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ABS TRA CT 

When D~o/2ophila embryos and pupae , undergoin g 

differentiati on , are subjected to a brief heat shock at an 

ele vated temperature , spec ific abnormalities are produced in 

tie adult organism . The type of abnormality produced is 

dependant upon the stage in the differentiation pr ocess at 

which the heat shock is adm inist e r ed . In addition , D~o/2ophila 

cel ls respond to heat shock with the rapid cessa tion of all 

pre - existing transcription and translation , and t he 

simultaneous transcription of a specific set of heat shock 

genes . Heat shock mRNAs are subsequently translated 

preferentially into a novel set of heat shock p r oteins . This 

response of D~o/2ophila is independant of the type of tissue 

and the developmental state . Many other organisms display a 

similar protein synthetic heat shock response . 

Phy/2a~um plasmod ia can be r eadily induc ed 

expe rim entally to undergo a process of different i ation 

lead in g to the development of mature sporangia . Heat shocks 

administered during this differentiation have been reported 

t o result in the formation of abnormal sporangia . This thesis 

is concerned with the detailed inv estigation of normal 

sporangial development in Phy/2a~um and the effects on 

s ubsequent development of heat shocks administe red at a 

number of different stages of development , using a 

combination of light microscopy , scanning elect r on microscopy 

and transmission electron microscopy . The more immediate 

response of Phy/2a~um prote i n synthesis to heat shock is also 

investigated , us in g r ad i oactive labeling of p r o tein s , SDS­

polyacylamid e gel elect r ophoresis and fluorography . 

Heat shocks administered durin g the ear ly stages of 

Phy/2a~um sporangial development induc e a delay in subsequent 

development but normal mature sporangia are produced. Heat 

shocks administered late in development induc e the formation 

of grossly abnormal sporangia, with the type of abnormality 

induced being dependant upon the stage of development 

attained at the time of the heat shock. Heat shocks 

administered at a mid-point in development induce a complete, 

. though not permanent, developmental arrest. 

Heat shocks at a number of different stages of 

Phy/2a~um sporangial development induce a considerable 



reduction in pre - existing protein synthesis , while the 

synthesis of a novel set of heat shock proteins is induced 

by each heat shock . The heat shock proteins of Phy/2a~um have 

approximate molecular weights of 85 , 000 , 78 , 000 , 75 , 000 , 

73 , 000 , 69 , 000 , 18 , 000 , and 14 , 000 daltons , with the 

predominant heat shock protein being that of 69 , 000 daltons . 

Phy/2a~um plasmodia undergoing active growth synthesize the 

set of heat shock proteins typical of plasmodia underg oing 

development but , in this case , the pre - existing protein 

synthesis continues during the heat shock . 

The effects of heat shock on both the develo n.~ en t and 

protein synthesis of Phy/2a~um plasmodia are discuss ~~ and 

relationships between these two phenomena are propos ed . Also 

discussed are the similarities between heat shock- induced 

abnormalities in D~o/2ophifa and Phy/2a~um , and the 

similarities between the protein synthetic heat shock 

responses of these two organisms . In both organisms , a 

similar molecular basis probably underlies abnormalit y 

production , while the major heat shock proteins of bot h 

organisms are remarkably similar in molecular weight . 
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SECTION 1 . INTRODUCTION 

It has long been establ i shed t hat the imposit i on of an 

environmental stress during the development of D~o/2ophi ia 

can induce mutant - like abnormal i t i es , described as 

phenoccpies , in the mature adult . Thus a brie f shift fr om 

the no r mal growth temperatu r e to an elevated , but not l e t hal 

temperature (heat shock) at speci f ic stages of embryolog i cal 

development or metamorphosis indu ces specific phenocopi es 

(Goldschmidt , 1935 , cited in Mitchell and Lipps , 1978) . The 

cause of the abnormality has been suggested to be a hea t 

shock - induced conformational change i n specific protei n s 

(Milkman , 1963) . However , it has since become clear that 

phenocopy production results from the d i rect e f fect o f he a t 

shock on transcription of a gene that must be expressed i n a 

specific time interval for normal development (Seybold 

et al ., 1975) . Additional work on the induction of 

phenocopies in D~o/2oph i la led to the hypothesis that the 

transitory repression of a transcriptional activity is 

equivalent to a lack of function or an abnormal function in 

a mutant , and the time of phenocopy production corresponds 

to the time of expression of the normal allele of the mutant 

ge n e (Mitchell and Lipps , 1978) . As well as affecting the 

transcription of structural genes directly , heat shock may 

also interfere in some general way with the action of 

regulatory elements in the development of D~o/2ophi la 

(Santamaria , 1 979) . 

Heat shock is also effective in inducing developmental 

abno r mal i ties i n other o r ganisms . When Ph y/2a~um pol y cephalum 

plas modi a unde r go in g sporul a ti on a r e hea t shocked at 

spec ifi c s t ages of de v e l opmen t, many a bn orma l spo r a n gia ar e 

s ubs equ ently pr oduc e d (Sau e r et al ., 1969). Similarly, when 

Naegfe~ia g~uie~i am e bae are heat shocked during differen­

tiation into swimming flagellates, an increase occurs in the 

average number of flagella per cell from approximately 2 to 

either 4.5 (Dingle, 1970) or between 5 and 6 (Walsh, 1980). 

During the normal development of the larval salivary 

gland of D~o/2ophifa, considerable changes occur in the 

pattern o f puffing activity in the polytene chromosomes . 

Puffing at sites on these chromosomes represents a measure 

of transcriptional activity and thus changes in puffing 



activity reflect changes in gene e xpr ess i on du rin g 

development . However when salivary glands are heat shocke d , 

a unique set o f puffs is rapidl y induced while mos t p r e ­

existing puffs regress (Ritossa , 19 62 ; Ashburner and Bonner , 

1979) . In addition , it has been possibl e to isolate a unique 

set of messenger RNAs that are induced by heat shock 

(Spradling et ae ., 1977 ; Mirault et ae ., 1978) . In pa rallel 

with these changes in t ran sc ri ption , heat shock also 

r edirects protein synthesis from the production of a broad 

spectrum o f proteins which are characteristic of the various 

tissues and cells of D~o/2oph i €a , to the producti o n o f a 

unique set of proteins , the heat shock proteins (hsp ' s) , 

which are not tissue specific . The set of hsp ' s of 

D~o/2oph i €a includes at l east seven different proteins with 

apparent mo l ecular weights of 82 , 000 , 70 , 000 , 68 , 000 , 

27 , 000 , 26 , 000 , 23 , 000 , and 22 , 000 daltons (fo r review see 

Ashburner and Bonne r , 1979) . Of these , the 70 , 000 dalton 

protein (hsp 70) has been found to r epresent appr o ximat e ly 

80% of the total proteins synthesized by D~o/2ophi€a in 

respons e to heat shock (V elazquez et ae ., 1980) . The 

resp ons e to heat shock at the l evel of transcripti on is 

extremely rapid such that after only 60 seconds at the 

e levated t empe rature , 2 . 2% of the nuclear RNA is hsp 70 gene 

transcripts (Findly and Pederson , 1981) . Within 8 to 1 2 

minutes , heat shoc k mRNAs have been processed , transported 

to the cytoplasm , and translated into protein , while the 

synthesis of the no rmal complement of proteins and mRNAs is 

rapidly curtailed (Lindquist , 1980) . 

Similar protein - synthetic responses to heat shock have 

been r epor t ed for many other eukaryotic organisms including 

chi cken e mbryo fibroblasts, mouse L cells, and baby hamster 

kidn e y cells (Kelley and Schlesinger, 1978); Chi ~ono mu/2 

ientan/2 (Vincent and Tanguay, 1979); Chinese hamster ovary 

cells (Bouche ei al., 1979); Saccha~omyce/2 ce~evi/2iae 

(McCalister and Finkelstein, 1979; Miller ei al., 1979); 

Diciyo/2ielium di~coideum (Loomis and Wheeler, 1980); 

Poly~phondilium pal€idum (Francis and Lin, 1980); Naegle~ia 

g~u te~ i (Walsh, 1980); plant cells (Barnett et al., 1980); 

7ei~a hymena py~ito~i~ (Fink and Zeuthen, 1980; Guttman 

et ae., 1980); 7ei~ahymena ihe~mophila (Hauser and Levy-

2 



Wil son , 1981 ) ; quail myoblasts ( Atk in son , 1 98 1 ) ; HeLa cells 

( Sl ater et ae ., 1 98 1 ) ; and de v eloping sea u r chi n embryos 

(Roccheri et ae ., 1 98 1 ) . The strict dependance of hsp 

syn t hesis on new trans c ri pt i on a t t he e l evat ed te mpe r ature , 

as indicated by the inhi b it ion o f hsp syn thes i s by 

act i nomyc i n D, has been demons trated fo r D~o/2ophi la (Lewis 

et al ., 1975) , Di ctyo /2 t el ium ( Loomis and Whee l e r, 1980) , 

Nae g le~ i a g~uie~ i ( Wal sh , 1980) , 7e t ~a hym ena p~ i to~mi/2 (Fink 

and Zeuthen , 1980) , HeLa cells. (Slater et ae ., 1981) , and 

sea urchin embryos (Roccheri et ae ., 198 1 ) . Although the 

sets of hsp ' s of a n um ber of these organisms differ in 

molecular weight , hsp 70 or a protein of approxima · , ly the 

same molecular weigh t p r edom i nates i n Chi ~on omu /2 , 

Di..c t y o/2i..el ium , 7 . py ~ i.. to~m i /2 , as it does in D~o/2ophi la . In 

addition , hsp 70 of D~o/2ophi la has been shown to co - migrate 

on SDS acyla~ide gels with the hsp 70 of Di ci..yo/2telium 

(Loomis ei.. ae ., unpu bli shed r esults ci t ed in Loomis and 

Wheeler , 1980 , and Velazquez et al ., 1 980) Such observations 

seem t o suggest that th e heat shock response is a truly 

universal eukaryotic phenomenon . c/2che~ ich i a col i has also 

been r epo rt ed to respond to an increase in temperatur e with 

a transient increase in the synthesis of a number of 

proteins (Lemaux ei.. al . , 1978 ; Yamamori ei.. ae ., 1978) and 

this further suggests that prokaryotes may be subject to a 

similar type of response . 

Although heat shock itself is the p r imary inducer of 

the heat shock response , the mechanisms at the molecular 

lev el by whi ch the he a t shock loci are specifi cally 

selected fo r exp r e s s i o n rema i n to be e lucida ted . It has been 

poss i bl e to pa r t i a lly i n du ce t he he a t s h ock puff s in 

indivi dual D~ o/2 ophifa salivary gland nuclei by mi c r o ­

injecti on of mitochondrial supernatant, obtained fr om 

mitochondria subjected to the elevated temperature , into the 

salivary gland cells (Sin , 1975) . Similarly , incubation of 

isolated salivary gland polytene nuclei in cytoplasm 

prepared from D~ o/2ophifa tissue culture c ells which had been 

heat shocked before disruption , induces puffs at the h eat 

shock l o ci (Compton and Bonner , 1978 ; Compton and McCarthy, 

1978 ; Bonner , 1981 ; Craine and Kornberg , 1981 ) . The active 

factor in the cytoplasmic extracts has b e en partially 
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purified an d characterized and found to be a protein (Craine 

and Kornber g , 1981 ) . The observation that the heat shock 

loci are induced even in the absence of protein synthesis 

(Ashburner , 1970) sugges ts that p r oteins involved in gene 

activation must be componen ts of cells during no r mal growth 

w~ich are modified or t ransl ocated, o r both , after heat 

s~ock . It remains a possibi lity that such proteins normally 

reside within mitochondria . 

Additi onal controls in the heat shock response appear 

to operate at the level o f translat i on . In parallel with the 

c~anges that occur in the patterns of proteins synthesized 

by D~o/2oph i ia in response to heat shock , pre - existing 

polysomes disappear and are replaced by a population of 

polysomes containing RNA synthesized after the elevation in 

temperature (McKenzie e t al. , 1 975) . When polysomal RNA i s 

e xtract ed fr om heat shocked D~o/2oph i la cells , it is f ound to 

direct the in v i t~o synthesis of heat shock proteins 

( :-1 c Ken z i e and M e s e 1 son , 1 9 7 7 ) . Howe v er m RN A s t ha t are 

no rma lly synthesized and translated remain in the cytoplasm 

of heat shocked cells and can be translated in vit~o als o 

(Mirault et al ., 1978) . Furthermore , lysates prepared from 

heat shocked D~o/2oph ila cells preferentially translat e the 

heat shock mRNAs , while the lysates prepared f r om normally 

growing D~o/2ophiia cells indiscriminately translate both 

normal mRNAs and heat shock mRNAs (Storti et al ., 1980 ; 

Kruger and Benecke , 1981 ; Scott and Pardue , 1981 ) . 

