is probably due to autoaqtivation rather.thaﬁ
tesponse’to the heat treatment; since cyanidé causes
deactivation-of exogenously activated wild type spéres
(Cotter et al., 1979 and Table 5). |
| Oxygen uptake.data are consistent with the above

’ -
observations. Spores treated with cyanide show_ an

-



Table 3. Effects of cyanlde and SHAM on D. d1s001deum

straln SGI spore germlnatlon

k3

Treatment® oxygenb-' % germination' % germination:
uptake . at 5h . a? i8 h

control T 17.90 " - 98,5 ' -

QN - 805 * 1.5 . 90.0°

SHAM- 18.84 . 10,59 _fj 34, 09

CN + SHAM 3.450 . 0.0 32,09

AA 59.67 99.0 J—

AA +:CN  © 14,10 48,0 - 80.0°- %

AA + SHAM ~  30.77 _ 79.0d. 99,09

A N 13.60 0.0 ‘ 82. 09

HS — L9745 ——-

HS + CN —— 8.5 91.5

HS + SHAM - — 89.0% 3 gu,0f

ppbreviations: CN =. treatment_with 2 x 10-3-M cyanide;
SHAM = treatment with 5 x 10~J M salicylhydroxamic acid;
AA = addition of SG1 autoactivator preparatlon,
HS heat actlvatlon at 45 C for 30 min.

n.n

boxygen uptake is expressed as ul Oz/h/l X 107 spores
estlmated germination due to clumplng qf myxamoebae.

demergence of myxamoebae inhibited.'



approxlmately 50% reductlon 1n oxygen consumptlon.
Treatment of ‘spores w1th autoactlvator factors markedly

stlmulates oxygen uptake in untreated spores. Addition

. of the factors to spores treated with cyanide results in

‘an 1ncrease in oxygen uptake to levels approachlng that
: of the controls (Table 3).

Salicylhydroxamic acid (SHAM) is also inhibitory to
strain SG1 autoactivation. SHAM is an inhibitor of
the cyaﬁide insensgitive alternate oxidase pathway.
Treatment of spores.Wifh SHAM differs from cyanide in
that emoebae do not emerge from éwollen‘spores, euggest;ng
that the drug is cytotoxic. SHAM does not affect oxygen
uptake by autoactivating spores|(Table 3). o

Addition of auﬁoactivator factors to SG1 spores
treated With'SHAM stimulates germination. However,
amoebae still fail %o emerge from swollen spores. SHAM
inhiﬁits the autoactivator-induced increase in oxygen‘
consumpt%ﬁh by about 50%. Thus, it is possible that at
1east pert of the increase' in exygen uptake by spores
treated with the autoactivator factors is attributable

to SHAM sensitive respiration. SHAM alone does not inhib-

-it the swelling of heat activated SG1 spores, but appears. .

to delay it somewhat. ThiT observation is consistent

with that reported by Cotter et al., (1979): SHAM does ™
. :
not induce spore deactivation and reduces oxygen uptake
: °

by only 18%. : .

N e+ nman = =
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Treatment of SG1 spores with both cyanide and SHAM
also results in an inhibition of autoactivation and |

oxygen consumption (Table 3)t The oxygen uptake under

onditions is probably attributable to use by the

ype oxygen electrodes. Althoygh né spore germina-

' tibn is detected after 5 h, spores swell to some extent

within‘18 h. This germination a{ter'18 h may'be.due to

los‘s of the potassium cyanide x5S cyani'c acid vapors., ﬁ
Spores of strain SG2 respond 1n a similar manner to

treatment with cyanide and/or SHAM (Table 4). While

there are several differences in the extent of responses

to inhibitory conditions, the results are consistent.

That is, cyanide and SHAM both delay autoactivation, but

this delay is partially overcome by the gddition of

autoactivatorqgubs%ances or heat activation.

D. discoideum strain NC4 spores show no germinatio&kh/

after 5 h regardless of whether they are treated with

cyanidewand/or~SHAM (Tabie_S). This is consistent with
their being constitutively dormant. After 18 h some~
autoactivation of untreated spores has occurred, and
this autoactivation is sensitive to cyaﬁiée and SHAM.
Strain NC4 spores treated with autoactivatof factors ~
rgspond to treatments in a manner similar to" the mutant |
spoﬁes. Wild type spores activafed by the application

dﬁ'a heat shock respond as rqported‘by Cotter et.al.,

- (1979). That\ is, spores are deactivated by cyanide, but -

-
+
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Table 4. Effects of cyanide and SHAM on D.. discoideum

—— b - .
strain SG2 spore germination®

ey

" Treatment® % germinétion % germination
: \ at 5 h " at 18 h
céntrol . ' ' 96.0 -—-
cN 0.0 60.5°
SHAM 2.0 . 26.0°
CN + SHAM . . 0.0 1,50
AR - 99.5 -
MM+ ON . 14,5 - 55.0°
AA + SHAM - Hou.oa [
e 0.0 | 2l 5P )
HS 99.0 ——- "’
HS + CN S 14.0 @C
HS + SHAM 85.0° -
HS + CN | : ‘ b

 *Abbreviations: CN = treatment with 2 x 1077 M cyanide; '~
SHAM = treatment with 5 x 10-3 M salicylhydroxamic -acid; -

. AA = addition of SG1 autoactivator preparatlon
HS = heat actlvatlon at 45 C for 30 min. -
Pemergence of myxamoebae 1nh1b1ted. e

Cestimated germlnatlon due to clumplng of myxamoebae.

~
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Table 5. Efchts of' cyanide and SHAM on D. discoideum

_strain NCW spore germination

“ffeatmenf? oxygen® % germination % germination
uptake at 5 h : at 18 h
~ control _——— ' 0.0 64,0%2d
SHAM ) -— . . 0.0 " 0.0
CN + SHAM = 1.63 0.0 X 0.0
AA ——- 92.0 ——
AA + CN 14,24 - Ao 43, 0%
AA + SHAM - bs,0% -, . 52.0°
AR + CN ' - e
+ SHAM 2.12 00 | 2.0%
HS - 96,0 _—
HS + CN - -l . 0.0 0.0 -
HS + SHAM ——- 69.0° : ——- .
HS + CN ' . , ' o
+ SHAM T -0 .o
4 s N

Abbreviations: CN = treatment with 2 x 10—3 M, cyanide;
SHAM = treatment with 5 x 1077 M salicylhydroxamic acid;
AA = addition of SGé autoactivator preparation;

HS = heat activation at L4s C for 30 min.

boxygen uptake is expressed as ul Oz/n/l X 10? spores,
‘and was measured during the first 5 h only.
CSpores were 5 4 old and showed some age induced auto-
activation:betweem 5 and 18 h. ~ -~
. .
destimated due to clumping of myxamoebae:

eemergence of myxamoebae inhibited.

N

=
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SHAM alone,merély‘slows germination. L
Severad oits of information may be gieaned from ‘the

data 1n Tables 3 5 Spores are capable of consuming |

oxygen and autoactlvatlng despite treatment with 2 x

10 -3 M cyanide. This germlnetlon is extremely slow and

asynchronous, The' ocess appears‘to oceur no}mally and

-

Vlable amoebae emerge from the swollen spores. 'The

|
~

sPores are apparently obtalnlng the energy necessary for
.Spore germlnatlon from a source other than oxldatlve'

phosphorylation by the usual eleotron‘transport system.

Treatment of the spores wi th 5 X 10'3 M SHAM.largely‘

abolishes the ability of spores to consume oxygen in the

‘presence of cyanide., - It fherefore'appears that the SHAM'
3 . .

sensitiée pathway'produces-fhe energy necessary for
spore germination. SBAM itself is inhibitory to auto-
_activa%ion, although it does not seem to affect oxygen -
consumptlon 1n the absence of cyanlde The ,silure of
myxamoebae to emerge from SHAM treated spores suggests;

that the compound is cytotoxic to vegetative cells.
A

sSpores whlch germlnate are kllled but SHAM only delays o

spore ge%mlnatlon. : 2

.",
Treatment of cyanlde treated Spores w1th autoactiv-
.ator faotors results in a stlmﬁlatlon of germlnatlon and
an 1ncrease in oxygen consumptlon. The stlmulatlon in

oxygen oonsumptlon is not obsbrved when sPores are also,

treatedhw1thuSHAM.' Thus, some oxygen consumed results

ot
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from g‘stimulation of the SHAM senmsitive pathway by the

_autoactivator subsFances. In the absence of cyanide

and presence of SHAM, autoactivators stimulate cyanide . -

L

sensitive res§§ration. \Thus..the autoactivator factors
are .capable of étimdlating both cjanide sensitivé and
‘SHAM sengitive respiratory'pathways} "In the presengéj“m:
gf both cyanide and SHﬁﬁ, no increase in oxygen Eonsump—
tion is observed when spsres are treated with the aufo:

gctivators.
. g

L. Exogenous Activation of Mutant and Wild Type

<@

»

Dictydstelium discoideum-Spores1

- a., Lowered activation requirements

Dictvostelium discoideum spores may be ac;ivated

t6 gérminate by the.application of a heat shoc;. Optimai
thermal acfivation occurs afte? tréatmen% at 53 C for

39 miﬁ (Cotter and Raper, 1966, 1968ffCottéf;.19?5).