D~o/2oph i ia cells can therefore discriminate at the level o f 

translation between t wo populations of mRNA which co - e xi st 

in the cell . The addition of c rude ribosome fractions from 

normal cell lysates to lysates from heat shocked cells 

r escu es translation of normal mRNA , suggesting that the 

discriminating elements are associate d with ribosome s (Scott 

and Pardue , 1981 ) . Upon the return of heat shocked cells to 

the normal temperature the normal proteins are again 

synthesized , initially from stored mRNAs (Lindquist , 198 0 ; 

Storti et al ., 1980) . The hsp ' s themselves are apparently 

not involved in translational control since D~o/2ophila 

embryos, at a s tage in development where they are unable to 

synthesize hsp 1 s, still suffer an arrest or substantial 

reduction of normal protein synthesis (Dura, 1981 ) . 
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On the basis of the heat shock -induced repression of 

normal protein synthesis , it has been proposed that 

phenocopy induction in D~o6ophiea results from a non ­

coordinated r ecovery of the normal protein synthesis pattern 

following heat shock (Chomyn ei ae ., 1979 ) . The process of 

differentiation in D~o/2ophiea pupae is accompanied by rapid 

changes in the patterns of synthes is of all the most 

abundant proteins and these changes , which are regulated at 

the level of transcription, can be related to phenocopy 

sensitivity on a temporal basis (Mitchell and Petersen , 

1981 ) .. Altho ugh not a developmental abnormality in the sense 

of phenocopy induction, a delay in the onset of mitosis 

induced by heat shock occurs in a number of organisms. Often 

such delays can be related to morphological abnormalities 

within nuclei . In Phy/2a~um poeycephaeum , heat shock - induced 

mitotic delays with variable durations dependant upon the 

actual stage in the cell cycle at the time of the heat shock 

have been r eported (Brewer and Rusch , 1968 ; Kauffman and 

Wille , 1975; Lo magi n , 1978 ; Wright and Tal l o n , 1978 ; Tyson 

ei ae ., 1979 ; Wolf et ae ., 1979) . Similar cell cycle ­

dependant , heat shock - induced mitotic delays have been 

r epo rted f o r 7et~ahymena and Schizo/2accha~omyce/2 (Zeuthen , 

1974 ; Polanshek , 1977) . In D~o/2ophiea , mitosis is blocked 

during heat shock and takes almost 3 hours at the normal 

incubation temperatur e before normal cell division occurs 

again (Arrigo et ae. , 1980) . There is some evidence to 

suggest that mitosis in both Phy/2a~um and Schizo/2accha~omyce/2 

i s dependant upon protein synthesis at the sensitive stages 

of their cell cycles ( Sachsenmaier ei ae . , 1972 ; Polanshek , 

1977; Tyson et al ., 1979) and it is possible that the delays 

in mitosis onset are caused by the heat shock - induced 

repression of normal protein synthesis and therefore may 

have a molecular basis similar to that of phenocopy 

induction . It is interesting to note that division in 

[/2che~ichia coli depends upon the accumulation of a specific 

protein throughout the cel l cycle and that heat shock delays 

division increasingly with the age of the cell (Smith and 

Pardee , 1970) . 

While the physiological function of the heat shock 

response remains unclear, it is kn own that heat 1s not alone 
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in its ability to induce the transcriptional and 

t ranslati onal changes ass o ciated with the heat shock 

response . In cluded amongst the many other ef f ective inducing 

agents are anaerobios is, uncouplers of oxidative 

phosphorylati on, a nd inhibitors of vari ous enzymes and othe r 

cel lular functions (Ashbu rn er and Bonner , 1979) . Ag ents 

other than heat shock are also effective induc ers o f heat 

shock-type r esponses in a numb e r o f o rganisms besides 

D~o/2oph i la . Both decil ia tion and release fr o m an o xia induce 

the same set o f proteins in 7et~ahymena py~ito~mi /2 as does 

heat shock (G ut tman ei al . , 1980) . Simila rly, anaerobic 

treatment of maize seedlings r esults in the synthesis of a 

novel set of proteins , the major one being identified as 

alcoho l dehydrogenase , an im portant enzyme for anaerobic 

survival (Sachs and Freel in g , 1 978) . 

Theref o re it i s likely that the heat shock r es ponse 

its e lf is but an e xample of a more general biolo g ical 

reaction to environmental stress . The proteins synthes iz e d 

in r esp ons e to that stress probably serve in some way to 

alleviate the effects of th e stress on the o r ganism , an 

hypothes i s which is suppo rt ed by a number of studies . When 

D~o/2oph i la embryos are heat shocked at any stag e preceding 

the migration of the nuclei to the periphery of th e egg , 

they fail to produce hsp ' s and stop cleaving , wh e reas 

embryo s heat shocked at later stages do produce hsp ' s and 

cont inu e developing (Graz i osi et al . , 1 980) . Simila rly, sea 

urchin eggs heat sh oc ked prior to hatc hing fail to produce 

hsp ' s and do not survi ve the heat shock whereas those hea t 

shocked after hatching do produce hsp 's and survive 

(Roccheri et al . , 1981 ) . Diciy o/2tel ium cells ar e p rotected 

from an otherwise lethal tem peratu r e following a p re­

treatment at a lower temperature which induces the heat 

shock response (Loomis and Wheeler , 1980) . A mild heat shock 

pretreatment of D~o/2ophila cells also greatly enhances 

survival and the recovery of protein synthesis after a 

higher temperature heat shock (Mitchell et al ., 1979 ; 

Petersen and Mitchell, 1981 ) . In addition , pretreatment of 

D~o/2oph i la pupae leads to both increased survival of an 

otherwise lethal heat shock (Milkman , 1963 ; Mitchell zi al ., 

1979) and protection against phenocopy induction (Mitchell 
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et ae .• 1979 : Petersen and Mitchell . 1981 ) . When D~o/2oph i ea 

cells are subjected to a gradual rise in temperatu re , the 

temperature range of the heat shock response is greatly 

extended (Lindqu i st , 1980) in a manner resembling that of 

pretreatment . Clearly a relationship does exist between an 

effective heat shock response and both survival and 

protection from heat shock - induced developmental 

abnormalities . 

The importance of hsp ' s can also be demonstrated by 

inhibiting their synthesis . Thus when the synthesis of hsp ' s 

by D~o/2ophiea cells is inhibited by the addition of 

cycl · ~ximide to the cells prior to heat shock , normal 

transcription i s strongly inhibited following the heat shock 

(Arrigo, 198 0 ; DiDomencio et ae ., cited i n Velazquez et ae ., 

1980) . Although the hsp ' s are not r esponsible for the 

repression of genes active before the heat shock , their 

synthesis is necessary for the resumption of RNA synthesis 

following the heat shock (Arrigo , 1980) . The addition of 

cycloheximide to Saccha~omyce/2 cc~evi~iae cells prior to 

heat shock also prevented the recovery of the pre - heat shock 

mRNA pattern of these cells on subsequent incubation at the 

normaJ temperature (McAlister and Finkelstein , 1980) . With 

Dictyo~teeium cells , the protective action of pretreatment 

was prevented if the cells were incubated with cycloheximide 

during the pretr eatment (Loomis and Wheeler , 1980) . 

Therefore it is apparent that the hsp ' s do in some way 

protect the cell against the effects of the elevated 

temperature . A number of observations indicate that the 

actual site of this protective action is with in the nucleus . 

Us in g cell fractionation procedures , it has been shown that 

some hsp ' s may become localized within nuclei (Mitchell and 

Lipps , 1975 : Vin cent and Tanguay , 1979) . Further work using 

this t echnique has shown that approximately 80% of hsp 's 22 , 

23 , 26 , and 27 , and 30% of hsp ' s 68 and 70 become localized 

within nuclei of D~o/2ophila cells foll owing a one hour heat 

shock , whereas most of hsp 8 4 is found in the cytoplasm 

(Arrigo et ae ., 1980) . When heat shocked cells are return ed 

to the normal temperatur em , most of the hsp ' s migrate from 

the nu clei into the cytoplasm (Arrigo et al ., 1980) . 

Electron microscope autoradiography of D~o/2ophila cells has 
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also demonstrated that a major portion of the proteins 

s ynthesized during heat shock is rapidly transported to the 

n u c leus and very little appears in cytoplasmic vacuoles or 

i n mitochondria ; once inside the nucleus the hsp ' s bec ome 

quantitatively associated with chromosomes (Velazquez 

et ae ., 1980) . A more detailed biochemical fractionation 

study has confirmed the association of hsp ' s with the nuclei 

of h eat shocked Dno/2oph iea cells and has indicated that the 

hs p ' s become associated with an intranuclea r scaffold rather 

t~an being directly associated with chromatin (Levinge r and 

Varshavsky , 1981 ) . Another study also locates a substantial 

~raction o f the l ower molecular weight hsp ' s within nucl e i 

o f heat shocked Dno/2ophiea cells and identifies the most 

prominent basic hsp as histone H2b (Sanders , 1981 ) . On e of 

t he hsp ' s of 7etnahymena pynitonm i /2 also accumulates within 

t~e nucleus and may be associated with structu r al or 

sca ff o lding proteins in the nuclear matrix (G u ttman el a e ., 

1980 ) . Thus , although the actual molecular interacti ons 

r e ma i n un c l e ar , the r e l a ti on s h ip between t h e hs p ' s a n d t h e 

nuc l e u s mu s t be a n i mpor tant on e f o r c ell survival at 

elevat e d tempera t ures . 

In th e s tudy pr esent e d h e r e , th e myx omyc e t e Phy /2 a n um 

po ey ce phaeum is u til i zed t o inv es ti gat e the e ff e cts o f heat 

shoc k on bot h d e v e l op me nt and pr o t e in synthesis . Th e life 

cycl e o f Phy/2anum (Fig . 1) e ncompa s s e s two vegetative p hases 

of growth : uninucl eat e , haploid amebae , which grow and 

divide by binary fission , and a multinucleate plasmodium , 

whi c h grows without cell division . In the pr esence of an 

ad equate food supply , the plasmodium continues to grow 

inde finitely , undergoing sychronous mitoses . The enti r e 

plasmodi um can also migrate around by means of protoplasmic 

str eaming . When starved, plasmodia can unde rgo a reversibl e 

transformation to a resistant encysted form , the sclerotium . 

Starvation can also induce sporulation , for which a period 

of ill umination is also necessary , and which involves a 

complex sequence of developmental changes . These changes 

include the morphogenesis of a fruiting-body (sporangium) , 

the c leavage o f the cytoplasm to form uninucleate cells , the 

hardening and darkening of spore walls around these cells , 

a nd both mitoti c and mei o tic divi sions of the nuclei. In 
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Figure 1 . Diagrammatic representation of the life cycle of 

Phy~a~um poeycephaeu m (from Gorman and Wilkins , 1 980) . 
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moist conditions the spo r es germinate to release amebae . 

When conditions become unfavou r abl e , amebae can also form a 

reversible encysted stage , the microcyst , and in very moist 

conditions they can form flagellated swa r m cells . In hetero ­

thallic strains o f Phy /2a~ um, the transition from the amebal 

to the plasmodial phase of the life cycle requires the 

fusion of two amebae of different mating types, with the 

subsequent fusion of the tw o nuclei . However ther e are some 

strains , most notably the Colonia (CL) st r a i n , in which the 

transition occurs apogamically within c l ones of amebae to 

produce haploid plasmodia . The CL - 2 strain , as used in the 

present s · ly , is a diploid derivative of the CL strain 

produced by heat shocking CL plasmodia . ( See Dee , 1 975 ; 

Alex opou l os and Mims , 1979; Gorman and Wilkins, 1980) . In 

th e laboratory , the plasmodial phase is routinely cultured 

on a semidefined medium on a rotary shaker and under these 

conditions it breaks up int o small pieces , the micro ­

plasmodia . 