Such 4 treatment results in rapid anq synchronous germip—

ation of the cons%itutively dormant spores. Apparently

all D. discoideum strains.are’activated well with this

-
1]

o

This dissertation deals largely with the phenomenon .
of autoactivation of D. discoideum spore germinatidn

rather than activation in general., The. data in this

section are presenteds only in ‘the interest of charac-
terizing tke phenotypes of the -mutant strains, not |

character'izing exogenous activation. Therefore,

some details are not. exhaustively pursued.
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_ Table 6. A:Iivation conditions for mutant and wild

'] -

: -~
t e_Dictyqsteligm discoideum spores. .
Treétmenta - Strain
- 8G1 . sGe2 NCh .
45 <, 30 min 99,5 99.0 9.5
37 ¢, 60 imin. 63.0 13.5 0.0 ]
37 C, 30 min 53.5 0 bs 0.0 .
40 G, 60 min NI 80.5".' 0.0
40 C, 30 min —_  53.0 0.0
no treatment " 9.0 0.0 0.0

T
¥

2a11 spores-were treated with the ac

in the presence of 100 ug/ml cycloh

autoactivation. -
ation after 5 h,

Values repre sent. p

tivation regimen
eximide o inhibit
ercent spore germin-




Figure 17.

i 2, 3 4 5 o0 30 60
HOURS “MIN-

v

Lowered activation requirements of strain SG2
spores. Panel A: ([J) SG2 spores treated at
45 C for 30 min; (M) SG2 spores treated at

A0 C for 60 min; (A) SG2 spores treated at

Lo C.for 30 min; , ({O) NC4 spores treated at
4o C for 60 min; all data points represent

percent germihation.vs time in hours after the
“.end of the activation treatment; Panel B:

(QO) percent spore germination at 5 h'vs

~time at 40 C. All spores were treated with

100. ug/ml cyecloheximide,

.-
»

S



_actlvated .at lower temperatures is not surpr1s1n

37 C for 30 min in Table )

) Spore acti ion at lower temperatures was studled '
. in the preseféiy:: 100 ug/ml cyclohex1m1de to inhibit -

A\

.autoactlvatlon of _Spore germlnatlon. Mutant spores

‘actlvated at 37 C for 4 h in the absence of cyclohexlmlde

germlnate to hlgh percentages and release autoactlvator
factors. Such germlnatlon fs largely attrlbutable'to
autoactivatton rather than exogenous activation,

Lt should be hoted that mutant spores activated at,
the lower temperature reginens have a very short lag
time prior to the onsef of spore swelling (Fig. 17).

ThlS observatlon is con51stent with earlier reports that
the length of the lag phase is proportlonal to the
severlty of the activation treatment (Cotter and George,
1975; Cotter et al., 19?6)\ For instance, wild type
Spores maintained at 45 C for 60 mln have a’ longer lag
period than those heated for 30 min. Similarly, spores *

actlvated by "mllder"'treatments such as 20% DMSO for

60 min have shorter lag times (Cotter et al. 19?6)

_ Therefore. the sRortened lag times for mutant .spores

Ev1dence that this is exogenous actlvatlon of spores
rather than a. .stimulation of autoactivation results from

several observations. Firstly, mutant spores activated

at the lower t’hperatures germinate 1ndependently of

spore dens1ty Thus, spores at 1 x 10 /ml and 1 x 10?/ml
) Ny

‘Jf

g
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germinate withusimilar‘kinetics. Secondlf; activation at.

the lower temperatures occurs desplte the presence of
100 ug/ml cyclohexlmlde. It may be recalled that auto-
actlvatlon is sen31t1ve to cyclohexlmlde while exogenous
actlvatlon is not affected by the drug Thlrdly, auto-

actlvator factors are not released from mutant spores

activated at the lower temperatures. Spores activated

-

to germlnate at 45 C have never been observed to release
autoactlvator factors, while no instance has ever been
noted rn which spontaneously germinating spores have |
failed to release the factors. Finall > the percent .
Spore germlnatlon in‘ the presence of cyclohex1m1de is

<

proportional to the duration of the. actr:atioj>treatment

_ (Fig. 17). Therefore, Sporée germination a{ter treatment

-

at*'the lower temperatures_results from exogenous activa-

-

tion rather E?an from a stimulation of autoactivation.

In general, it can be conoluded that mutant spores

have lowered. activatian reguirements.

[ .

b. Sensitivity to deacti¥ating conditions
R Wild type B. ‘discoideum Strain NCA spores which

hdave been exogenously activated at 45 C for 30 min or.

" DMSO treatmént may be deactivated b}{a variety of- treat-

ments. Such treatments include’ temperature extremes,

pH extremes, hlgh osmotlc pressure, low oxygen ten51on,

and aut01nh1b1tors (Cotter and Raper, 1968b; Cotter et al.

A



1976; Cotter, 1977; Cotter et al., ~1979)." Spores gener- :
ally return to the dormant state within 5-6 hzaiter the .
application of the deactivating treatment (Cotter et al.,

1979). S = b

Mutant spores appear to be 1nsen51t1ve to. some.of
these deactivating treétments. For instance, whéreas
wild type spores are completely deactivated by treatment
with 0.25 M sucfose, SG1 sporeé germinate well despite
the presence of sucrose (Fig. 18). The mutant spores »
are insensitive to the high osmotic pressure induced by
the sucrose and germinate at a rate only slightly liower
than sporeé:in thé absencé of sucrose. Note that this
germination is not due to autoactivation, since spores
f;il to spontaneously germinate in the presence of sucrose.
Mutant spores are also relatively 1nsen81t1¥e to;
deactlvatlng condltlons w1tHin the intact sorocarps. -
Spores can be activatéd in situ by.plac1ng petri dlshesl N
‘cdntaining upright fruiting bodies in a humidified oven
at 45 C for 30 min (Cotter and Raper, 1968b). The
extent of spore actlvatlon and thelrate oflﬂgactlvatlon
are determlned by removing spores from the' fruleggg -
bodies at_various timek and incubating the washed spores
in phéspﬂéte buffer. When spores are immediately
‘removed frp% fréshly heated plétes, the average germin-

ation oi mutant spores 1is 99%; while wild type spores

‘.. germinate to 86.5%. -Activated wild type spores return

N
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Insensitivity of D. discoideum strain SGU

‘spores to deactivating conditions. All

data are pletted as percent spore germination
vis time if hours after the end of the activ-
ation or feactivation treatment. Panel A:
() strain NCL spores activated at 45 C for

30 min; ¢[3) same, in the presence of 0.25 M
"sucrose; (@) SG1 spores activated at 45 C

for 30 min; (M) same, in the presence of

0.25 M sucrose; 'Panel B: () strain NC4

spores activated in ssitu- and removed from

fruiting bodies after 5 h; (@) SG1 spores, ™%

same treatment.
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and osmotically dctive materials within the sorocarps

conditions (Fig. 18). In contrast, SGlisporeS‘éermin-

ate to approximately 20% within the sorocarps when

, o 91 \ R

PR
¢

‘to the dormant state if not washed free of'autoinhibitors

(Cotter. and Raper, 19§Bb). Thus,:no gefminatian of

wild type strain NCl spores is detected under such

~

activated ig‘situ'(Fig: 18). When'SG1 spores are washed

free of autoinhibitors and osmotically éctiye materfii;//'_’

af%er 6h, an additiongl L0% 6f the spores germinate.'
Thus, m‘ t spores afe ralatively'insensit}ve'to the
deactivating conditions of high osmotic pressure énd the
prese?ﬁg—of autoinhibitors. Stfain.SGZ sﬁofes also
germinate Jithin the intact sorocarps if inecubated” for

5.d at a higﬁ relative humidity, as discussed above.

Dafa on the effects of cyanide and SHAM on exogen-

.ously activated and 5pohtaneously germinating spores has

been presented above (Tables 3-5). Note that mutant -
spores still g;;$inate, although at greatly diminished =
rates, in the presence of cyanide, wh;ie wild type

.
spores are cbmpletely deactivated. -

’ ' ' - - _.f'. - .', .\r

* In general, mutant spores are relatively insensi-

—— T ' - .
.

- tive -to deactivating conditions imposed by osmotic

. pressure, autoinhibitors, and ﬁespiratérilpoisbns: With

/

spores germinating in the presence of cyaﬁide} it appears

that’ while- the - 0genous actiﬁation*mechanism is deactiv-

-

ated, spores stil utoactivate despite the inhibition
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of respiration. In the case of osmotic pressure,

spores simply fail td_deactivate;h The effect of heat

~activation in siyé is probably more complex.  Some spores

a L‘ * 4
germinate within the sorocarps, probably in response to

-the heat treatments, while the spores gen@inating after

being washed free of the autoinhibitors and osmotically

bl -—

active compounds probably do so by the autoactivation

mechanism. . . i )

‘. ' 1
c¢. Release of_autoinhibitors

Dictyostelium discoideum spores activated to germin-

ate by %heapplicg?ibn of a hea% shock do not release
autoactivator substances, as noted above. -Instead,
supernatants in which.exogenously*activateq;spores have
gegminétéd are inhibitorj to'sdbsequent spore,gefmination.

. J [
are released by both mutant and

Inhibitory materials

wild type spores activated by @ heat shock (Fig. 19).

Inhibitory material is released rather asynchronously '

throughout the later portions of spore swelling (Fig. 20)
rather than during early éwelling. Autohctivator

substances_are released from spontaneously germinating

’spoﬁés during early swelling (Fig. 13).. Note that spores

which have not been heat activated also release iﬁhibit
tory /substances, but at a reduced rate (Fig. 20).

The inhibitory material released”from heat activated

-

- D. discoideum spores may be discadenine, the autoinhibitor -

of spore germination (Abe €t al., 197§):"This material

, ‘ 0. ‘ ° . '
. ' PO . .
’ --_,w_\:. /"‘" SRR o ?;\_’\ 2
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Figure 19.