The bio hemical , morphological , and ultrastructural 

changes that occur during the process of differentiation 

from plasmodia to mature spores are known in some detail 

(Guttes et af.. ., 1961 ; Sauer et af.. ., 1969 ; Rusch , 1970 ; Laane 

et af.. ., 1976 ; Goodman , 1980) . In addition , it has been 

established that heat shocks at specific stages of this 

de v elopment result in subsequent developmental abnormalities 

(Sauer et af.. ., 1969) . In the present stud y , thes e findings 

are extended by examining in greater detail the changes in 

the morphol ogy and u ltra structure of the developing 

sporangia p r oduced by heat shocks at specific stages o f 

d e v e lopment. 

To determine whether Phy/2a~um responds to heat shock 

with the changes in protein synthesis typical of D~o/2ophila 

and, if so, whether this response is independant of 

developmental state, the changes in protein synthesis 

induced by heat shocks of sporulating plasmodia at 

different stages of development and of growing plasmodia are 

examined. A general suppression of translation in Phy/2a~um 

at an elevated temperature has been reported to occur 

(Bernstam, 1974; 1978). However it has yet to be established 

for Phy/2a~um whether this suppression of translation is 
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accompanied by the synthesis of specific hsp ' s . A heat shock 

induced repression of both normal transcription and 

translation , as has been established for D~o/2ophiea , could 

account for the developmental abnormalities reported to 

occur i n Phy~a~um (Sauer e t ae ,, 1969) . This possibility is 

investigated in this study by using heat shock as a probe 

of differences that occur in gene expression during 

sporulation . 

I I 



SECTION 2 . MATERIALS AND METHODS 

2 . 1 Organism an d culture media . 

Phy/2a~um po[ycephalum strain CL- 2 , a derivative of the 

haploid , apogamic strain CL , was obtained from Dr . Adam 

Wilkins . 

Liquid shake cultures of microplasmodia were grown in 

the standard , semidefined medium (Daniel and Baldwin , 1964) . 

The sporulation medium (SM) used was that of Wilkins and 

Reynolds (1979) . 

2 . 2 Induction of sporulation . 

The method us ed was essentially that of~ _kins and 

Reynolds (1979) with only minor modifications . 50m£ cultures 

were grown to late log phase (appro x imately 72 hours) at 

22°C from 3 . 0m£ in ocula in 1£ flasks , with rotary shaking at 

160 r . p . m. Microplasmodia were harvested by centrifugation 

at 500 x g fo r 1 ~ minutes and were then resuspended in an 

equal v o lume of SM . Aliquots of 0 . 5m£ were placed on 

individual Whatman number 50 filt e r papers , each supported 

by a stain l ess steel grid , inside 50mm diameter petri pla te s . 

As soon as the complete set of plates was inocula ted with 

microplasmodia , 3 . 3m£ SM was introduced beneath each filte r 

pape r . The plates were then wrapped in aluminium foil to 

exclude all light and incubated at 22°c . The complete 

harvesting and plating out operation was carri ed out within 

1 hour and the time of completion not e d (0 hour of 

starvation) . 

Plasmodia wer e starved over SM f or 72 hours in the dark 

and then illuminated at 22°C by placing them 30cm below 40 

watt cool white fluo r escent lights f o r 4 hours . At the end 

of the i llu mina ti on period (0 h our s pos ti llumi na t ion) , the 

plates were r e turned to t h e dark a n d al l su b sequent 

operati on s we r e c ondu c ted wi th t he minimum o f i l l u mination . 

2 . 3 Growi ng plasmod i a . 

F o r exper im ents i nvo lvin g gr owin g plas modia , 0 . 05 m£ o f 

r esuspend e d microp l asmodi a wa s p late d out over 3 . 3m£ of 

semidefin e d medi um . Oth e rwise t he harv e sting an d pl atin g ou t 

ope r a tion was the same as that described i n Section 2 . 2 . 

Growin g plasmodia we r e incuba t e d a t 22 ° C unti l s u c h t i me as 
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each plasmodium covered most of the supporting filter paper . 

2 . 4 Heat shock treatment . 

Heat shocks were applied to growing plasmodia and to 

sporulating plasmodia at specified stages of development by 

asceptically transferring the plasmodia on the filter paper 

supports to fresh plates , preheated at the heat shock 

temperature , containing grids and 3 . 3m£ of fresh SM . All 

heat shocks involved an incubation at 37°C unless otherwi se 

stated . Control plasmodia were similarly transferred to 

fresh plates at 22°C . 

2 . 5 Spore germination frequencies . 

Mature spores of at least 5 days old were scraped fr om 

1 or 2 plasmodia per treatment into 0 . 2m£ of sterile PBS 

solution (Goodman , 1972) . The spore suspension was mixed 

tho r oughly with a sterile glass rod and then a further 2 . 0m£ 

of PBS solution was a dded to it . The diluted spore 

suspension was vortexed and allowed to stand for 

approximately 3 hours . At the end of this time , the spore 

conc entrati on was determined in an haemocytometer and 

dilutions were made to gi ve fina l concentrations of 1 - 2 

x 1 0 3 spores /m£ (this allows for an assumed strain CL - 2 

spore germination o f 0 . 5 - 1 . 0% ; for spores from heat 

shocked plasmodia , a number of spore concentrations were 

used) . 0 . 1m£ o f the final dilutions were plated out on 1 /10 

str ength N+C (Daniel and Baldwin , 1964) pH 5 . 0 solidified 

with 1 . 5% agar , with 0 .1 m£ of c. coei resuspended in 0 . 01M 

tris , pH 8 . 0/0 . 01M MgS04. The suspensions were spread 

evenly over the agar surface with a sterile glass spreader 

and the plates were incubated at 22°c for approximately 7 

days, or until such time as plaques were clearly visible. 

From the numbe r of plaques/plate and the dilutions made , the 

spore germination frequencies were calculated . 

2 . 6 Light microscopy . 

Developing sporangia were observed under a Leitz 

Ortholux microscope with oblique illumination, unless 

otherwi se stated , and photographed with an attached Leitz 

Orthomat camera . 
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2 .7 Transmission electron microscopy. 

Developing sporangia were fixed for 3 hours at 4°c in a 

modified Karnovsky fixative (Karnovsky , 1965) containing 2% 

formaldehyde and 3% glutaraldehyde/0 . 1M phosphate buffer pH 

7. 2 , by transferring plasmodi a on the filter pape r suppo rts 

t o 50mm Falcon p lat es contain in g 4.0ml of the fixativ e . 

Following this pri mary fixation , the plasmodia were washed 

quickly in 0 . 1M phoshate buff e r pH 7 . 2 at 4 ° c , sc raped off 

the filter paper supports int o 10ml, dis posable , glass 

vials , and then given two furthe r wash es with 4°C phosphate 

buffer of 30 minutes each . Where sporangia at later sta ges 

of development were t o be subsequen tly fixed , early 

specimens were left in the final buffer wash , at 4°C , until 

such time as all spec im ens cou ld be tr eated simultaneously . 

Specimens were then post - fixed in 1 % osmium tetroxide/0 . 1M 

phosphate buffer pH 7 . 2 fo r 1 hour at 4°c , washed 3 x 1 0 

minutes with deionized water , and then dehydrated in a 

graded ethanol series : 30 minutes in each of 25% , 50% , 75% , 

and 95% , and 2 x 30 minutes in 100% ethanol , a ll at r oom 

temperature . Following dehydrat ion , the specimens were given 

two changes of propylene o xide of 15 minutes each and then 

left overn i ght in a mixture of 25% Durcupan ACM resin in 

propylene oxide on a stirrer with the vial tops r emoved . The 

following day the resin was replaced with fresh 100% resin 

and the specimens were left for a further 6 hours on a 

stirrer . At the end of this time , the specimens were 

embedded in fresh 100 % resin in dried number 4 gelatin 

capsules and the capsules were then left in a 60°C o v en for 

72 hours to polymerize the res in. 

Thick sec ti ons (0 . 5µ) were cut from polymerized blocks, 

floated f r om the sectioning knife onto water, and 

transf e rred to a dr op of water on a glass slide . The slide 

was heated at approximately 65°C until all the water had 

evaporated and the sections were then stained for 1 minute 

at 65°C with 0.05% toluidine blue/H 2 0. The sections were 

examined under a light microscope to identify areas of 

interest, to which the block was subsequently trimmed. Thin 

sections of silver ap pearance (0.06 - 0 . 09µ) were cut from 

the block and floated from the sectioning knife onto water, 

stretched by passing a copper grid dipped in chloroform 
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immedia te l y abo v e them , a nd then t r ansfer r ed to J OO mesh , 

unsupported , copper gr i ds . All sectioning was ca rr ied out on 

a 1KB Huxley Ultramicrotome us i ng glass knives made on a 1KB 

7800 Knifemaker . 

The thin sections we r e sta i ned in a satura t e d solu ti on 

of uranyl acetate in 50% ethanol/H 2 0 for 6 minutes , washed 

with 50% ethanol and then deionized water , counter- stained 

in lead c i trate stain (Venabl e and Coggeshall , 1 965) , a n d 

then washed aga i n with deionized water . The grids were 

treated either individually or i n an apparatus designed to 

accomodate batches of gr ids (Fo r sdyke , 1979) . Sta i ned 

sections were examined and pho togra phed in a Phillips EM 200 

electron microscope . 

2 . 8 Scann i ng e l ectron mi c r oscopy . 

Sporangia were fixed overnight in modified Karnovsky 

fixative (see Section 2 . 7) , washed three times wi t h 4°c 0 . 1M 

phosphate buffer pH 7 . 2 , post - fixed in 1% osmium t etroxide 

for 4 hours at 4°c , and again wash ed three times wit h 4 °c 

phosphate buffer . Dehydration was carried out in th e same 

grad ed ethanol series as us ed for transmission electron 

mi c r oscop y (S ec tion 2 . 7) . Following dehydration , the 

sporangia were critical point dried from liquid C0 2 in a 

Polaron EJOOO Series II critical point drier , glued to 

aluminium stubs with conductive silver paint , and then 

sputter coated with gold to a thickness of 0 . 01 - 0 . 02w in a 

Polaron E5100 sputter coating unit . The specimens we re 

examined in a Cwikscan 1 00 field emiss i on scann i ng electron 

mic r oscope . 

2 . 9 Radioactive lab eling of protein s . 

For labeling experiments, plasmodia were transferr e d to 

fr e sh plates containing 3.Jmt SM equilibrated at 22°C for 

controls and at 32 °C or 37°C for heat shock treatments, and 

supplemented with either a mixture of ( 14 C) amino acids 

(>50mCi/milliatom of carbon , Amersham CFB . 25) or ( 35 S) 

methionine (>58mCi/mmol , Amersham SJ.123) . Control plasmodia 

wer e labeled at 22°C for 1 hour and h eat shocked plasmodia 

we r e labeled at either J2°C or J7°C for 1 hour, a group of 3 

plasmodia being used for each treatment . In some experiments 
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labeling began immediately upon transf er to the new 

temperature , while in other experiments a pretreatm ent step 

involving the incubation of plasmodia for 30 minutes at the 

new tem perature before the addition of label was included . 

Growing plasmodia were pretreated over SM at 22°c and 

at J7°C for 30 minutes and then labeled over SM for 1 hour . 

2 . 10 Protein extraction . 

Immediately after the end of the labeling period , the 3 
plasmodia of each treatment were rinsed in ice - cold SM , 

scraped from the filter paper supports into a 25m£ flask 

containing 6m£ of 0 . 1M tris buffer ~H 7 . 5 containing 0 . 05% 

Cleland ' s reagent , and then frozen i n liquid air . After 

thawing, the plasmodial suspensions were sonicated in a MSE 

100 watt Ultrasonic Disintegrator and then placed on ice for 

30 minutes . To the resulting crude plasmodial e xtract was 

added twice its volume of glacial acetic acid containing 

0 . 75% 2- aminoethanethiol to precipitate polysaccharides . The 

e xtracts were kept on ic e for 30 minutes and were then 

centrifu ged at 27 , 000 x g for 15 minutes (So rvall Superspeed 

RC 2- B) , the pellets were discarded and the supe rnatants , 

containing the acetic a ci d soluble proteins , were retained . 