93 . .

o ! 2 3 a4 s
HOURS
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Release of inhibitor from spores| activated

by heat shock. A%ll data points Jrepresent
percent spore gerhinatidén vs tifie in hours
after harvesting. ¢A) SG1 spores at 1 x 10°
/ml; . (O) SG1 spores in an activated super-
natent derived from SG1 spores; (@) SG1
spores in a solution in which NC4 sporés
have germinated after heat shock at 45 C for
30 min; (M) SG1 spores in a solution in
which SG1 spores have germinatgd after heat
shock at &5 C for 30 min. '

(
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Figure 20. Time of release of inhibitors from heat

. . activated NCL spores. (/\) percent spore
swelling vs time in hours after end of treat-
ment at 45 C for 30 min; (M) percent
emergence of myxamoebag; ({O) percent germin-
ation at 5 h of SG1 spores incubated in

- aliquots of the spore suspension vs time of ~

sampling; (@) percent germination of SG1
spores incubated/in aliquois of a spore '
suspension that vas not subjected td heat
activation vs tije of sampling. :

ooy
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. elutes after the 1nterna1 volumes of Blogel and Sephadex

gel flltratlon columns (data not. shown) The 1nh¥p1tlon
@ :

- observed could not be. due to osmotic effects, 31nce

osmotically actlve materlals are released 1nto the super—

:-natant durlng the early swelllng stage of spore germlna—

2 .
tion. {Hohl et al., 1978), not late swelllng -

. Some 1nh1b1tory materlal is also released by spon-

taneously germlnatlng spores. The ‘inhibitor released is

‘not detected in crude autoactlvator preparatlons, presum—

ably because the autoactlvator factors exert a mare.

powerful effect. This inhibi%ory material elutes from =

a Biogel P2 QOIUmn ak the same position as the inhibltory
substance released from heat activated spores (data not

shOWn). _ ‘. . .
\

-5; bCharacterizatioﬁ of Dictyostelium‘discoideum

L

" Autoactivator Eacpors .
a.‘ General 11‘1i‘orma't1.on-~ ) . ' -
Autoactlvator substances resultlng from the iion—

taneous germination 0f’D. discoideum spores are unstable

ih crude form. That is, crude activated supernatants

upon 1ncubatlon at room temperature The autoactlvators
are relatlvely stable when frozen, but lose act1v1ty
upon repeated free21ng and thawing. 801llng of the

t :
crude autoactivator preparations ylelds a L0% loss in’

g .

-~

' gapldly lose their ablllty to stlmulate spore germlnatlon .
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* - . result in a rapid loss,of ac{ivity

-

act1v1ty after 10 min, but fizsh evaporatlen at 35 C

resnlts in an éimdst complete loss of activity. LNOphll—
ized preparations/ are comparitively ataple if the prep-

F

. arations remain qu.- Ethanol’ extraction qf'thé crude

lyophilized preparatidné also results in .an increased’

stability. of the' materials. Thus, it appears that an
» . . - .“i . . . \
enzyme is present in the crude preparations which results

in an 1nact1vat10n of the autoactlvator factors _Denatur-

.ation of the enzyme w1th heat or ethanol results 1n“‘

-

inéreased stablllty of the factors, whlle fre821ng and
lyophilization reduce thedehzyme activity; Conditions’
allowing enzyme activity (room temperature or 35 c)

-

Autoactlvator factors are soluble in 80% ethanol,

suggesting that the substances are small non polymerlc‘

- 'molecules. Extractlon in 80%: ethanol ls4normally lncorp—

’

rated as a prellmlnary purlflcatlon procedure to rid

“the preparatibns of large proteins and other macromole-

qﬁles.' Autoactlvator substances appear to be non—dlalyz—
able. Attempts to dlalyze crude preparatlons ylelded ne -
act1v1ty outside the dlaly51s bags and no apparent
increase in act1v1ty inside the bags. Slnqe further

WOrf dpménSﬁrated‘that the factors show affinity = for

a numbér of Substandés, it 1is beiieved that thg factors
bind to thé diaiysis membranes., Thus{-no'estimape of

molecular weight.is.available from‘dialysis experiments,



b ]

and the procedure is. unsuitable as =a purification.step.

-

r

b. Chromatography of‘autoac‘ivafor ubstances
Autoactlvator factors are reiﬁlly chromatographed

by standard laboratory technlques "Routinély, activated
supernatants are 1yophil}zed to dryness to yieldla&ellow—
brown powder, CrudeLautoactivator factors are extracted -
twice ﬁith 80% ethanol. Ethanol is evaporated away at

L5 C and- the preparatlon is 1yophlllzed to drmness.

One gram of crude autoactivator ﬁ!%paratlon_ylelds appfox--

imately 75 mg of ethanol soluble mate;lal{; Ethanol

soluble mategial is taken up in distilled wateér to

100 mg/ml, and 1 ml is applied to a 3 x 55 cm Biogel P2

column. The column is eluted ﬁith‘dis%illed water at a’
flow rate .of ca. 40 ml/h w1th a head pressure of 20 CIl.
Fractlons (200 drops = 8 ml) are mechanlcally collected
untll tw1ce the 1nternai VOlume (vi) has eluted (ca. 50
fractions). Each fractlon_ls tested for absorbance at
260‘and 280 nm, and tested for autoactivator acfavity
(see MATERIALS AND METHODS) A typical elution profile
of the SG1 autoactlvator preparatlon 1s presented k\
Fig. 21. -

-

SGl'autoaptivator preparations are fractionated into

.three major peaks of acthlty Peak A corresponds to a

peak of UV absorbance and eluteslat the voids-volume (Vo)
of the column. Materiali,eluting in peak A is highly

stimulatory to strain-SG2 spores ‘inhibited from'germin—

*

)

5
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Figure 21.,

»

'Fractionation,of S5G1 autoactivator pfepafation

100 mg of 80% ethanol. soluble material from
a crude. SG1 autoactivator preparation were

fractionated through a 3 x 55 cm Biogel P2

column as described.in MATERIALS AND METHODS
and the text. Top panel shows absorbance of
each fraction at 260 and 280 nm; lower panel,
upper tracing shows response of SG2 spores
inhibiting from autoactivating by.100 ug/ml
cycloheximide to each fraction; lower panel,
lower tracing shows response of strain NC4

* Spores to each fraction.

L
g ._
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ating by cycloheximide, But shows minimal stimulation of =

strain NC4. Spores.. The ability of peak A materlal to .

" stimulate strain. NCL. spores is. soggwhat varlable. Peak B

elutes//;’or sllghtly after the internal volume- of the‘*
\ o

column, It is assoc1ated w1th minimal UV absorbance

The peak C material elutes well after”t@gnintgrnal volume - 4
of the column and appears to be aSsoci;téé with aﬂpeak o

0f UV absorbance at 260 nm, with 1it at 280.nm.

Both\peaks B‘and C are highly stlmulatory to cyclohexlmlde

trea ed SG2 spores, and moderately stlmulatory to NCL

spores. L | ]

Peak B and C mater;ais appear to interact with the ) .f
Biogel P2 column. Thus, hese materials elute from the j
Eblumn at a posi{ion af small moiecules such as salts.

Therefore; no estimate of molecular weight is available
from this proggdure. A similar interaction of the auho-
activator subsgﬁnces occurs when they are fractlonated‘\\
on Sephadex columns., This characteristic of late elution
due to interactions with. the column is not uncommon when
fractionating aromatlc or heterocycllc componds on

Biogel or Sephadex. columns under conditions of low ionic -
strength ( Anonymous, 1971; Anonymous, 1975). For instance
under conditions normally employed for chromatography,
adenine, thymine, ané.variéus plant hormonesi(Eihetins,-
auxins, ete) él%o elute after the internal volume (data

not shown). The characteristic interaction with the
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column is apparénfly due ﬁé the‘pfeggnce éf é_Tew_carboxyl_"
group% on the acrylamide (Biogél) or dextrén'(Sepﬁ;dex)
polymgis (Angn&mous,-19?1;'Qnonymoué, 1975) . ‘Compounds -
withyg positive charge may interact with‘thése carboxyl
résidues and be retarded on the columns. Both Sephadex
and Biogel pr&duct instructions suggest that these

ionic interac?ions may be avoided by eluting the columns
with buffers with.aﬁ ionic strength in excess of 20 mM,
However, little or no difference in elution profiles af
the autoactivator peaks ‘was obseyved when the column was
eluted with .20 mM phosphéte.buffer, pH‘é.S.tTWhiie it .
may be possiblé\ﬁo prevent this retardation by further
adjusting the ioﬂi% strength or pH of the eluent, this
was not attempted. SQ; discoideum.spore germination is
sensitive to high osm&%{c pressure, and al%&%%éions in

pH (Cotter et al., 'lgzg_ﬁ\ﬂny attempt to detect the
presence of the autoacti;aehrs by bioassay may be
befuddled by such suboptimal conditions. Additidnally,

the late elution characteristic foves useful in purifying

the factors, so elution with disti led water was normally

employed. Kl ,

Peak C autoactivator substance wés chosen. for
further inves%igation,for several reasons. Eirstly, i{
is moif accéggible‘;n purii%éd form; that is, it ié free
from many contaminants within the internallvolume of the

column. Secondly, it appears to be purine-like in that
R : .
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it elutes from‘the oolonn near adenine and related‘porine

beses. . It may oe‘recalled phat discadenine,_the auto-

:1nh1b1tor of D. discoideum spore germlnatlon, is a Sdbsti- ) ' (
tuted adenine molecule (fbe et /al., 1976). Thirdly, of |

the three peaks of autoactivagor act1v1ty, peak c- alone :

e

‘ is unlque to the aotlvated su, ernatants.‘ That is, peak

o\
C materlal is absent from dorman

spores and etative

amoebae (see below)' , < .

J -

Peak C materral from several fractlonatlon runs was

pooled and, refractlonated through the Biogel P2 column.
- * This material represented approxlmately 20 A260.un1ts.
The material was then concentrated to 1 ml, appiied to’
a Sephaden LH-20 column (1 xl20 cm) , and eluted with

. . 34!
distill:i/ﬁfter. Normally, 50 1.5 ml fractions were

-\

\ collgot Distilled water was chosen as the eluent
© since results were satlsfactory, and water was more
convenient than use of 80% or absolute ethanol or
methsnol. A typical Sephadex LH-20 elution p;ofi‘e of :
SG1 @utoactivator peak C is presented in Fig. 22. e
that the peak of activity is totally separated from the
A260 absorblng material, and elutes after the 1nternal r

volume of the column. The peak of activity 1s not .

-
8

associated with any ultraviolet absgxbapce, and could not
be shown to absorb UV even after acpive fractions were °
g ?poled and lyophilized to a small volume. When the tube

chntaining the active material was iyophilized tofdryness

4
<

T . e et
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lgure 22.

[N

el

-4

. f‘\ v

Fractionation of SG1 autoactivator peak C
material on Sephadex IH-20 (1.x 20 cm).

- Top panel shows absorbmice of each fraction at

260 and 280 nm; ILowér panel shows Percent
germination response of strain NC4 spbres to

each fraction. e
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-‘severai assumptions. Whi e these assumptions may not

units would suggest that the effective concentration ofa\J//W

105

and v1sually 1nspected, no residué was obserf/d

S ’
It is poss1ble to estimate the effective concentra=..

]

~ s

e
tion“of autoactlvator pg?c material if one accepts

" be valid, it allows at least an approximate estimation

of concentrations., One may assume that the molecule is
not uhlike discadenine, with a mo cular weight of about

300 daltons and a molar absorbtivity coefficient at 260

nh of 17.5 x 103. In such a case, 1.0 A260 units equals

5.7 x 1077 M. Absorbtion at 260 nm of less than 001

. Al - .
the substances is less than 5-6 x 10_? M. Thig concentra--.

. - . ‘
tion takes into account 100% activity in purified form,
but does not: attempt to estimate the initial effectlve‘

concentratlon in the activated .supernatant. More

2 1 of activated supernatant was initialﬁﬁ%%§éﬁ for this
fractiqnqtion run (several hundred petri dishes contalning
ca 5 x 107 spores/petri dish). It is'aﬁparent that the
autoactivator péak C material is effective at hinuscule -
concentrations. |

Autoactivator factors derived from sﬁontaneous germ-
ination of aged, 'wild type, strain NC4 spores appears to
be iQentiéal‘to that from strain SG1. Fractionation of
80% ethanol extracts of the NC4 autoactivator preparation
shows three peaks of actiﬁity é}utipg from the Biogel P2

column at the same positions as those from striain SG1

(Fig. 23). No differences between the preparations are



'Figdre-Zé;-

Fractionation
preparatiaon.

of strain NC4' autoactivat '
100 mg of 80% ethanol soluble

material from a crude NCH autoactivator

_ preparation was fractionated through a 3 x 55

cm Biogel P2 column. -Top panel shows absorb-
ance of each fraction at 260 and 280 nm;
lower panel, upper tracing shows response of
SG2 spores inhibited from autoactivating by
100 ug/ml cycloheximide to each fraction;
lower panel, lower tracing shows responsg of
strain NC4 spores to each fraction.
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notable. Siﬂce strain SG1 is derived from strain NCh,
and aging appears to confer the'mutant phenotype on
NCU spofes, it has-been-aeSumed that the substances are
identical. Comblnlng of autoactlvator peak C materlals
from SG1 and aged N04 preparations and refractlonatlng
'on Blogel Pegor Sephadex LH—%Q ylelds 51ng1e peaks of
Aact1v1ty (data not shown). -

'&‘ The autoactlvator preparatlons from spontaneous 0
geimlnatlon of strain SGZ 15-51m11ar to that from stramn
SGi;‘ Peak A.and B materlals elute at the same positions,
but autoactlvato} peak C activity is absent (Flg. 24},

' The A260 materlal coelutlng with SGl autoactivator peak
C is present in the SG2 preparation bum)does not inspire
spore germinaﬁion. Tt is likely that the lack of peak

C material in SG2 autoactivator preparations represents

strain specific differences. It sﬁould be recalled that

strain’ SG2 is derived from D. disgeddeunm.s

e

which is the opp051te matlng type from strains NC4 and

ain Vi2, = °

SG1. No attempt was made to exhaﬁgtlvely analyze the

SG2 autoactivator preparation.

¢. Presence or absence of the autoactivator
substences in dormant spores and amoebae
Attempts were made to determine if autoactivator
factors are present at any—other point iﬁ the D. discoid—
eum life.cycie. Therefore,“dormant spores and veg;jetlve

amoebae were examlned for the presence of autoactl tors.
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Figure 24.':Fractionatiop of strain SG2 autoactivator

‘Yraction.”

preparation. 100 mg of 80% ethanol soluble
material.from a crude’3$G2 autoactivator

preparation was fractionated through a 3 x 55

cm Biogel P2 column. Top panel shows absorb-
of each fraction at 260 and 280 nm;

Lower panel shows percent germinstion
response of sgtrain NC4 spores to each

m

.
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. Myxamoebaelfrom strains SG1, SG2, and NC# were
grown.in association with E. coli B/f on glucose-salts
agar plates;, Amoebae were w&shed from the plates durlng ‘
logarlthmlc growth with phbsphate buffer, washed three
ti and resuspended 1n fresh phosphate puffer. e

Amoebae were either dlsrupted 1mmed1ately by vortexing

- in the presence of glass beads (Van Etten and Freer, 1978)

)

' or incubated at 23.5 C overnight. Followihg incubation,

famoehaefwere pelleted,,and the supernatant was used for

further investigation. In each case, suspensions were
lyophlllzed to dryness, resuspended in distilled water,
and fractionated on.a 3 x 55 cm Blogel P2 column.

.Spores were tested-for the presence of autoactiva-
tors by a similar procedure. Fresh SG1, SG2, and NC&4,
and aged NC4 spores were harvested from sori with glass
slldes. Spores- were‘pelleted, ‘and the supernatants were
nemoved and saved as "autoinhibitor preparations" (con-
tents of the sori, including autoinhibitors, exclusive of
spores). Spores were washed in phosphate buffer as .
usual, and disrupted with glass beads. These preparatlons
or "spore extracts" were centrlfuged to remove debrls
Spore extracts and autoinhibitor preparations were lyo-
philized to dryness and fractionated on a Biogel P2
column. All fractions were tested Tor UV abso&?anoe and

autoactivator activity as usual. Results from the above-

described investigations are summarized in Table 7.

A

Ty
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. 777 " Table 7. Presence or absence of autoactivator factors
'in‘vegetativé amoebae, -dormant spores, anrd

sori of strains SG1, SG2, and fresh and®aged

strain NC4
Preparationa Autoact%yator factorb
. ‘ A B , c
— A7 ¥
SG1 autoactivator + S i
pbreparation . o -
SG2 autoactivator + + -
preparation
NCL autoactivator + + +
preparation .
SG1 amoebae - + + . -
- SG2 amoebae - ¥ + o~
NC4 amoebae ' + + -
- 8G1 autoinhibitor + + | -
. - preparation ' i |
' SG2 autoinhibitor i + + -
prepration
fresh NC4 autoiniib- + . - -
itor preparation ’
aged NC4 autoinhib- + . + "

itor preparation _
SG1 spore extract ‘ wf;/// ‘ - -~
SG2 spore extract - ' - -
fresh NC4 spore extract + + -
‘aged NC4 spore extract - . . - -

a see text for details.
. Doy indicates the presence of that component in. the
preparation, "-" indicates the absence of- that
compohent., - '
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What is clearly apparent from Table 7 is that auto-

activator factors A and B.are commonky associabted with
. ' ) [

@ . ' -
1ife cycle stages other than spof§ germination. Im

contrast, autoactivator-factor C is present only after
spore germination and is abséﬁ%‘of.uﬁdetectable in vege-
tative‘émoebae gq@ QOrmant sporég. T@ese data suggest
that of all thejféctors, it is factor C which is uniquely
" associated withy spore germination,’ | |
'(/”’ﬁi The situationnmith'factors A and'B is more complex’
than theif‘simple presence dﬁring all stéges of thewlifgl

cycle. These factors are apparently absent from dormant -

_spores of strains SG1, SG2, and aged NCL. They are .

present in‘thg sorocarps of strains SG1, SG2, and
agéd'NCh; however., The lack of factors A and B in
dormant spores which afé capaﬁle of autoactivating may be
-explained by differences in qu<i permeability. #As will
.be dlscussed in the DISCUSSION sectlon of thlsﬁdisserta—
'tlon, one hypothes1s regarding the mutant phenotype
'suggests that mutant Spores are more permeable than wild:
type spores. It is concelvable then that autoactivator
factors ‘are present 1n dormant spores w1§ﬁ“the autoactiv-
ator phenotype, but that they readlly leak out of the
sporés during washing. )

The on;'lnescapable conclusion from thegt sults

., 1s that autoactivator factors A and B are compon cellu-

lar. components. Factor A, whiph elgteé at the\woid
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volume of the Biogel P2 column, may be a .peptide. that is
‘soluble in 80% ethanol .but is above the 1800 dalton
exclusion limit of’ the column. Factor B may” be aﬁother
small peptide which interacts with the columh Ey virtue
of an aromatic'asino aeid residue. Dne mayifecall that

se&eral amino ac1ds are stimulatory to D. d1s001deum

spore gezplnatlon under other condltlons (Cotter and
Raper, 1966) ‘Inclusion of tryptophan, phenylalanlne,
and/or methionine.into a small peptide may alter the

ché}acterlstlcs of stlmulatlon of spore -germination.

-
a

e d, Radlolabelilng experiments -

LR

Varlous attempts have been made to 1dent1fy the
autoactlvator factors, partlcularly factoé C. This
component is of 1nterest, as noted above, because it is
unique to, the activated supernatants. Initial attempts
o identify factor C spectroscopically proved to be
imprecticai due to the minuscule concentratiens of this .
matefial. The amount of factor C from several hundred
petri dishes was undetectable by ultraviolet spectro- |
scopy. A similar problem had been encountered by groups
‘attemptlng to identify the D. d13001deum spore germination
inhibitor. The first reproducibly successful identifi—
cation of this molecule required the use of 20,000 petri

1shes to yield 15 mg of the pure substance (Abe et al.,‘
19?6) A similar attempt at large scale culture was

‘'not attempted for practical and econemic.feasons. Thus,
"




oiher avenues of approach. to the problem were neededl
One method of approaching the problem was the us%
of radlolsotopes. Incorporatlon of a radlolabel into a
Acoﬁ/ound is lof value for at least two maJ r reasons.
Firstly, it allows ne'to oonvénlently monMNLor ‘the

presence of the ‘compound under various chromatd raphie

conditions. Depect'on-of_an isotope by liquid sc
tion is less subject fo extremes of pH and‘osmotic
pressure than by bioassay. Secondly, the nature-of the
precursors 1ncorporated into the molecule\prov1des some
1ns1ght into the nature of the molecule For phese
reasons, attempts were made to incorporate a vériety of
11'LC—con‘t;aLining substances into autoactivator factor C.
The procedures used are outlineQ/fﬁ’%%e MATERTALS AND
VMETHODS section of this dissertation. .
Attempts were made to iﬁcorporate the following
radioactive precursors into SG1 autoactivator factor C:
[é-wc] 5'AMP, [14] glycine, E‘L}CU_.I algal protein
hydrolysafe, [ C- é] glucose, and [ é] NaHCO

A

- 30 At no
time has incorporation of any radioactive precursdr into
- SG1 autoactivator C been detected. Radiolabelled

57AMP, algal protein hydrolysate, glycine, and glucose
were incorporated into various componenps‘of the spores, -
but never into factor . Sodium bicarbonate wastincorp—
oratedlinto—spores poorly. To prevent the bicarbonate
from being released as COZ’ it was Qezessary to increase.

the pH of the glucose-salts agar above the normal 6. 5.