10ml of 20% trichloroacetic acid (TCA) was added to 10m£ 

aliquots of each supernatant fracti on to precipitate the 

protein s and the extracts were placed on ice for 1 hour . At 

the end of this time , the e xtracts were centrifuged at 

27 , 000 x g for 15 minutes . The r esulting supernatants were 

discarded and the pellets were washed gently with 5% TCA 

followed by acetone and were then air dried . Finally , the 

pellets were dissolved in 0.2 - 0 . 5m£ of sodium dodecyl 

sulphate (SDS) sample buffer (Laemmli, 19 70) . Duplicate 5 or 

10µ£ aliquots of the protein/SDS samples were added to 10ml 

of scintillation fluid (66.7% v/v toluene, 33 . 3% v/v Triton 

X-100, 0 .4% w/v 2 , 5- diphenyloxazole, and 0. 01% w/v 1 , 4-bis -

2 -(5-phenyloxazolyl)benzene) and these were counted in a 

Beckman LS 7000 liquid scintillation counter . 1m£ aliquots 

of the acetic acid soluble proteins were precipitated with 

20% TCA and cen trifuged as above and the resulting pellets 

were dissolved in 1m£ 1M NaOH for subsequent protein assays 

(Lowry et al ., 1951 ), using bovine serum albumin as 



standar ds . Duplicate 10µ i aliquots of t he pro t e i n/1 M NaOH 

sampl es were counted as above a n d t he n u mber of coun ts 

incorporated per µg of plasmodial protein calculated . 

Protein samples in both sample bu f fe r and 1M NaOH wer e 

stored at - 70°C when not e xami ned i mm ediatel y . 

2 .1 1 SDS - polyacrylamide disc . gel e l ect r ophor esis . 

SDS slab gels 1 . 5mm thick and 1 20mm l ong we r e se t up 

using a 10% resolving gel and a 4 . 5% stack ing gel (Maizel , 

1971 ; Studier , 1973) . Protein samples dissolved in sample 

buffer were boiled fo r 2 minutes and then applied to the 

gel , with an equal number of counts being applied to ·eh 

well . Electrophor esis was car ried out at 1 2 am p s /gel until 

the b r omophenol blue dye had en t e r ed the r esolving gel , and 

then at 20 amps/gel until the dye had reached the bottom of 

the gel . Gels were fixed and sta i ned in 0 . 04% Coomassie 

brilliant blue R in 25% i sopropanol , 10% acetic acid/H 2 0 

overn i ght at 37°C , and then destained in fo ur changes of 10% 

acetic acid/H 2 0 of approximately 1 hour each . 

2 . 12 Fluorography . 

Immediately after des ta ining , gels were processed for 

fluoro g r aphy (Bonner and Laskey , 1974 ; Laskey and Mill s , 

1975) . The gels were then supported on Whatman JMM filter 

paper and dried under vacuum over a boiling water bath for 

approximately 1 hour . Fluorogra phs were prepared by apposing 

dried gels to Kodak X- Omat S film (XS- 5) withi n Cron ex 

" con v e n tional cassetes " at - 70°C . To enable a qua ti tati v e 

inte r p r etation of t he su b seq u en t fi lm image to be made , some 

film s we r e p r eflashed to a n opti c a l dens ity of be tween 0 . 1 

and 0 . 2 abo v e n on - p r e fl as hed film (La s key and Mills , 19 7 5 ; 

Laske y , 1980) u s in g a Sunpak Auto Zoom 3 600 flash unit 

(power ratio s e t at 1 /48) with on De ep Orange , Kodak 

Wratten num b er 2 2 filter, and three Whatman n umber 1 filter 

paper fi l ter s . The d i stan ce from the flash unit to the fil m 

plane wa s approximately 1 00cm . 

Exposed f i lm was developed in Kodak D19 deve l oper for 

3 ½ min ute s , p laced in Kodak stopba t h for 30 s e conds , and 

f i x e d in Kodafi x for 8 minu tes . 
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2 . 13 Molecular weight determination of proteins . 

The following proteins , with their res pecti ve molecular 

weights in parentheses , were used as molecular weight 

markers : bovine serum albumin (67 , 000) , immunoglobulin G 

heavy chain (55 , 000), ovalbumin (43 , 000) , and immunoglobulin 

G light chain (25 , 000) . The molecular weight markers were 

co - electrophoresed in a parallel track . with the sam ples on 

each gel . Following the staining and destaining procedures 

for Coomassie brilliant blue , the distance migrated by each 

of the marker proteins was measured , as was the distance 

migrated by the buffer front of each gel . A Rf valu e for 

ea ch of the marker proteins was thus calculated (Me · ,e1 , 

1971) and these were used , togethe r with the molecular 

weight values , in a least squares fit analysis . The Rf 

values of unknown Phy/2a~um proteins were determined fr om the 

respective fluorographs and used in the equation derived 

from the least squares fit to calculate the approximate 

molecular weights . 

2 .14 Electron microscopy of polyphenol oxidase . 

The methods used for the electron microsc opic 

localization of the enzyme , polyphenol oxidase , were based 

on those of Czaninsk i and Catesson (1974) , and Eppig , (1974) . 

Developing sporangia were f i xed f o r 2 hours at 4°c i n 

2 . 5% glutaraldehyde/0 . 1M phosphate buffer pH 7 . 4 , by 

transferring plasmodia on the filter paper supports to 50mm 

Falcon plates containing 5 . 0 m£ of the fixative . Following 

fixation , the plasmodia were washed quickly in 0 . 1M 

phosphate buffer pH 7 . 4 at 4°c , scraped off the filter paper 

supports into 10m£ glass vials, and then given two furth er 

4°c phosphate buffer washes of 30 minutes each . 1m£ of 0 . 1M 

phosphate buffer pH 7 . 4 was then added to each vial and the 

vials were left at 4°c for 90 minutes . At the end of this 

time , the specimens were given two washes of JO minutes each 

with 0 . 1M cacodyl ate bu ffer pH 7 . 4 a n d then left overni ght , 

at 4°c , in 1m£ of 2% (w/v) 1 , 3 , 4 - dihydroxyphenylalanine 

(L - DOPA)/0 . 1M cacodylate buffer pH 7 . 4 , L- DOPA being a 

substrate for polyphenol oxi dase . The following day , the 

specimens were incubated in fresh L- DOPA/cacodylate buffer 

for a further 4 hours at 22°C and were then given two 10 
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minute washes with 0 . 1M phosphate buffer pH 7 . 4 . 

Two series of controls were incorporated for plasmodia 

a~ each tim e point/treatment . In one series, specimens were 

incubated for 90 mi nutes at 4°c in 1mt of 0 . 2M di ethyldithi o ­

carbamate (DDC , an i nhibitor of polyphenol oxidase)/0 . 1M 

p~osphate buffer pH 7 . 4 , following the second post - fixation 

phosphate buffer wa sh . In the second series , specimens were 

incubated in cacodylate buffer without the addition of the 

L- DOP A substrate . Otherwise the treatment of controls was 

identical to tha t of experimen tal specimens . 

Secondary fixation in 1 % osmium tetroxide/0 . 1M 

p~osphate buffer p H 7 . 2 was carri ed out a t 4° c f o r 2 hours 

and this was follow ed by two washes in 0 .1 M phosphate buffer 

p H 7 . 2 of 1 0 minutes each . Subsequently , all specimens wer e 

d ehydrated , e mbedd ed in resin , and sectioned in the manner 

described in Sec ti on 2 . 7 . Unstained sections were examined 

and photographed in a Phillips EM 200 electron microscope . 
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SECTION 3 . RESULTS 

3 . 1 Effects of heat shock on development . 

3 . 1 . 1 Introduction . 

When Phy/2a~um microplasmodia are plated out over SM , 

fusion into one plasmodium occurs . Starvation in the dark 

over the following 72 hou r s , during which time t he 

plasmodium assumes a stranded appearance and und e rgoes a 

number of mitoses , provides the plasmodium with the 

potential to sporulate. A subsequent period of 4 hours 

illumination is necessary before the plasmodium is actually 

competent to sporulate . Soon after the end of the 

illumination period , the morphogenetic changes associated 

with sporulation begin and fully mature sporangia are formed 

by approximately 19 hours after the end of the i llumination 

period (postillumination) . 

The complex sequence of developmental changes 

associated with sporulation must require the expr ess ion of 

a sequence of genes within a developmental program . Heat 

shock , which has been shown to disrupt transcription and 

hence the developmental program of D~o/2ophila (see Section 1) , 

should provide a means of probing the actual changes in gene 

expression that occur during the sporulation of Phy/2a~um . In 

the study presented here , the developmental changes that 

occur during sporulation are investigated , as are t he 

developmental changes that occur subsequent to hea t shocks 

at specific stages of development . More specifically , the 

appearance in the developmental sequence of the enzyme 

polyphenol oxidase , an enzyme associated with melanin 

deposition in the spore wall , and the effects of heat shock 

on its appearance in the developmental sequence are also 

in ve s tiga ted . 

3 . 1 . 2 Normal development . 

The morphological changes that accompany the normal 

development of sporangia in Phy/2a~um following periods of 

72 hours starvation and 4 hours illumination are shown in 

Figures 2 - 9 . At O hour s postillumination (Fig . 2), 

plasmodia have the typical stranded appearance of starved 

plasmodia . The first change in appearance of the plasmodia 

has occurred by 5 hours postillumination (Fig . 3) when 
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Figure 2 . Normal development , 0 hour s posti llumi nation ; 35x . 

Fi gure J . Normal development , 5 hours postillumin a t i on ; J5x . 
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Fi gur e 4. Nor mal devel opmen t , 7 hour s postillum i nati on ; 35x . 

Figure 5. Normal develop ment , 9 hours postillumination ; 35 x. 
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Figure 6. Normal development , 11 hours postil lumination ; 35x . 

Figure 7. Normal development , 15 hours postillumination ; 35x . 
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Figure 8 . Normal development , 17 hours postillumination ; J5x . 

Fi gu r e 9 . No r ma l de ve l opment , 1 9 hou r s pos tillumi nat i on ; J5x . 



nodules have begun to develop . By 7 hours postillumination 

(Fig . 4) , the nodules have begun to elevate and expan d , a nd 

by 9 hou rs postillumination (Fig . 5) , differentiation into 

separate stalks and heads has begun . This differentiation is 

complete by 11 hours postillu mi nation (Fig . 6) when the 

sporangial heads have developed the lobed appearance of 

mature sporangia and the stal ks have become hardened . Little 

change in morphology is ev i den t at 1 5 hours postillumina t ion 

(Fig . 7) but by 1 7 hours postillumlnFtion (Fig . 8) , the 

sporangial heads have begun to darken . By 19 hours post ­

illumination (Fig . 9) , this da r kening process , which is 

considered to be the melanization of the spore walls , i s 

complete . No further morphological changes occ u r after 1 9 

hours postillumination and the sporangia are morphologically 

ful ly mature at this time. 

The timing of even ts in the dev e lopm ental sequence from 

plasmodial strands at the end of the peri od of illumina t ion 

to mature sporangia is highly consistent for separate 

expe rim ents , under the experimental conditions described . 

Results from four separate experiments indicate that the 

process of me lan izati on , which is the most clearcut change 

to occur during sporangial development , begins in each 

exper i ment between 1 5 and 1 7 hours posti lluminati on. 

Light microscopy of thick sections fr om fully mature 

sporangia (Fig . 1 0) indicates that the contents of the 

sporangial head have cleaved entirely into spores. In the 

scanning electron microscope ( Figs . 11 and 12) the thin 

peridi u m s u rroun d i ng the mass of spores and the 

characteri s t ic spin es on the s por es a r e evi den t . 

The u l trastru ctural cha nges that ac company norma l 

s por a n g ia l de v elopm en t a re shown in Fi gure s 1 3 - 2 4 . At 5 

hours p o s t illumination (Fi g . 13 ), the s t ill s yncytial 

plasmodium contains typical inte rphase nu clei. At 11 h ours 

pos tillumination (Fig . 14), cleava g e of th e con t ents of the 

sporangial head into separate units has b e gun with the 

f ormati on of a cleavage furrow . The cleavage process 

con tinu es through t o 1 3 hour s p ostill umina ti on ( Fig . 15) 

whe n s ome nuclear degeneration is also a pparent . Cl eavage is 

complete by 15 h our s postillumination (Fig . 16), at which 

stage irr egularly - shaped masses of cytoplasm (protospores) 
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Figure 10 . Normal development , fully mature sporangium ; 275x . 
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Figure 11. Normal development , mature sporangium ; 400x . 