%illa-
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At pH 7.5 the sofocarps were only épgfsely produced; *
;those which did form were ‘obviousljf{_ aberrant. At pH 7.2
"soroéarps appeared %o bé normal, but very little 140
-was’ 1ncorporated 1nto spore materlal.‘.For thf8wekperi—
ment, petrl dishes wsre 1ncubated 1§.a moist chamber :
fitted with a 002 trap. Durlng the growth and sporula-
. tion of_the‘myxamoebae. much of the CO2 released whs
collected in this trap. Fihal;calcula%ions revéaled
' that greater than‘QO%.of-the label esdetected was: .

1k

released as COZ' Thus, bicarbonate 1s a poor choice

as a precursor for %he radiolabeliing of D. discoldeum
cellular dbmponepts. N
‘Two possible explanations could account for tﬁe
‘féilﬁre'to de%ect incorporation of radiolabel into éuto—
activator factor C. The first, that factor C is inorgan-
ic, is implausible. One would not expect an 'inorganic
ﬁolecule to exhibit the lability observed for the auto-
activator.preparations. The sécond possibility, that
autoactivator factor C is presént in undetectably low
amounts, is more reasonable. The possibilty exists that
so little matérial is present that radiocactive ificorpor-
ation is below background levels. It should aléo-be..
bofne'in mind'thét the périod of radiolabelling is one
in which differentiation (qporulation) is occurring.

Thus, many stalk cell and spore components are being

synthesized.  Much of the radiolabel added to the cells
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undoubtably is incorporated into other such components.

e. Attemp%s to mimic autoactivator activity with
_ éxogenously applied compounds
During the course @f this investigation, a variety

of compounds were tesfed against D. discoideum spores

in an a;tempt to ‘mimic the activit¥ of the authentlc

autoactivator factors. The reasoning behlnd the. addltlon

[

of each of these compounds ranged from a careful con51der—

" ation of the biological\functions of the compounds to a o

fervent desire to achieve results through pure luck.
For instanée, a variety of plant hormbnes were tested

for activity since they have important roles in regulatlng

' dormancy, germlnatlon, and general metabolic act1v1ty
.1n hlgher plants. Addltlonally, the cytokinins

have been implicated in the regulation of D. discoideum

spore dormancy in that discadenine has cytokinin

dctivity (Tanaka et al., 1975; Nomura et al., 1977).
Some other compounds were tested without fegard for
their possible bioiogical or molecular significance.

)

tested for auf%activator activity but which failed to

Table 8 lists a numb%r of compounds which were

'elicitéa'germination response. Undoubtably many more
colpounds could be added to this list but are omitted.
It should bé_sufficient to comment that a large number
of substances were tested, but none mimicked the effect

of substances released by spontaneously germinatiﬁg D.

-
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activity of‘autoactivatgr factors

;

amino acids ' iftdiguanosine'tetraphosphate"

-

casamino acids ] zeatin

nutrient broth’ _ . 6-fur urylaminopurine

- yeast extract 6-benzylpurine

biotin o : indole-3-acetic acid
vitamin B12 o gibbérellic acid (GA3)
pantothenic acid . S-adenosylmethionine .
_folic acid i . ot isopentenyl adenine
inositol ' isopentenyl adenosine
niacin’ adenine
- - p—aminoﬁenzoic acid thymine

ﬁ pyroxidine . guanine

riboflavin | ' - uracil

thiamine . - pronase

boric acid cellulolysin

NAD+ : ' macerase

" NADH+H+ cellulase II
succinate | phosphate

pyruvate molybdenum

maleate : zinc

K cAMP | sulfate
~l- .
_ cGMP . . manganese
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dlSCOldeum spores.

A S
It should be: borne in mind that many . of the com--

pounds listed in Table 8 can.stimulate D. dlSCOldeumo/ -

t

Ty

spore germination under specificslly defined oonditions.
For instance, amino acids, purines, and pyrimidines can
activate_strain NC4 spores (Cotter and Raﬁer,.1968c).
However, actifation by these compounds is at-rather high
concentratiors (10 mM each, tfyptophan. phenylalanine,
and methionine, or 5 mg/ml adenine or thymine). Addition-
ally, such activation rsoﬁirés that spores be maikzikned
at very low densitios (fewer than 1 X 10§/ml) on a solid
agar substrate. Response ooﬁsotoactivator factors, in
contrast, occurs independeﬁtly of spore density and
proceeds quite well in lquld suspensions.

Many of the compounds 1isted in Table 8 also result
in a stlmulatlon of autoactivation. For instance,
addition of amino acids results in an acceleration in

the rate of spontaneous_germination. Howevs¥, these

compounds are not themselves autoactivator factors since

they fail to override the, inhibition of autoactivation

caused by cycloheximide, and fail to activate strain NC4
-~

spores under the conditions tested. Thus, while a

number of substances affect the rate of spontaneous

germination, none are authentic autoactivator factors.

r
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' peptone medium germinate synchronously and to high

120

T

T. AufoaCtivatoysrfrom otheF sources

"Compounds stimulatory-?o D. discoideum spore germin-
ation have been détécted from sources other than auto-
activating spores. For instancg, Hashimofo et al..(lé?é)

reported that Aerobacter aerogenes (sic K. pneumoniae)

pélls release a ninhydrinanegative "spore germination

promater"” (.SGP) during logarithmic growth. D. discoideum

spores iﬂcubate& in the presence of the SGP in a proteos?
. ]

percentages. The SGP in  the absence of peptone, however,

does not inspire spore germination. Hashimoto et al. ' L

(1976) also examined E. coli cells for the production of

a similar SGP, but could not -detect any ac%ivity; This f"d

group speculated that long term coculturing of their -

Q; discoideum strain NCU4 resulted in an insensitivity of

the spores to respond to an E. coli SGP. Such E. aerog-

~ enes-grown strains also grow poorly on E.rcoli.

In contrast to that-reﬁorted by Hashimoto et al.
(1976), results from this laboratory indicate that a

number of bacterial species produce substances which

*stimulate D. discoideum spore germination. For instance,

E. coli B/r produces several substances which stimulate

D. discoideum‘spores (Fig.‘25). One of these substances

elutes from a Biogel P2 column at the same position ‘as

autoactivator f'ctor A,'while-several'substancps elute

)

in the same area as factor C. None of these substénces



Figure 25.

.4

Substances stimulatory to D. dlsc01deum

. spore germination released by E. coli.

E. coll cells were grown in 500 mli of a
glucose salts minimal medium for 72 h at

*30 C, QCells were removed by centrifugation,

and the supernatant was treated as a super-
from D. discoideum spore germlnatlon.

Upper tracing shows absorbances at 260 and
280 nm of each fraction; lower tracing shows
percent germination response of- straln NC4
spores to each fraction.
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is identical to peak C material since they do not’

coelute with factor C on a Sephadex LH-20 column (data®

[

not shown).. - ;_ o
e 1 o

~‘ The substances released by logarlthml
 E. gg;; cells are probably not\the same SGP substances
reported by Hashimoto et al. (1976).r These activator
factors do not requlre the presence of peptone to 1o;pire
fspore germlnatlon, as does the SGPL The possibility
' eiists_tﬁat the SGP substances merely pofentiafe the
characferistios of pep%one or amino acid induced spore
activation.rathér than be activating substances fhem;
selves, The alternative 1s that the subs%ances detected:
by ﬁash1moto et al. (1976) are similar to the factors
noted above,, but dlsplay a much reduced potency 1n
activating QL dlsc01deum spores. The substances lsolated
from E. gg;; may themselves oe spore activators not.unlike

the D. discoideum autoactivator factors. AT

A number of bacteria produce activating faciors of

one krﬂﬁﬁor ancther. ' For  instance, Enterobacter J

aerogenes, Myxococcus xanthus, Micrococcus luteus, and

Pgeudomonas aeruglnosa also release spore activating

substanoes (Fig. 26). 54 coli, E. aerogenes, and M

-

xanthus cells produce a number of substanceS‘Whichfare
similar %o 'autoactivator factor C in that they elute

. by .
_from a Blogel PZ column.after the internal volume under

the condirions used. In contrast, M. luteus produces



Figure_26;

Releasg by bacteria of substances capable of
activating D. discoideum spores. Panel A:
substances released by Pseudomonas aeruginosa
growing. in nutrient broth; Panel B: sub-
stances released by Micrococcus luteus ghowing
in glucose-salts broth fortified with peptone;
Panel C: substances released by Enterobacter
aerogeries growing in glucose-salts. broth;
Panel D: substahces released by Myxococcus
xanthus growing on CT mediufi. 'None of the

media themselvés cohtain compohents:capable

of activating D. discoideum spores.
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only a single gubstanbe correspbnding*to factor A. .The
production of autoactivator factor C-like materialé_

may correspond to the ability of D. discoideum amoebae-

~

to grow well upon the bagteria; Depratiére and Darmon _ .

-

(%9?8) have shown.that discoideum nyxamoebae grow

less well upon Sarcina lutea (Micrococcus luteus}than
on other bacteria such as E. coli and E. aerogenes.

Similarly, Pseudomonas éerugiﬁosa produces no type C

material, and also does nbt suﬁpor%‘the growth of |

A

D. discoideum amoebae (Fig. 26). -, C -

In general then, a variety of bacteria produci& | ‘
c ideum .

substances WhiChﬁi?é capable of stimulating D.”dis

spore germinatior{. . While it is unlikely that these

* substances are idéntical to +the D. discoideum autoactiv-

L

ator -factors, they may be structural analogs or:similar -/
compounds. The presence of these factors also suggésts
“a mechanism ofiQ: discoideum spore germination in nature.

This subject will be further discussed below. ' ‘

“



C e
C e

DISC qssz ON
It should be pointed out at the 1mmed1ate outset of
thls dlscuss1on that the phenomenon of autoactlvatlon

of chtyostellum discoideum Spore germination is not a

‘-blzarre consequence of mutagene81s. It is a comparative-

ly “natural” pProcess that was flrst notlced as a result

of spontaneous mutations. While the-spontaneous germina-

tor mutants are phenotypically altered, the mutations .
affect only the timing of spore maturation. Autoactiva-
tor mutants do’notning which the wild type strains are
;pcapeble of:’ tney simply do it'without the need for

a2 long (1-2 week)'maturetion period. This is in sharp
oontnast'with earlierrattempts to induce D. discoideum
spore mutants with mutagens such as nitrgsoguanidine
(Ennis and Sussman, 1975). Such mutants are often
grossly defective, and may even fa;l to germinate., The
fact that the SG mutants arose spontaneously in response
to mild selective bressures suggests that they are not
grossly dlstorted and probably do not possess multiple

%
géngdtic defects - '

-

Since autoactivation of D. d13001deum Spore germina-

_tlon is a natural process, that is, wilg type spores are

capable of germinating in this manner, this dlscu551on

can be subd1v1ded into two main categories. The first

w1ll consider the general characterlstlcs of autoactiva-

tion. The mechanisms of autoactlvatlon will be considered

127
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in thls category insofar as can be concluded from thlS‘
Aprellmlnary analy31s of the phenomenon. The second
gection of this discussion willlconsider the orocess of
\Q; discoideum spore germination in. nature. Sufficient <::~;
evidence has accumulated that eduoated speculations can

be made about how spores behgve in their natural habitats.

1. Characteristics of Autosctivation

o Autoactivation of D. d1s001deum spore germlnatlon,ed
/4hether in mutant or aged wild type spores, is a process
that requires no exogenous trlgger “Spores suspended in
phosphate buffer at pH 6.5 or even in dlstllled water
with the pH malntalned near neutrallty, germlnate
rapldly, synchronously, and to hlgh percentages The
morphological changes undergone by autoactivating spores
are 1dentlcal to those observed in spores activated by
a heat shock at 45 C for 30 min. Both autoactivating

| and exogenously activated spores initially enter allag
per%od during which no morphologicai changes are evident.
Following the lag period, spores swell and become non-
refractile under bhase contrast microjscopy. After a
suitable period, a single myxamoeba emerges from each
swollen.spore. Even the time course of the series of
events is similar. Spores from mutanf,strains SG1 and
SG2 begin to germinate (swell) at approximately the same
time as heat activated SG1, SG2, or NCL spores. Aged

‘wild %ype spogés differ in that longer.lag'periods are

-~

!

‘"
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required prior'to.the.beginning of spoﬁtaneous spore
swelling. Tﬁ&s, from all outward appearanéeé, thelcharéc—'g"
teristics of spore gefmination following autoact;vation
and‘ekogeﬁous acti#atibn are identical. However, it is
dpparent that:the pfocesses leadiﬁg to spenaﬁgs;m{sation
are not.idgntiéal, and.may not, in féct, even Be similar.
Autoactivation ﬁrocéeds in the ébsence of an exog-
enous actiQation treatment. The rétes and-final_ﬁercent-
ages of spore germinatidn are dependent on 5pore.density
‘within the suspensions. Spores at a density of.1 x 107/ml
gefmig;ﬁ@ synchroébusly and to high percentages, while |
épore at 1 x 106/m1 often gérminate poorl&. This
positive density dependence suggests the existence of
germiné{ion stimulants. Autoactivator factors are
detectable in suspensions in which spores have spontan-

eously germinated at 1 X 10?/m1. These factors markedly

stimulate spore germin%tion in all D. discoideum strains

tested, and even show séhe\stimulatofy activity to

spores from other Dictyostelium species. These autoactiv-
ator substances are released dufiﬁg the early swelling
stage of spontaneous spore.germihation. |
D. discoideum spontaneous spore germinatidn appears
‘ tg_occur by autocatal&sis. A few spores in the population
autoactivate and rele%se the stimulatory factors. These
factors in suspension may then in turn stimulate other

Spores in the'suspension. Thus, only a fraction of the




130

population may initiate the autoaotiratioh process, but
other spores respond and relay the signai The entire
populatlon is actlvated upon the 1nst1gatlon of a fractlon
of the group. The long lag period: prior to the beginning
of autoactivation of aged wild type spores may irdicate
.that several hours of permissive conditions are required
before toe first spores in the population are capable of‘
agtoactiyating{ Once this fraction begins to germinate,
the remainder of the population follows suit.

This characteristic response to a stimulus followed
by a 51gnal relay is not unprecedented in D dlSCOldeum

Ll

A similar system is in operatlo? in organizing the

aggregatlon of myxamoebae. \Initially, a few myxamoebae
under starvation c0pditions begin to pulse cAMP (Loomis,
1975)., Other amoebae in the vfcinity;respond to the
‘signal,. and shortly begin to. generate a signal of their
own. While the aggregation ohenomenon is‘compler, it-
does illustrate that a similar autocatalytic relay
system does exist in other stages of the QL discoideum
life cycle. |
Essentially all freshly hsrvested D. discoideum
spores respond'to the autoactivator signal. Mutant
spores and wild type spores freshly ﬁarvested from the
fruiting bodies are dramafically stimulated by the

activated supernatants. Mutant spores and aged wild type

spores retain the ability to respond to the autoactivator
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factors even after they ha&e remained in suspension for
several hours. Unaged strain NC4 spores, however, lose
" he ability to respond to the factors after about one

4

hour after removal from the sorus, indicating the exis-

*

tencg of a-compefence periodf _Thé‘Major point to be made
from the finding that aged wild type spores have lost fh
compepeﬁce period is that aging of spores confers the .

) mufanf phenotype on wild type spores.  Aged strain NC&
spores beﬁave iﬁ a manner identical in many ways to
strain SG1 spores, including similar drug sen§itivities
and release of apparently identical autoac¥ivator factprs.
It'is tﬁerefore‘concluded that mutant strain SGi autoag-
ti&ation ;s the same proceés that occurs in aged strain
NCh spores, differing -only in the length of the lag
period. Thus, the mutations inducing the 3G phenotype
may affect the "temporal programming” of D. df;i:ideum.
Similar mutations have been detected in other stages of
the D. discoideum life cycle (Sonneborn et al., 1963).

In contrast to the inferactions,betWeen aﬁtoactiv—
ating spores, exogenously activated spores are independ-
ently activated (Cotter aﬁﬁ\ﬁﬁper, 1968b) and germinate
eq:ually well at 1 x 10%/nl and 1 x 10°/ml. The only
density effect on exogenously activated spores is thét
caused by low oxygen tenslon at very high spore densi-
ties (Cotter and Raper, 1968b).

A number of other characteristics additionally



RO | Y

~
]

'distihguish autoactivation.from‘exogenous activation.
Spontaneously germinating éborés apparently reqﬁire
protein synthesis, since germination ig inhibited by
_cyclohexiﬁide and edeine: In contrast, spores activated
by a héat~shock or DMSO treathent swell normally'in the

’ \ﬂ,,/(presence of these drugs (Cotter and Raper,.lé?o; Bacon

| and Sussmaﬂ, 19?3;-Yagura and Iwabuchi, 1976; Giri '
and Ennis, 1977). " RNA synthésis is apparently not
required for exogenous spore activation (swelling)
(Cofter and Raper, 1970; Yaguré'and Iwabuchi, 1976},
though others have‘;rgued otherwise (Giri and Ennisu

E 19??).‘ The requirgment for RNA synthesis ﬁor autoactiv-
ation is sigiiarly inconclusive. @ number of drugs and
treatmdats which are known to inhibit RNA synthesis also .
inhibi;Q:ﬁtoaétivation; howevér, in most cases itjis ’ .
not possibié to conclude that the treatments are specific
for RNA synthesis inhibitioh. For instance, thiolutin,
daunomycin, 4NQO, and UV irradiation are inhibitory to
autoactivation. These treatments may also distur@ the
integrity of the RNAs already présent-in the spére,
however, and therefore effectively block protein synthe-
sis. Detailed studies of RNA‘Synthesis will be reguired
to conclusively demonstraE§ whether the process is |
required for autoactivation of D. discoideum spore ¢

germination.

One notable result of studies of the effects of
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various RNA and brétein- synthesis inhibitors is the
observation that in many cases, exogenous activation
treatments or’addit%on of autoactivator factofs override
tﬁezinhibition. The effect of heat activation on
ihhibited spores is not surprising, sincg protein and
RNA syntheses are apparentiy not required for exogenousgly
activated spore swélling. The overriding of inhibition -
afforded by the éﬁtoéctiva%er~£éctors suggests that
protein and perhéps RNA syntheses are required for the
synthesis or release of the factors. In the case of
cycloheximide inhibition of autoactivation, addition of .
the autoactivator factors markedly stimuldates spore
swelling., The-need for prqﬁein synthesis required for

the synthesis of the factors is obviated by the addition

- of the factors. Cycloheximide added to.spore suspensions

up to 30 min before swelli?g prevents germination. One
ﬁay conclude from this datum that a protein is synthesiZfd
at thig time which is responsible for the autoactivation
process., Two observafions suggest that the loss of
cycloheximide se@sitivity is not due to'the_synthgsis
of the autoactivators themselves. Firstly, autoactivator
substances are apparently non-proteinaceous. Secondly,
they are released during early spore swelling, not
30 min before.

Autoactivation of D. discoide&h spore gefminatfbn

is sensitive to a number of treatments. For instance,

——y
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high osmotic pregsgfe induced by 0.25 M suérose, and
temperature extremes.of 0 and 37 C prevent spontdneous
spore gérmination. Spores germinate following ‘their
return to permissive‘conditions; Spores treated at 0 C
for 24 h germinate slowly upen—%eing retﬁrhed tdn23.5.C,
while‘those at 37 C for 60 min, show an increased rate of
germinatioﬁ. Treatment at 37 C e#ogenously activates
mutaht spores (see below). That these freatments are'
inhibitor§ to autoactivation is nog surprising, since
they also induceideactivation'of exogenously activated
wild t&pe spéres (Cotter et al., 1979)..