Figure 1 2 . Normal development , mature spores ; 4000x . 



Figure 13 . Normal development , 5 hours postillumination ; 

1J , 6oox . 

Figure 14. Normal development, 11 h0urs postillumination; 

13,600x. 
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Figure 15 . Normal development , 13 hours postillumination ; 

13 , 600x . 

Figure 16 . Normal developmen t , 1 5 hours postillumination ; 

13 , 600x . 
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Figure 17 . Normal development , 1 5 hours postillumination ; 

47 , 500 x. 

Figure 18. Normal development , 17 hours postillumination ; 

13 , 600x . 
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Fi gur e 19 . No rmal deve l opmen t , 19 hour s postillumination ; 

13 , 60ox. 

Figure 20 . Normal development , 24 hours postillumina t i on ; 

13 , 600x . 

31 



Figure 21 . Normal development , 48 hours postillumination ; 

13 , 600x . 

Fi gure 22 . Normal development , 96 hours postillumination ; 

1 3 , 600x . 
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Figure 23 . Normal development , 96 hours post illumination ; 

35 , 700x . 

Figure 24~ Normal development , 7 days postillumination ; 

13,600x. 
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ha ve fo rm ed wi thin the sporangial head . The c l eavage process 

is not perfectly synchronous throughout each sporan gial head 

- at 1 1 hour s postilluminati on cleavage is not very extensive 

whil e at 1 3 hours postillumination protospores in various 

stages of development are apparent . The nuclei of proto ­

spores at 15 hours pos tillumination (Fig . 1 6) have l ost the 

typ i ca l int e rp hase appea r ance of earlier stages of 

deve l opmen t and this probably r e flects th e onset of mitosis 

at about this time . Rough endopla smic reticulum (Goodman and 

Rusch , 1970) als o first becomes appa r ent at this stage of 

development (Fi gs . 16 and 17) . At 17 hours pos tillumination 

(Fig . 18) , the protospores have begun to r ou nd u p and to 

produce spore wall and spine mate rial . The formation of the 

spore wall and sp in es i s complete at 1 9 hours post ­

illumination (Fig . 19) . From these electron micrograpns and 

othe rs n ot presented , the mature spore wall appears to be 

co mposed of tw o distinc t laye r s . The inner layer is 

relatively e l ectron transparent a nd is fibrous in appearance 

whereas the outer layer is electron opaque and is granular 

in appearance . At 24 hou r s post illumination (Fig . 20) , the 

spore nucleus has resumed the typical interphase appearance . 

At 48 hours postilluminat ion (Fig . 21 ) , the nucleus can be 

seen to be undergoing further changes which probably reflect 

the onset of meiosis . Between 24 and 48 hours post ­

illumination there is a conside r able decrease in the number 

of vacuoles within the spore but otherwise little change 

occurs within the matu r e spore . At both 96 hours a nd 7 days 

postilluminat i on (Figs . 22 , 23 , and 2 4), littl e additional 

change occurs apart from the appearance of bundles of 

microtubules (Laane et al ., 1976) within otherwise typical , 

interphase nuclei . 

3.1 . 3 Heat shocks during early development (0, 2, 4, and 6 
hours postillumination). 

When sporulating plasmodia are heat shocked early in 

development i.e. at 0, 2, 4, and 6 hours postillumination, 

mature sporangia are subsequently produced that are almost 

indistinguisahable from those produced by non-heat shocked 

plasmodia (Figs. 25, 26, 28, and 30). However soon after 

heat shocks at 4 and 6 hours postillumination (Figs. 27 and 
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Fi gure 25 . Deve l opment f ol l owi ng O hours post i l l um i nat i on 

heat shock , 1 9 ho u rs postillum i nati on ; JSx . 

Figure 26 . Development f0llowing 2 hours postillumination 

h eat shock , 19 hours posti l luminati on ; JSx . 
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Figure 27 . Development following 4 hours postillumination 

hea t shock , 5 hours postilluminati on ; J8x . 

Figure 28. Development following 4 hours postillumination 

heat shock , 19 hours postillumination; J8x . 
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Figure 29 . Development following 6 hours postillumination 

heat shock , 7 hours postillumination ; 38x . 

Figure 30 . Development following 6 hours postillumination 

heat shock , 19 hours postillumination ; 38x . 
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Figure 31. Development following O hours postillumination 

heat shock , mature spores ; 4000x. 

Figure 32 . Development foilowing 2 hours postillumination 

heat shock , mature spores ; 4000x. 



Fi gur e 33 . Deve l opment f oll owi ng 4 hours post i llum i nation 

heat shock , matur e spor es ; 4000x . 

Figure 34 . Development foll owing 6 hours postilluminati on 

heat shock , mature spores ; 4000x . 
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28), the plasmodial strand s a r e somewhat thicker than those 

of non-heat shocked p l asmodia (F i gs . 3 and 4) and appear to 

lack the nodules typical of these stages of development . In 

addition , the strands of heat shocked plasmodia at both of 

these times are orange rathe r than the yellow of non - heat 

shocked plasmodia (not shown) . The only apparent effects on 

subsequent development of the heat shocks ea rl y in 

development are smaller sporangia in the case of 6 hours 

postillumination heat shock and a developmental delay in all 

cases . This developmental delay is most clearly seen when 

the times at which melanization occurs are compared . Thus at 

17 hours J Stillumination , when melanization is complete in 

non-heat shocked plasmodia , there is on ly parti a l 

melanization in plasmodia heat shocked at O hours post­

illumination and no melanization in plasmodia heat shocked 

at 2 , 4 , and 6 hou r s postillumination . In all cases , 

melanization is complete at 19 hours postillumination . 

In the scanning e l ectron microscope (Figs 30 - 33) , the 

mature spores produced subsequent to heat shocks early in 

development are indistinguishable from those of non - heat 

shocked plasmodia (Fig . 12) . 

3 . 1 . 4 Heat shocks at 8 hours postillumination . 

Half an hour after a heat shock begun at 8 hours post ­

illumination , sporangia at an early stage of development 

appea r to have collapsed (Fig . 35) . At 1 9 hours post ­

illumination (Fig . 36 ), no subsequent development has 

occured and this developmental arrest continues until at 

least 48 hours postillumination. From 48 hours onwards, 

some plasmodia do recommence the sporulation pr oce ss and 

proceed to produce sporangia containing mature spores which, 

in the scanning electron microscope (Figs. 37 and 38), are 

indistinguishable from those produced by non-heat shocked 

plasmodia (Figs. 11 and 12). However individual plasrnodia 

recommence sporulation at different times rather than 

exhibiting the parallel development typical of control 

plasrnodia. The recovery process itself involves the 

production of new plasmodial strands from which new 

sporangia develop rather than the continuation of the 

original sporulation process. 
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Figure 35 . Deve lopment following 8 hours postilluminat i on 

heat shock , 9 hours postilluminati on ; 38x . 

Figure 36 . Development following 8 hours postillumination 

heat shock , 19 hours postillumination ; transmitted 

illumination ; JSx . 

41 



Figure 37 . Development following 8 hours postillumination 

heat shock , 7 days postillumination ; 400x . 

Figure 38. Development following 8 hours postillumination 

heat shock, 7 days postillumination ; 4000x. 
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The ultrastructural changes induc ed by a heat shock at 

8 hours postillumination can be seen in Figures 39 - 46 . 
Half an hour after the heat sho ck (Fig . 39) , the nucleus 

contains more diffus e chromocen tr es and a crystal -like 

structur e r esembl in g bundl es of micr otubules but with larger 

tubular components , hence referred to as .a macrotubular 

st ru cture (Del Castillo ~t ae ., 1978) . These nuclear 

abnormaliti es a r e apparent at 11 hours pos ti llumination 

(Fi g . 40) at which time there also appear s to be a genera l 

degeneration of cytoplasmic mate rial and abnormal vacuoles 

and cristae within mitochondria (Figs . 40 and 41 ) . At 17 

hours postillumination (Fig . 42) and at 17 hours post ­

illumination (Fig . 43) , the genera l degeneration of 

cytoplasmic material con tinu es and at the latte r tim e , th e 

nucleus also appears to be degenerating (F i g . 44) . This 

degene r ation continu es to be apparent at both 24 and 48 

hours postillumination . However at 96 hou rs postillumination 

(Fig . 45) , there appears to be some rec overy with the 

formation of areas of normal cytoplasm contain ing normal 

nuclei and mitochondria . At 7 days postillumination (Fig . 

46) , spo res have been produced that , apart from the unusual, 

large vacoule within the cytoplasm , are very s imilar to 

normal spores . 

In another experiment involving a heat shock at 8 hours 

postillumination , the initial effect on the developing 

sporangia is similar to that described above (Fig . 47) but 

at 13 hours postillumination (Fig . 48) , some subsequent 

development has occurred . At 17 hours postillum inati on (Fig. 

49) , the developing spo rangia have begun to melanize but are 

grossly abnormal. No further de vel opment occurs after 24 

hours postilluminati on (Fig. 50 ) at which time the sporangia 

lack normal stalks an d lobes. In addition, the plasmodial 

strands are still quite prominent, being thickened and 

pigmented compared with non-heat shocked plasmodia. In the 

scanning electron microscope (Fig. 51 ), spores from these 

sporangia also appear abnormal , lacking the characteristic 

spines and the uniform size typical of normal spores. 

The typical res ponse of plasmodia heat shocked at 8 

hours postillumination is developmental arrest for at least 

48 hours followed by non -synchronous development. However it 
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Figure 39 . Development fol l owing 8 hours postillum i nat i on 

heat shock , 9 hours postilluminat i on ; 1 3 , 600x . 

Figure 40 . Deve l opment following 8 hours postil l umination 

heat shock , 11 hours postillumination ; 13 , 600 x . 
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Fi gure 41. Devel opment foll owing 8 hours post i llum i nat i on 

heat shock , 1 1 hour s postillum i nat i on ; 47 , 400x . 

Figure 42. Development following 8 hours postillumination 

heat shock, 15 hours postillumination; 1 3 ,600 x . 
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Figure 43 . Development following 8 hours postillumination 

heat shock , 17 hours postillumination ; 13,60ox. 
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Figure 44. Development following 8 hours postillumination 

heat shock, 17 hours postillumination; 35,?00x. 
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Fi gur e 45 . De v elopment f ollowi ng 8 hou r s posti l lum inat i on 

heat shock , 96 hou r s postil lum i nat i on ; 13 , 6oox . 

Figure 46. Development following 8 hours postillumination 

heat shock, 7 days postillumination; 13,600x. 
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Figure 4 7. Development foll owi ng 8 hours postil lum i nation 

heat shock , 9 hour s postilluminat i on ; 38X . 

Figure 48. Development following 8 hours postillumination 

heat shock, 13 hours postillumination; 38x. 
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Fi gure 49 . Development following 8 hours post i llum i nat i on 

heat shock , 17 hou r s postilluminat i on ; JSx . 

Figure 50. Development following 8 hours postillumination 

heat shock, 24 hours postillumination; JSx . 
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Figure 51 . Development following 8 hours postillumination 

heat shock , 96 hours postillumination ; 4ooox . 
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is apparent that p lasmodia at 8 hours postilluminati on are 

at a particularly sensitive stage of development . Thus 

undetected variat i ons in the rates of development of 

p lasmodia in different experiments, or slight variations in 

the heat shock temperature , may account f or the atypical 

r esponse desc ribed f or one heat shock at 8 ho urs post­

illuminati on . 

3 . 1 . 5 Heat shocks at 1 0 hours postillumination . 

The typical effects of a heat ahock begun at 1 0 hours 

postillumination on the morphology of subsequent sporangia 

can be seen in Fi gures 52 and 53 . Half an hour after th e 

heat shock (Fi g . 52) sporangial heads have assumed a 

spherical appea ranc e rather than the lobed appearance of 

control sporangia at this stage of development . Little 

change occurs in the appearance of these sporangia up to 

1 9 hou rs post illumination (Fig . 53) apart fr om the slight 

darkening of spo r angial heads . However the sporangi a r emain 

light brown in colour and do not become completely black as 

do fully developed , cont r ol sporangia . Since the p i gmentation 

process has not been s tudi ed chemically , the colou r ation 

which does occur in these sporangia may repr e sent either 

partial melanization or quite a different process such as 

breakdown of sporan gial material . No furthe r change occurs 

in the morphology of these sporangia upon continued 

in cubation . 