Autoactivation of D. discoideum gpore germination

occurs slowly déspite the presence of § x 1072 M

cyanide. While the process is dramatically slowed, it
still occurs to‘relatively high percentages within

abou% 18_h} Viable myxamoebaé emerge from swollen spores.
Spores apparently derive energy from some source other
than oxidative phosphorylation by the usual electron
transport system. Additional evidence for this results
from the observation that Spores consume some okygen
‘despite the cyanide, Addition of autoactivator factors.

stimulates spore germination and increases oxygen

consumption by the épores.
» The effect of salicylhydroxamic a?ld (SHAM) on

spores treated with cyanide suggests that spores derive

some enefgy as a result of -the SHAM sensitive alternate

L
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oxidase system. 'Treatment of\spores with SHAM plus
cyanlde almost completely prevents oxygen uptake.
and reduces the percentage of spores germinating.
Addition of autoactivator factors does not stimulate
oxygen eonsumption ender these conditions. SHAM alone o
delays épontaneous spore swelling, which is consistent
with earlier ob®ervations (Cotter et al., 1979). The |
drug.is apparently texic, éince‘myxamoebae.fail to emerge
from swollen spores in tﬁe presence of SHAM.
'.Autoactivator.substances generally -stimulate oxygen
uptake by autoactivating spores. The stimulation is
observed in all cases except when spores are treated with
cyanide ples SHAM. While an attractive eﬁplanation fof
~this stimulus would be to suggest that the autoactivator
factors directly stimulate spore resPifation, such-a
suggestion is premature. The possibility exists that
autoactivators stimulate seme aspect of‘spore metabolism,
and the resulting metabolic fluxes result in an apparent
increase in respiration. The nature and function of. tHe
SHAM sensitive alternate oxidase pathway 1s not well
understood, so 1t is dangerous to speculate-on its role
iﬁ autoactivation. However, increased oxygen consumption
could pefhape result from a stimulation of glycelysis
and the'TCA‘cycle; ' The resulting increase 'in NADH+
levels may increase the flux through the electron

transport or alternate oxidase systems to regenerate



NAD and cause an increase in oxygen consumpt on.
However, further investigations are requlred 0 understand
“the nature of the autoactlvatorxdnﬁuced changes.

Spores from mutant strains SGI and SG2 also'differ

from wild type strain NC4 spores in that their require-

ments for exogenous activation are reduced. Wild>type ;
‘spores are activated to germina?e ét 45_6 for;30 mi ' X
but are only minimally activated at lower tempe;;;Ej;;T??r:Fif*\'
ThlS observation confirms earlier work (Cotter and Raper, . '
1968c). 'Mutant spores, in’ contrast, are partlally
activated after a freatment at 37 C for 6Q mln. Better
activation occurs at sliéhtly higher temperatures (39-
40 C), at'which activation of wild type spores is |
minimal. Nn autoactivator substances are released when -
' mutant spores are éﬁﬁivated at these lower temperature
,regimens. Wild type and mutant spores activated by
thermal treatment reélease a subsfance not unlike
discadenine (Abe et al., 1976) during the late swelling }
stage. This compound is ne longer necessary for the -
'méintenance of dormancy at this time, and is apparently
excreted. ’ .

An additional difference between SG and wild type
épores is that heat activated mutgnt spores'are insen—
sitive to some .deactivating conditions. . For instance,
spores gérminate.despite the high osmotic pressure

induced by 0.25 M sucrose. Spores may not be able to

g

~
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detect the*high osmotic pre&éure as a resuit'of differ-
ences in spore permeablllty, as discussed below. In
contrast, germination of w1ld type spofes‘ls inhibited
by 0. 25 ‘M sucrose, and spores return to the dormant state
(Cotter et al., 1979). . Other treatmentg known to deactiv-
ate wild type spores, including 0C and treatment with
cyanide apparently algo deactivate the exogenously‘
'actiyated mutant spbres. " However, SG spores still auto-
actiﬁate s¥owly in the presence of cyanide, and those
. relieved for 0 C treatment after 24 h are stiii capable
of autoactivation, |
One conclusion that becomes incregsingly apparent

throﬁéhout'the course of this discussion is that autoaé—
. tivation and exogenous activat%on éf D. éiscoideum

Isppres are fundamentally different,proceSSes,' Whereas
autoacti;atigﬂ apparently requires macromoieculér synthe-
synthesis, exogen?us éétiyation of spores deoes not.
While spoﬁtanedus germination is mediated by autogctiva-
- tor subétances, heat induced spores germinate inae endent-
ly of oﬁexanother. Young wild type sporeé require hgrsh

treatments to break dorfmancy, while mutant spores m
i

be activated by milder +treatments or can autoactivate
in the absence of an activation treatment. Since
activation and exogenous activation are so d%fferent.

one must cbnsider.whaf alterations are brought about by

both aging and ﬁutations. and how thesé alterations

-~
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result in the spontaneous germinator'phenotyﬁe; Before

considering- these topics, however, it is necessary to

define both autoactivation and exogenous activation:

-

————

Exogenous activation of D. discoideum spores—"
1s a process whereby spores are relieveﬁ’Trg;
a state of constitutive dormancy by compari-
tively severe, externally applied treatments.
Breakage of dormancy dves not require macro-
molecular synthesis, and may involve a , ‘
relaxation of restraints on oxidative phos-
phorylation.

This definition reiteérates that D. discoideum spores

are constitutively dormant éccording to the definitions

of Sussman and Hélvorson (1966), TSp(restraint on

' . . \
oxidap}ve phosphorylation by the electron transport

system js likely to be the .innate property of the spo}e

which is ultimately responsibile for spore dorﬁancy.

Evidenge for this restriction of oxidative phosphorylation

is based on the multi-state model for spore activation

(Cotter, 1973) and related work, In cdﬁtrast:

‘Autoactivation of D. discoideum spore germin-

ation is a process by which spores are relieved
from a state of poised dormancy (cf.) by mech-
anisms inherent to the spore. The process
requires macromolecular synthesis and is mediated.
by autoactivator factors released from spores

as they germinate. . The autoactivator factors
stimulate additional spores to germinate,
resulting in an aufocatalysis of spore germination.

Poised dormancy is a reversible state of hypometabo-

lism distinct from exogenous dormancy. It is
special case of constitutive dormancy in that
it is maintained by an innate property of the
spore, but is reversed by a mechanism inherent

to the spore.

Autoactivation occurs among spores in a stdte of
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of hyﬁometabolism here fermed."poised dormancy!” for want

of a better name. . Spores are not in'e'state of exogenJ
ous, or env1ronmental dormancy. ’Exogenous dormancy is.
malntalned only by the lack of x crltlcal component of
the env1ronment, such es water or nutrlents (Sussman and
Haivorson, 1966). When spores are provided with the

neeessary eomponent they germindte witheut the need

"for an” actlvatlon treatment. Poised dormancy is a

epe01al state of constltutlve dormancy which is distin-

guished by the fact that while an activatian treatment

?iS"necessary\to break.dormancy, the treatment is provided

\ .
by %he spores themselves. Spores possess an inherent

‘mechanism of-activating themselves (autoactivation)

when.env1ronmental conditions become’ favorable. Thus,

»

'n a state of dormancy whlch is 901sed to be

broken under appr0pr1ate 01rcumstances.

ly in a sfate of peised dormancy. Thus, they are capable
of autoactivating at any time they are exposed to per-
missive conditions. In contrast, wild type spores are

initially constitutively dormant, but gradually énter

poised dormancy after aging. The alterations induced

by spere aging are apparently the same, as those %nduced
bj.mutétions. - The question arises, of course, of what

) ; . . , -
these alterations are.”

El

. One possible alteration resulting from spore aging

-

Spores of mutant strains SG1 and SG2 are continuous—;
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and mutations is of spore permeability. Some evidence

exists which suggeéts that mutant spores have altered

: permeability. For instance, mutant épdres activated '

'S C .

by heat shock are not inhibited by 0.25 M sucrose. Theyi
Q méy simply féil to defect.th osmotic préssure becagge

, sugpbse penetrates fhe spores. Additionally,'some auﬁqf
FactivatOr factors seem to readily leak -from motant and

- aged wild type ?pofes, while they are retained by fresh

wild type sporés. \

Différences in spore permeability qould-result from
mutétioﬁs. Single gene.alteréfions are known to be
cépablé of causing alterations in membrane.intggrify gnd /
compositlon.. The genetic defects can simultaneously
affect plasma.ana mitochpﬁdrial membranes (Rank et al.,

1977). Spore permeability could also be affected by

~maturation. Membrane permeability differences have

been implicated in aging of rat brain and liver cells

. —

(Zs.-Nagy, 1978). Additionally, a variety of enzymes“
are present in the sordcérp in the interstices between
spores (Gezelius, 19%2; Tisa and Cotter, personal cbmmun—
ication). It is conceivable that enzymes present could-
affect the spore co;tuor plasma membrane and alter
permeability. Makimal enzyme‘activit§ would be expected
when the sorocarps are fully hydrated, such as occurs

when they are incubated at a high relative humidity.