In th e scann in g e lectron microscop e (Fi gs . 54 and 55 ), 

sporangia produced subsequent to a 10 hours postillumination 

heat shock can be seen to lack spores completely. Instead, a 

network of threads, which may represent the capillitium 

reported to occur in many species of Myxomycetes 

(Alexopoulos and Mims, 1979), and a large number of 

mitochondrion-sized .granules are apparent . 

The ultrastructural changes induced by a heat shock at 

10 hours postillumination can be seen in Figures 56 - 59 . At 

11 hours postillumination (Fig. 56), many vacuoles are 

apparent within the cytoplasm and the chromocentres of the 

nucleus appear more diffuse than those of non - heat shocked 

plasmodia. Mitochondria also appear abnormal , containing 

a number of small vacuoles . At 13 hours postillumination 
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Fi gure 52 . Deve l opment fo ll owi ng 1 0 hou r s postillum i nat i on 

heat shock , 11 hou rs postilluminat i on ; J8x . 

Figure 53. Development following 10 hours postillumination 

heat shock, 19 hours postillumination; J8 x . 
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Figure 54 . Development following 10 hours postillumination 

heat shock , 96 hours postilluminati on ; 4000x. 

Figure 55. Development following 10 hours postillumination 

heat shock, 7 days postillumination; 4000x. 
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Fi gu r e 56 . Deve l opmen t fo ll owi ng 1 0 hour s postillum i nat i on 

heat shock , 11 hour s postill u minat i on ; 13 , 600x . 

Figure 57. Development following 10 hours postillumination 

heat shock, 13 hours postillumination; 13,600x. 
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Figure 58 . De v elopment followi ng 1 0 hour s postillumination 

heat shock , 24 hour s posti llurni nat i on ; 13 , 6oox . 
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Figure 59 . Development foll owing 10 hours p o s t illumi n ation 

heat s h ock , 96 hour s postillurn i nation ; 13 , 600x . 
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Figure 60 . Development follow i ng 12 hours postillumination 

heat shock , 13 hours postillumination ; 38x . 

Figure 61 . Development following 12 hours postillumination 

heat shock , 17 hours postillumination ; 38x . 
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Fi gur e 62 . De vel opment f oll owing 1 2 hour s postillumi nat i on 

heat shock , 1 9 hou r s post i l lumi nat i on ; J8x . 

Figure 63. Development following 12 hours postillumination 

heat shock, 24 hours postillumination; J8x. 

58 



", 
'"''' 

• ~4 .. ' 

e (( \ 

, . 

... 

' 

Fi gure 64 . Deve l opment fo ll ow i ng 12 hours post i llum i nat i on 

heat shock , melan i zed sporangi um ; 44ox . 

. , 

Figure 65 . Development following 1 2 hours postillumi nation 

heat shock , non - melanized sporangi um ; 44o x. 
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to i n volve the compl ete cleavage of the cytoplas m within the 

sporangi al head as it d oes in no r mal development (Fig . 10) . 

In a ddition, those spores that are formed within melan i zed 

sporangia a r e abnormal in both shape and s i ze (F i g . 64) . 
Cl ea r ly , the p r ocess of melan i zati on a n d hence the colour of 

mature spor angia is dependant upon a degree of c l eavage a n d 

spore formation , albeit abno r mal , within the sporangium . 

That some spor a n gia as well as a r eas of othe r spo r a ngia d o 

not cleave into spores and t h e r efor e do not appear black , 

probably reflects the non - syn chronous nature of this aspec t 

of development . 

In the. 0anning electron microscope (Fi g . 66) , it can 

again be seen that tho s e spo r es t ha t a re p r odu ced 

subsequent to a heat shock at 12 hou r s po s t i lluminati on va ry 

greatly in both size and shape . The wall s of these spor es 

a r e often broken , a featu r e not seen in preparations of 

normal spores , a n d lack the cha r acteristic spines . Int r a ­

cellular organelles , including nuclei and mitochondr i a , are 

clearly visible . It is assumed that in this case , heat shock 

has interfe r ed wi t h that part of the developmental process 

concerned with deposition of spore wall mater ial and 

consequently these spores are more fragile than normal 

spores . In an area of a sporangium apparently not containing 

spores (Fig . 67) , many mitochondrion - sized granules and 

other mater ial are clearly visible . These granules have not 

been i dentified but they do resemble what a r e assu med to be 

mitochon dri a with in spores (Fig . 66) . 
The ultrastructu r a l changes induced by a heat shoc k a t 

12 hour s pos tillumina ti on can be seen in Fi gures 68 - 77 . At 

1 3 hours p ostillumi nati on (Fig . 68 ), the re is littl e 

a pparent diff e rence between these plasm odia and plasmodia 

undergoing n o rmal d e v e lopment. However intramitochondrial 

vacuoles and slightly electron-dense vacuole s within the 

cytoplasm are abnormal features . At 15 hours post ­

illumination (Fig . 69), there is little evidence of cleavage 

and the nuclei are abnormal in a number of respects: many 

breaks within the nu clear membrane , diffuse chrom ocentres , 

and intranuclear vacuoles . Other electron micrographs of 

these sporangia (not shown) show some nuclei with more 

ext ensive vacuolation and the presence of intranuclear 
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Figure 66 . Development following 12 hours postillumination 

heat shock , 7 days postillumination ; 4000x . 

Figure 67. Developm~nt following 12 hours postillumination 

heat shock, 7 days . postillumination; 4000x. 
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macrotubular structures . Mitochondria also appear abnormal 

(Fig . 70) , being rounded and containing numerous vacuoles 

and abnormal cristae . At 17 hours postilluminati on (Fig . 

71 ) , some cleavage is apparent and at 19 hours post ­

illumination there are areas on the thin section where 

spores are evident (F i g . 72) as well as areas on the same 

sect i on where no spores are evident (Fig . 73) . Those spores 

that are produced at this time conta i n appa r e ntly normal 

organel les but are larger and of a more irregular shape 

than normal spores . In those areas where spores are not 

produced , both nuclei and mitochondria exhibit abnormalities 

similar to those seen at 15 hours postilluminat i on 

sugges ting that development has been arrested in these 

areas . At 24 hours post i llum ina tion (Fig . 74) the spores are 

abnormally large and the spore wall is somewhat thinner than 

normal . The spines are also much less prominent than normal . 

In non - spore producing area8 at the same time (Fig . 75) , 

degene rati on of cellular organelles and cytoplasmic material 

is evident , as are what are presumed to be areas of 

leavage , perhaps indicating an abortive cleavage . Little 

further change occurs in spores up to 96 hours post ­

illumination (Fig . 76) and they still contain a number o f 

abnormal features . These i nclude the presence of many small 

vacuoles within the cytoplasm , an irregular shape and size , 

thin spore walls which lack prominent spines , and the large 

vacuole between the spore wall and the cytoplasm . The thin 

spore wall and lack of prom in ent spines are in agreement 

with the evidence obtained in the scanning electron 

microscope . Those areas of the sporangial cytoplasm that do 

not contain spores are undergoing e xtensive degeneration at 

96 hours postillumination (Fig . 77) . Thus the early 

separation into spore producing and non-spore producing 

areas remains; those areas of the sporangial cytoplasm that 

have failed to cleave into spores early in development 

appear not to recover this capacity . Again , this probably 

reflects variations in developmental state within the 

sporangial cytoplasm at the time of the heat shock . 
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Fi gur e 68 . Development following 1 2 hours pos tillumi nati on 

heat shock , 13 hours postill uminat i on ; 13 , 600x . 

Fi gure 69 . Development following 1 2 hours postill umination 

heat shock , 1 5 hours postilluminat i on ; 13 , 600 x . 
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Figure 70 . 

heat shock , 

Fi gure 71 . 

heat shock , 

·~ 

~ 
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Development following 1 2 hours postillumination 

1 5 hours postillumination ; 47 , 400x . 

Development 

1 7 hours 

following 12 hours postillumination 

postillumination ; 13,600x . 
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Figure 72 . Devel opm ent f ollowing 12 hours postillumination 

heat shock , 19 hours postillumination ; 10, soox . 

Figur e 73 . 
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Figure 74 . Development fo l lowing 12 hours postillum i nat i on 

heat shock , 24 hours posti llumination ; 10 , 500x . 

Fi gure 75 . Deve lopment followi ng 12 hours postill umination 

h eat shock , 2 4 h ours postill umi nati on ; 13 , 600 x . 
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Fi gure 76 . Developmen t fol l owing 1 2 hours postillurn inat i on 

heat shock , 96 hours postill urni nation ; 1 3 , 600x . 
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Figure 77 . De v e l opment followin g 12 h ours postillurninati on 

heat shock , 96 h ours p ostillurnination ; 13 , 600 x . 
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3 . 1 . 7 The effect of heat shock on the synthesis of 

polyphenol oxidase . 

The synthesis of melanin from its precursors is 

catalyzed by the enzyme polyphenol oxidase . In Ph y/2a~um , 

the evidence suggests that the deposition of melanin in the 

spore wall begins sometime between 13 and 15 hours post ­

illumination . Therefore it is like l y that the genes 

necessary for melanin synthesis a r e transc r ibed shortly 

before this and the actual time of transcription could be 

determined by heat shock treatment . Thus a heat shock at a 

critical time would repress the transcription of these genes 

and , consequently , the mature spo r es would melanize 

abnormally if at all . Melanization being such a clearcut 

event during developemnt , any abn o r mality in th i s process 

would be clearly visible . 

L , 3 , 4- dihydroxyphenylalanine (L - DOPA) acts as a 

substrate for polyphenol oxidase and is oxidized by it to 

DOPA quinone . The quinone undergoes spontaneous ring 

closure and reaction with water to yield indole - 5 , 6 - quinone , 

which then polymerizes to form a complex pigmented product . 

Osmium tetroxide reacts with the latter , producing an 

in soluble electron - dense precipitate and it is this 

reaction upon which the electron microscopic localization of 

th e enzyme depends . 

The appearance of histochemical activity for polyphenol 

oxidase during normal development and dur i ng development 

subsequent to a heat shock at 12 hou r s postillumination can 

be seen i n Fi gu r es 78 - 83 . At 1 3 hou r s postill u minat i on 

du rin g normal de v e l opmen t (F ig . 7 8 ) , when c l ea va ge i s a l mo s t 

co mp l ete , no enzyme activity i s appar ent . Howe v e r at 1 5 

h ours p ostil l umination (Fig . 79), wh en c l eava ge is compl e te , 

a number of vacuoles containing electron-dense material are 

apparent . These vacuoles are still apparent at 19 hours 

postillumination (Fig . 80) when the spore wall as well as 

the spines on the spore wall have also become electron­

dense . In the control at this time which was incubated 

with out t he s ubstrate for the enzyme (Fig . 81 ) , the vacuoles, 

spore walls, and spore wall spines are all consider ably less 

electron - dense . However little difference is apparent in 

controls incubated with an inhibi t or of the enzyme (not 
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Figure 78 . Normal development , polyphenol oxidase activity 

at 13 hours postillumination ; 13 , 600x . 

• 

Fi gure 79 . Normal development , polyphenol oxidase acti v i ty 

at 1 5 hours postillumination ; 13 , 600x . 
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F i gure 80 . Normal development , polyphenol oxidase activity 

at 19 hour s postillu rnination ; 13 , 600x . 
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Figure 81 . Normal development , polyphenol oxidase control 

lacking s ubstrate , 1 9 hours postillurnination ; 13 , 600x . 
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Figure 82 . Development following 12 hours post i llumination 

heat s h ock , polyphenol oxidase activity at 19 hour s 

post i lluminat i on ; 13 , 600x . 

Figure 83 . Development f ollowing 1 2 hours postillumination 

heat shock , polyphenol oxidase con trol l acking s ubstrat e , 

19 hours pos tillumination ; 13 , 600x . 
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shown) . 

At 19 hours postillumination and subsequent to a heat 

s h ock at 12 hours postillumination (Fig . 82) , a distribution 

of electron - dense material simila r to that seen in normal 

spores is apparent . However in this case the spore wall is 

not as electron - dense and no electron - dense material is 

evident in those areas of the sporangium which have failed 

to cleave into spores . Again , the control i ncubated 

without the substrate is considerably less electron - dense in 

the equivalent areas (Fig . 83) but little difference is 

apparent in the enzyme inhibited control (not shown) . 

If it is assumed that the electron - dense material does 

in fact represent sites of polyphenol oxidase acti vity , then 

this enzyme first becomes appa r ent in the normal 

d e velopmental sequence shortly before melanization . Further ­

more , the enzyme is closely associated with the spore wall 

and its activity here probably reflects its role in spore 

wall formation . Subsequent to a heat shock at 12 hours post ­

illumination , enzyme activity is still associated with the 

c y toplasmic vacuoles but much less so with the spore wall . 

However it is possible that the lower activity in the spore 

wall is a result of abnormal spore wall formation and not 

a cause of it . 

3 . 1 . 8 The effects on subsequent development of a 12 hour 

heat treatment at 32° prior to illumination . 

The maximum g r owth temperature for Phy/2a~um is 

30 - 31 °c (Wilkins , personal communication) and to determine 

whether a temperature slightly above this is capable of 

i nducing developmental abnormalities simi lar t o those 

described above , starved plasmodia were incubated for 1 2 

hours at 32°c during the starvation period . The timing of 

the heat treatment, 48 - 60 hours after plating out, 

coincides with the second mitosis after fusion of the micro­

plasmodia, an even t which is assumed to be particularly 

s ensitive to elevated temperature . 

The fully mature sporangia produced subsequent to a 32°C 

heat treatment (Fig. 84) exhibit gross abnormalities, lacking 

sporangial stalks and the normal lobed appearance. Complete 

melanization appears to have occurred but the ultrastructure 



Figure 84 . Development following incubation at 32°C from 

48 to 60 hours after plating out microplasmodia ; J8x . 
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of these sporangia was not dete rmined . 

3 .1 . 9 The effects of heat shock on sporulation and 

ge rminat i on frequencies . 

For many e xperiments aimed at determinin g t he 

developmental effects of heat shocks at various stages of 

development , the actual sporulat i on frequencies o f the 

pl asm od i a heat shocked at each t im e point wer e n o t recorded . 

However, based on pe r sonal obse rvation , almost 1 00% of th ose 

plasmod ia heat shocked at each time point subsequently 

behaved as described above . In a dditi on , n on - heat shocked 

plasmodia ,' ten sp orulated with a frequency of slightly less 

than 1 00% . These obse rvat i ons are supported by the results 

obtained fr om one e xperiment a im ed at dete rminin g the actual 

valu es (Table 1) . 

The germination frequencies o f mature spores we r e on l y 

rarely determined . Instead , the scann in g e le ct r on microscope 

was used t o establish whether the spo r es p r od u ced subsequen t 

t o heat shock were normal or not . However , where germ inati on 

frequencie s were determined (Table 2 ) , it can be seen that 

those spores produced subsequent to heat shocks were not 

adversely affected in their ge rminati on capacity . 

3 . 1 .1 0 Summary of the major featu r es of Phy/2a~um development 

and th e effects o f heat shock on dev e lopment . 

A s um mary of the major features of t he developmental 

sequence from plasmodia t o matu re spo ran gia is g iv en in 

Figure 85a . The first indication of spo rangial de v elopment is 

the appearance , at appr oximat e ly 5 hou r s postillumination, of 

nodules on the plasmodial strands . These nodules elevate and 

enlarge to form pillars which then begin to differentiate 

into stalks and heads at approximately 7 hours post­

llumination. From 9 to 11 hours postillumination, the stalks 

become hardened and the heads further differentiate into 

lobules. Within the lobules, cytoplasmic cleavage occurp in a 

nonsynchronous manner to form protospores from approximately 

11 to 15 hours postillumination . The protospores subsequently 

round up, and develop spines and other melanized spore wall 

material, so that at 19 hours postillumination the sporangia 

and spores are morphologically fully developed. Within the 



ho ur s post i llu min a ti on 

Trea t ment 24 48 72 

Control 1 0/ 1 0 1 0/ 1 0 1 0 / 1 0 

4 hours pi heat shock 8/ 1 0 8/ 1 0 8/ 1 0 

6 hours pi heat shock 1 0/ 1 0 1 0/ 1 0 1 0 / 1 0 

8 hours pi heat shock 0/ 1 0 0/ 1 0 0/ 1 0 

1 0 ho u rs pi heat shock 9/ 1 o,} 9/ 1 O* 9 /10 * 

1 2 hours pi heat shock 9/ 1 O* 9/ 1 o,} 9/ 1 0* 

* abnormal sporangia typical of heat shocks at these t im es . 

(pi) postillum i nation . 

Table I . Sporulation frequenci es of control and heat shocked 

plasmodia . 

Treatm e nt 

Contr o l 

0 hours p i heat shock 

12 hours pi heat shock 

(pi) po s tillurninatio. 

Ge r mi nation 

fr e quency (%) 

0.7 

0.6 
1 • 6 

Table IL Gerrnina tion frequencies of spores produced by 

control and heat shocked plasmodia. 
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spores , mitosis occurs during the period from 15 to 19 hours 

postilluminati on and a subsequent meiosis occurs at around 48 

hours postillumination . Since spores do not reach their full 

germination capacity until they are at least 3 t o 5 days old, 

it is assumed that a further maturation process occurs within 

the fully formed spores . 

A summa ry of the developmental effects indu ced by heat 

shocks at different stages of development is given i n Figure 

85b . Heat shocks adm ini stered early in development , i . e . up 

to approximat ely 6 ho ur s postillumination, indu ce a sl i ght 

delay in the subsequent steps in the differentiation process 

but do not affect the morphology of the resulting sporangia 

and spores . The frequency of sporulation of such plasmod i a i s 

not signifi cantly dif f erent_ from that of control plasmodia 

although the sporangia produced subsequent to a 6 hours post ­

illuminati on heat shock are somewhat smal l er . The germinat i on 

frequency of spores produced subsequent to a heat shock at 0 

hours post illum inat i on indi ca t es that they are as viable as 

control spores . In the scanning electron microscope , spores 

produced subsequent to heat shocks at 0 , 2 , 4 , and 6 hours 

postillumination are structurally normal . 

When plasmodia are heat shocked at either 7 or 8 hours 

postilluminati on , they usually undergo no further 

differentiation until at least 48 hours postillumination . The 

only changes that occur d urin g this time a r e a darkening of 

the plasmodial strands and the ir diffuse appearance . 

Ocasionally some developmen t does occur soon after a heat 

shock at 8 hou r s post illumination bu t the sporangia and 

spore s so produced are grossly abn ormal. However this is an 

atypical response t o heat shock at this stage of developm ent. 

Those heat shocked plasmodia that recommence sporulation 

after 48 hours, do so in a nonsynchronous manner and only 

following the formation of new plasmodial strands. Thus, in 

this case, the sporulation process is renewed rather than 

continued and leads to the production of sporangia and 

spores that are indistinguishable from those of control 

plasmodia. It is probable that the original developmental 

process is arrested by the heat shock and subsequent 

development can only occur after a period of regeneration. At 

the ultrastructural level, abnormalities appear in the 
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cytoplasm , mitochondria , and nuclei of the plasmodia soon 

afte r the heat shock . Subsequently , a general degenerative 

process appears to begin . For new plasmodial gr ow t h to occu r 

after 48 hours posti llumination, some areas of the cytoplasm 

must eithe r recover or escape from this process . 

When plasmodia are heat shocked late in development , 

i . e . at 10 and 12 hours postillumination , only abnormal 

sporangia ar e produced and little, if any , subsequent 

development occurs. Apparently the option to ren ew 

development , still available at 8 hours postillumination , has 

been lost at these later stages or de v elopment . At both 1 0 

and 12 hou r s postilluminati on , sp ora ngial devel opment i s well 

ad v anced and consequently heat shocks at these tim es cannot 

prevent the production of sporangia . However all those 

plasmodia t hat have reached the normal stage of development 

at the time of these heat shocks subsequently produce typical 

abnormal sporangia . Fol l owing a heat shock at 1 0 hours post ­

illuminat ion, at which time sporangia have begun to form 

lobules , the sporangia develop no furthe r . Although the 

sporangial heads do appear to subsequently darken , their 

appearance is light brown rath er than black and is probably 

due to the breakdown of cytoplasmic material , seen to occur 

in thin sections of these sporangia , rather than the 

production of melan in . Indeed , there is e vidence to suggest 

that melanization is dependant on the development of spor e 

walls , an event which does not occur subsequent to a heat 

shock at 10 hou rs postil luminati on . When plasmodia are heat 

shocked at 12 hours postillumination however , the sporangia 

have completed the formation of lobules and the se have begun 

to cleave into protospores . In this case , it appears that 

those areas of the sporangium that have cleaved into 

protospores at the time of the heat shock are protected to 

some extent from the heat shock and some further development 

can occur. Thus partial melanization of the sporangium is 

seen to occur in association with spore wall formation. The 

spores that are produced subsequent to a heat shock at 12 

hours postillumination appear to be somewhat more viable than 

control spores and this may be due to the thinner spore walls 

of these spores and hence their easier germination. Apart 

from the abnormal spore walls, these spores appear normal. 
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associated with development of spores 

with abnormal spore walls . 

+ Spo ran gia differentiate into stalks 

and heads ; heads lack lobes and spores . 
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pos tilluminati on when sporulation recommences in 
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Figure 85. (a) Normal developm ent of p la smod ia f ollow in g 72 hours of starvat i on and 4 hours of 

illumination. (b) Development followin g heat shoc ks at specified stages of development . 
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J . 2 Effects of heat shock on prot ein synthesis . 

J . 2 . 1 Heat shocks during development . 

To establi sh whether developing Phy/2a~um plasmodia 

synthesize heat shock proteins , and if so , wh e ther th e 

synthesis of these proteins is influ enced by th e 

developmental state of the plas modia, plasmodia were 

simultaneously heat shocked and label ed at O hou r s post ­

illumination and a ga in at 7 hours postilluminati on (Fig. 86) . 

At both O and 7 hours postillumination , control plasmodia 

synthesize a vari ety of proteins as indicated by the large 

number of bands in the respec tiv e tracks . The predominant 

protein at both stage3 of development has an approximate 

molecular weight of 46 , 000 daltons . Phy/2a~um actin , a major 

protein product during normal plasmodial growth , has a 

molecular weight of 45 , 000 daltons (Jockush et al ,, 1 971) and 

therefore the predominant protein r epo rted here is ref e rr ed 

to as the actin band . On shifting to J7°C , a marked change 

occurs in the patterns of proteins synthes iz ed by plasmodia . 

At both O and 7 hours postilluminat i on , the control protein 

bands are generally less intense with a change in the actin 

band most pronounced . Clearly the synthes is of actin at the 

heat shock temperatur e is considerably reduced . However , as 

well as the changes that occur in the synthes i s of thos e 

p r oteins normally synthes i zed at 22°C , a number of new 

protein bands appear in p lasmodia heat shocked at O hours 

postilluminat ion . These new proteins have approximate 

molecula r weights of 77 , 000 , 74,000, 69 , 000 , 1 8 , 000 , and 

14 , 000 daltons . Since the induction by heat shock of these 

new prote ins r esembl es the heat shock response of D~o/2ophifa, 

they are ref e rr e d to as heat shock proteins. Of these heat 

shock proteins , the 69 , 000 dalton protein band predominates , 

A similar set of proteins is also synthesized by plasmodia 

when heat shocked at 7 hours postillumination, however in 

this case the 69,000 dalton protein band no longer 

predominates . In addition, it is difficult to distinguish the 

74,000 and 77,000 dalton protein bands from control bands at 

a similar molecular weight. 