In contrast, }pwer humidities dould result in lowered
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enzyme act1v1t1es (Giese, 19?3) N Thus. these consider-.
atlons could in part explaln the varlablllty observed
in age 1nduced autoactivation of strarn NCh spores, and .
varlatlons in the density dependence~of mutant spore .
autoactivation. Humid condltlons such as experlenced'
in summer months would promote ragld maturation of

w1ld type spores, whereas drler condltlons 'would retard
spore aging. One-could not distount the poss;bility-tﬁat
metaooliso within the spores also contributes to altera;
- tions in spore permeabllity. Many dofmant-spores are

not ametabolic, but rather are hypometabolic., For

Y . .
instance, dormant Rhizopus stolonifer spores incorporate

b, . . X .
1 C into various spore components when incubated in an

-atmosphere of 1

C0, for long periods (Vgn Etten, personal
communicatiors). Thus,  slow metabolic processes could
contribute to spore maturation, or entrance into poised
dormancy. ‘l '

The manner in whizﬁ altered spore permeability
coulo inouce the spontaneous germination phenotype is
unknown. -Permeability differenoes have been Implicated
in the germination of several-types of seeds and spores
(Sussman, 1976). Furfural-activation of Neurospora
ascospofes is mediated through membrane effects (Eilers
et al., 1970a,b). Heat activation of D. dlSOOldeum

results in changes in spore permeablllty and the dlstrlb—

ution of membrane particles, and also causes a large

L4
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efflux.of.OSmotically active materials from spores\(Hohl
et al., 1978). 'Thus{'gome association has been éhown
lbetween spore -permeability and release from-dormahcf;
_ﬁéﬁftly how. these phehomena are‘associated is unknown,
and the éubject requires additional investigatioﬁ.‘

'\ An additional questionjto be- consideTsd is the
néture and mode of action of the autoacti;zpor spbstéﬂces.
- "Thesé subjects a156/;;§uire additional investigation,
and only prelipinary observatioﬁs can be Eonsﬁdered here.
A distinct problem encountered in‘sﬁudies of the auto-
actiﬁator-factors-is‘that they are present and function
at minuscule concentrations. Factor C was chosen for
further studies primarily-because it i's unique to spore
germination. Factors A and B may ﬁe common cellular ({f 
components, as noted prev1ously All attempts £o id;ntify
autoactlvator factor C were unsuccessful. Sufficieft
materlal was not avallable for spectroscopic analysis,

" no radlolsotoplc precursors could be incorporated 1nt;>
the factors, and its activity could not be mimicked by
exogenousl& applied coﬂpounds. Several bacterial species
release compounds which mimic the activity of autoactiva-
* tor factor_Cf Some of-these compounds may be structural
analogs..'Théfefore, future efforts to‘idgntify the
stimulatory substances may be devoted to investigations

of the bacterial factors, since the bécteria can be

erown with less effort and expenseé than D, discoideum.
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Autoactivator factor C.may be a small aromatic \
. compound. Tts elution characteristics on Biogel and
Sephadex gel filtration columns‘are similar to those of

purines and pyrimidineé. Additionally,, D. discoideum is

notorious for its use of purines to regulate various

portions of its life cycle. ' For instance, cAMP organ-

izes the aggregation of myxamoebae (Loomis, 1975; Newell,

1978), whileﬂdiscadénine is involved in the maintenance .

of ¥pore dormancy (Abe et al., 1976). Beyond the specula-
tion bf its being a purine amd noting its activity at
very low concentrations, it is impossible to add any

\

inform%fi::)about autoactivwator factor C. '

* .

The de of action of the autoactivator substances
in inducﬁng spore germination is also unknown. It can
be stated ;Lat tﬁe factors result in gn'increase in
respiratian as measured by oxygen consdmption. Addition-
'aliy, tﬁe.hyperbolic curve of autoactivator dilution

versus pefcent spore germination suggests that multiple.

molecules of the substance are required to activate each

spore. However, no further evidence is, available on how
the substances work. A fdll understanding of how the %

factors stimulate spore germination may not be available

until the substances are identified.
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in that context, it also commonly:
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- discugsgions will a
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5. ‘Germination of Dictyostelium di'sqoideum Spores

in Nature »
Although this investigation has been primarily
laboratory oriented, efforts have been made to relate the

results obtained to events in nature. While D. di scoideum

is a "laboratory animal” and is often considered only //

'81des in the soll

and ﬁeaf litter of deciduous, su roplcal forests (Raper,
1935)« Studles of what organism does in ‘the labora-
Ep;y are @erely academlc J/f the organigm does not also’
pérforﬁ'the feat izghatu;e. ThereforeQﬂ}ﬁe fol;pwing

| empt to relate the laborétofy results
to:ﬂhaﬁ”may actually occur in nature. . ‘

Th}ee distinct stimulil exist which could presumably

~

trlgger D. discoideum spore germination in nature:

exogenous activation, response to substances released
by bacteria, and autoactivation. Each of these activa-
tlon treatments will be considered separately

Exogenous activation of D. discoideum spores 1s one

poésible ﬁechanism-of spore germination'in nature,

Since slugs are positively phototactic (Loomis, 1975),
sorocarps wobuld tend to be present on the surface of ;
the soil or leaf litter..'The fragile sorocarps maj

be knocked over by wiﬁd, rain, or disturbances by insects
or other denizens.of the leaf 1litter. Once spores are

released from the sorus, autoinhibitors and.high osmotic

R .
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voove



, 1&5
pressures are~diluted by grouud moisture. One ean
envision a variety of conditions in which spores may be
activated. For 1nstance, Spores may be actlvated by
exposure to high temperatures caused by dlrect sunllght.
Temperatures in the soil and its microenvironment may
rise to as higu as 50.C when exposed ro;full midday
sun, and dark soils may reach 70 C (Brock 1970). Thus,
thermal activation of spores 1s poss1ble Spores reachlng
a temperature of 45 C for 20-30 min germinate with a
lag perlod of about 1 h when cooged to 23 C (Cotter and
Raper, 1966). Even spores maintained at rhis higher
temperature for longer periods germinate, but require a
longer lag period (Cotter and George, 1975). One can._
“envision that such thermal activation would occur most
frequently iu the late epri;g, when temperatures are
warm and the deciduous forests have not yet developed a
fuli leaf cover.

A number of other triggers for erogenous épore
activation have been studied under laboratery conditions,
Treatment with 20% DMSO or 8 M urea causes activation of
D. dissoideum spores (Cotter and O'Conﬁell, 1976
Cotter,'197?). Ie.seems unlikely, however, that epores
would be ekposed to these Treatments in nature. These
severe treatments apparently mimic the effects of thermal
treatments in nature. Another harsh condition which

F g

" might exogenously activate D. discoideum spores in nature
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ﬁg; which has not been studied is ingestion by insects,
worms; or other animals. The low pH 'or abrasion within
the intestinal tracts of such creatures may aid in

A

relieving dormanéy. Spores of the Myxomycete, Didymium

. 8p. isolated from feces of the mite Egggphagué“putre-
scentiae have been shdwn to germinate normally (Keller
and Sﬁith, 1978), .so ingestion is not neceésarily
synony@ouslwith digestion.

A 'second possible trigger of D. discoideum spore

germination\is one that is intuipi#ély obvious: spores
germinate in response to a signal that® sufficient nourish-
ment is available to support §egetatiy§ growfh.' Thus,
spores germinate in ré3ponse tb the preséﬁée“of sultable
bacterial prey. This phenomehon has,been observed .
countless times in two membered cultures of D. discoideum
with an appropriate bacterium. One would -expect a.
similar phepomenon to occﬁr.in the soil.r Spores respond
to substances released by the common soll bacteria

Enterobacter aerogenes, Pseudomonas aeruginosa, Myxococcus

amd Micrococcus luteus, as well as Escherichia

Xanthus,

coli, Dictyoskelium discoideum has apparently evol#ed

the ability/;o éetect and respond to metabolites or
wast9/ﬁ£oducts released by bactéria. The organism canz
‘appé%eﬂfiy also lose the ability to respond to.soﬁe
bacteria, since.Hashimoto et al. (1976) reported that

their D. discoideum strain NC4 fails to respond ta

-
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E. coli supernatants after iong term coculture with E.
aerogenes, - )

The most likely time of-year for D. discoideum‘
spores ﬁo resﬁond to'fhe presence.of bacteria is in
early summer +to éarly fall. During these times the
" mild climatic conditions would favor rapid badterial

growth, The time required for D. discoideum aggregation

and sporulation might allow repletion of bacterial popula-

tions in the soil. Exogenous activation of spores at

these times:is probably minimal due to blockage of

sunlight by the leaf cover. |
Autoactivation, the subject of this d"éertation,

is the third possible mechanism of D. discI:deum spore

* .
germination in nature.  Spores in the sorocarps or soil

or leaf Iitter which are not exogenously activated by

heat (sunlight) or bacterial products may autoactivate.

‘One may cpnsider 1t an act of desperation: spores which
have remained. dormant for 1-2 weeks without an activation
treatment are obviously not in an énvironment conducive

to growth, Sufficient meisture and mild temperatures

are required for autoactivation so .that the process will

not occur in hostile environments. Thusf‘sporeg ge;minate ’
gg.mgggg to reenter the vegetative state. The resulting
myxamoebae may“immediately aggregate to form a slug,

which can then migrate in search of nourishment.

Several characteristics of autoactivation may be of
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sﬁrvival'value to D. discoideum in nature. The density

dependence of the process would insure  that sufficient

' numbers of myxamoebae are present to form a slug. Also

note that the rate of mlgratlon of the pseudoplas—
modlum 1s related. to its 31ze: larger slugs migrate
faster angd farther than smaller ones (Bonner et al,, 1953)
Slugs may migrate for days, coverlng tens of centlmeters
(Loomis, 19?5)# yThe 1-2 week lag period priore to auto—
activation of wilg type spores wguld 1nsure that the S
germination process is not premature. The lack of nour—
ishment 1n the environment is not trans1ent but rather
is long term. Thus, there is survivail value 1n mlgratlng
away from a depleteq area, perhaps to another area

where nourishment isg available, . At the very least the
Process may allow. D. d13001deum to resporulate in a

position more favorable for future Spore actlvatlon

Spores present in the soil or leaf litter are not exposed

to” any 0f the above activation treatments. Perhaps
sunllght is waning due to the approach of the autumnal
equinox, or 1s shielded due to leaf litter or overhead
leaf cover, Under these 01rcumstances spores would not
be exogenously activated, Slmllarly, reductlon of
bacterial growth rates due to autumnal cooling would
reduce spore activation by bacterlal .Substances. Auto-

activation would be delayed by slower maturation rateg
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due to cooler femperatures. Under such conditions, gpores
wouid‘;emain'dormént.in the soil and would overwinter.
Tobler and Hohl (1977) ‘have reported that 60-85% of the
cellular slime mold clone formlng units in the soil are
attrlgatable to spores, even in the spring and summer
when. myxamoebae are not kllled by freezing. Thus, it

is 11kely that slime molds overw1nter as spores. Geré&nlﬁ
atlon may occur in the spring by anyYof the mechanisms

- outlined above. - . - - o

-5
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