Although the pattern of normal protein synthesis is 

somewhat suppressed at the heat shock temperature and 

especially the synthesis of actin, many control bands are 
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Figure 86 . Effects of J7°C heat shocks on prote in 

synthesis of dev eloping plasmodia at O hours and 7 hours 

postillumination . Plasmodia were simultaneously heat 

shocked and labeled with 5wCi ( 14 C) amino ac id mix per 

plate for 1 hour . Track 1 - cont r ol plasmodia label ed at 

22°C at O hours postillumination ; track 2 - control 

plasmodia labeled at 22°c at 7 hou rs postillumination ; 

track 3 - heat shocked plasmodia labeled at J7°C at 0 

hours postillumination ; track 4 - heat shocked plasmodia 

labeled at J7°C at 7 hours postillumination . Gel 

electrophoresis was carried ou t with a total of 815 

counts per track and the fluorogram was developed after 

72 days . 
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still visible in both O and 7 hours post illumina tion heat 

shoc k tracks . This indi cates that the proteins no rmally 

syn thesi zed at 22 ° C cont inu e to be synthesized af t er the 

plasmodia are shifted t o th e heat shock temperature . To 

establis h whether these proteins are actually being 

synthesiz ed at the elevated temperature or are synthesiz ed 

in the period it take s for the plasmodia to equi librate at 

the heat shock temperature, the p lasm odia were a ll owed to 

eq uilibrate at the heat shock temperature for 30 minutes 

before being labeled for 1 hour (Fig . 87) . At O hours post ­

illumination , plasmodia normally synthesi z 1 lar ge number of 

proteins and again the actin band predominates . In this 

expe riment , actin has an approximate molecular weight o f 

44 , 000 daltons . However when plasmod i a at O hours post ­

illumination are heat shocked at 37°C , the intensity of all 

control bands , and especially the actin band , are greatly 

r educed while a number of bands not appearin g at 22°C become 

apparent . These new bands , representing heat shock proteins , 

have approximate molecular weights of 78 , 000 , 75 , 000 , 73 , 000 , 

70 , 000 , 17, 000 , and 14 , 000 daltons , with the 70 , 000 dalton 

prote in band being most predominant . At 10 hours post ­

illumination , when plasmodia are in quite a differen t 

developmental state , the overall synthesis of proteins at 

22°C and the synthesis of actin in particular appears to be 

reduced re l ative to O hours postillumination . Clearly the 

pattern s of protein synthesis at t hese two times a r e quite 

different, reflecting the altered requirements at different 

stages of development . However when plasmodia at 10 hours 

postillumination are heat shocked, a set of new protein 

bands with molecular weights very similar to to those 

synthesized by plasmodia heat shocked at 37°C at O hours 

postillumination, becomes apparent. An additional protein 

band with an approximate molecular weight of 85,000 daltons 

can also be identified in the 10 hours postillumination heat 

shock track. In contrast to the fate of normal protein 

synthesis during a heat shock at O hours postillumination, 

most normal protein bands are apparent when plasmodia are 

heat shocked at 10 hours postillumination in addition to the 

heat shock protein bands. 

Thus in the case of plasmodia heat shocked at 37° at 0 
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Figure 87 . Effects of J2°C and J7°C heat shocks on protein 

synthesis of developing plasmodia at O hours and 10 hours 

postillumination . Plasmodia were s imultan eously heat 

shocked and labeled with 20wC i ( 35 S) methionine per plate 

for 1 hour following a JO minute pretreatment at the new 

temperature . Track 1 - control plasmodia labeled at 22°C 

at O hours postillumination ; track 2 - heat shocked 

plasmodia labeled at J2°C at O hours postillumination ; 

track 3 - heat shocked plasmodia labeled at J7°C at 0 

hours post illumi nation ; track 4 - control plasmodia 

labeled at 22°C at 10 hours postillumination ; track 5 -

heat shocked plasmodia labeled at J7°C at 1 0 hours post ­

illumination . Gel electrophoresis was carried out with a 

total of 1230 counts per track and the fluorogram was 

developed after 90 days . 
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hours post illumination , a pret r ea tm ent at the elevated 

temperature before the addition of label effectively reduces 

the labeling of normal proteins while heat shock proteins 

are still labeled . Therefore it can be assum ed that the heat 

shock effectively reduces the synthesis of normal proteins. 

Howe v er in the case of plasmodia heat shocked at 1 0 hours 

postil lumination , the pretreatment does not appear to be 

effective in reducing the extent to which n ormal pr o t e ins are 

labeled at the elevated temperature although this may be 

associated with the low level of normal protein synthesis at 

this stage of development . 

For the experiment relating to Figure 87 , the actual 

level of in corporation of radioactive precursors into 

plasmodial protein for each treatment was determined 

(Tabl e 3) . It can be seen from these results that the 

synthesis of all proteins is reduced by approximately 75% by 

a heat shock at 37°C at O hours postil lumination . Since heat 

shock proteins are strongly synthesize d at this stage of 

development , this dec rease in total protein synthesis is a 

reflection of the reduction in synthesis of normal pr ote ins 

at the elevated temperature . However in the case of a heat 

shock at 10 hours postillumination , the synthesis of normal 

proteins is at a low level at 22°C and littl e change occurs 

i n the total protein synthes i s at the elevated temperature . 

While there is little change in total p r otein synthesis at 10 

hours postillumination , it is clear from the fluorogram that 

heat shock proteins are synthes ized at this time and that the 

level of heat shock protein synthesis is very similar to that 

at O hours postillumination . The level of total protein 

synthesis at the heat shock temperature (37°) is also very 

similar and therefore it cannot be assumed that heat shock at 

10 hours postillumination fails to repress the synthesis of 

normal proteins . 

J.2.2 The response to different heat shock temperatures. 

To establish whether the synthesis of heat shock 

proteins and the parallel repression of normal protein 

synthesis could be induced by a heat shock at a temperature 

lower than J7°C, plasmodia were heat shocked at J2°C as well 

as 37°c at O hours postillumination (Fig. 88). Again, control 
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1.1g protein/ counts/ coun tsh1 g 

plasmod ium plasmodium plasmodial 

Treatment {x10 3 L {x10 4 L 2rotein 

22°c control at 0 hours pi 4 . 1 27 66 

J2°C heat shock at O hours pi 3 . 9 56 1 40 

37°C heat shock at 0 hours pi 2 . 1 3 . 7 1 8 

22°c control at 1 0 hours pi 3 . 3 5 . 2 16 

37°C heat shock at 1 0 hours pi 2 . 2 3 . 9 1 8 

(pi) postilluminati on . 

Table III . Incorporati on of labeled precursors into plasmodial pr ote in at 22°c , 
32°c , and 37°C durin g development (c . f . Fig . 87) . 

(X) 
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p lasrnodia at this sta ge of development synthesize a vari ety 

of proteins , with the p r edo minant protein being actin of 

appr oximately 45 , 000 daltons for this experiment . Upon 

transfer to 32°C , plas modia continue to synthesize co rmal 

proteins , as indicated by the relati ve in tensities of the 

bands in each track , at a s imilar level as cont r ol 

plasmodia with the e xcepti on of actin which appears to be 

synthesized at a slightly reduced level . However in additi on 

to these normal prote in s , plas modia at 32° synthesize a set 

of heat shock proteins with approximate molecular weights of 

86 , 000 , 78 , 000 , 75 , 000 , 73 , 000 , 69 , 000 , and 18 , 000 daltons . 

Upon transfer to 37°C , the syn th esis of normal proteins and 

espec ia lly t hat of actin i s redu ced whil e t he same set of 

heat shock proteins as synthes iz ed by 32 ° C heat shocked 

plasrnod ia is synthesized . An additional protein band at 

82 , 000 daltons can also be identified . At both heat shock 

temperatures , the 69 , 000 dalton heat shock protein 

predominates . Following a prolonged exposure of an identical 

fluorogram (Fig . 89) , the large number of normal protein 

bands at 22°C are conside rably more distinct and the effect 

of a 37°C heat shock on these bands is more ev ident . The heat 

shock proteins synthesized at 37°C are also more distinct and 

an additional heat shock protein band at approximately 14 , 000 

daltons appears . However a number of normal proteins do 

i ncorporate label at 37°C indicatin g that the synthesis o f 

these proteins is not entir ely repr essed at the elevated 

temperature . 

A similar result for the effect of a J2°C heat shock on 

protein synthesis was obtained in a separate experiment 

( Fig . 87) . In addition to the heat shock proteins identified 

above for this fluorogram, the synthesis of a new protein 

with an approximate molecular weight of 62,000 daltons was 

detected in this experiment. In this case the total level of 

incorporation of labeled precursors into plasmodial protein 

was also determined (Table J). As can be seen from these 

results, total protein synthesis at J2°C is approximately 

twice that at 22°C for plasrnodia at O hours postillumination. 

To what extent this increase in total protein synthesis is due 

to increased synthesis of normal proteins or the synthesis 

of new heat shock proteins is unclear. 
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Figure 88 . Effects of J2°C and J7°C heat shocks on protein 

synthesis of developing plasmodia at O hours post ­

illumination . Plasmodia were simultaneously heat shocked 

and lab e led with 20wC i ( 35 S) methi onine per plate for 1 

hour following a 30 minute pretreatment at the new 

temperature . Track 1 - control plasmodia labeled at 22°C ; 

track 2 - heat shocked plasmodia labeled at J2°C ; track 

3 - heat shocked plasmodia labeled at J7°C . Gel 

electrophoresis was carried out with a total of 7700 

counts per track and the fluorogram was developed after 21 

days . 
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Figur e 89 . Eff ects of 32 °C and 37 °C heat shocks on p r ote in 

synt hesis of developing plasmodia at O ho urs post ­

illumination . Deta il s as for Figure 88 but dev e lo pe d after 

34 days . 
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3 . 2 . 3 Pr ote i n synthesis patterns of developing plasmo dia on 

retur n to 22 ° C following heat shock . 

To determine the longer term effects of a 37°C heat 

sio ck on subsequent protein synthes i s at 22°C , plasmodia at 2 

hours postillumination we r e hea t shocked for 30 minutes and 

tien returned to 22°C (time O ho urs) . Control plasmodia and 

heat shocked plasmodia were labeled from O - 1 hours and f r om 

2 - 3 hours , and heat shocked plasmod i a alone were labeled 

from 1 - 2 hours following the r eturn to 22°C (Figure 90) . 

Con trol plasmodia in both pe riod synthesize a variety of 

p r o teins typical of early develop ment with the synthes i s of 

act i n , which in this cas e has an approxima- mo l ecular weight 

of 45 , 000 da l tons , predominat i ng . An unusual fea t ure of both 

of the control tracks is the appearance of a band at 68 , 000 

daltons , a protein usually associated with heat shock 

p r o teins . It is poss ible that this protein r epresents a 

st ress protein , the synthesis of which is induc ed by the two 

shifts of con t rol plasmodia to fresh SM at 22°C . From O - 1 

ho urs afte r the heat shock , heat shocked plasmodia synth es iz e 

con trol pro t e in s at a slightly r educed level in addition to 

syn t hesiz ing a set of heat shock proteins with molecular 

we i ghts o f 76 , 000 , 71 , OOO , 68 , 000 , and 20 , 000 daltons . Aga in 

tie 68 , 000 dalton heat shock protein pr edom inat es . From 1 - 2 

hours , the synthesis o f cont r o l p r ote ins appea r s to be 

grea tly reduced while the synthesis of most hea t shock 

pro teins appP-ars to be somewhat reduced also . Thus the 20 , 000 

dalton heat shock protein band does not appear i n this track . 

Fro m 2 - 3 hours , the synthesis of both control and heat 

shock proteins appears to be consLd erably r educe d. 

For t he experimen t r elatin g t o Fi gur e 9 0, t h e a ctua l 

le v el of i nco r poration of r a dioactive pr e cur sors i n to 

plasmodial prot e i n for each period following heat shock was 

determined ( Table 4). Con trol plasmodia from O - 1 hours have 

a rate of total protein synthesis similar to that of non-heat 

s h ocked plasmodia at O hours postillumination (Table 3). 
However heat shock ed plasmodia during the same period have a 

much reduced rat e o f total protein synthesis, s imilar to t hat 

of plasmodia labeled during heat shock. From 1 - 2 hours 

following the heat shock, the rate of total protein synthesis 

is reduced even further, reflecting the apparent low level of 
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F i gure 90 . Effects of J7 °C heat shock on subsequent 

protein synthes i s at 22°C . Plasmodia at 2 hours post ­

illuminati o n were heat shocked for 30 minutes at 3 7°C , 

r eturned ~o 22°C (time O hou r s) , and subsequentl y labeled 

with 7 . 5wCi ( 14 C) amino ac id mix per plate for 1 hour . 

Track 1 - control plasmodia labeled from O - 1 hour ; track 

2 - heat sho cked plasmodia labeled from O - 1 hours ; track 

3 - heat sho cked p la smod ia labeled from 1 - 2 hours ; track 

4 - con tr ol plasmodia labeled from 2 - 3 hours ; track 5 -

heat shocked plasmodia labeled from 2 - J hours . Gel 

electrophoresis was carried out with a total of 140 0 

count s per track and the fluorogram was developed after 46 

days . 
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µg protein/ counts/ counts/µg 

plasmodiu m plasmod i um plasmodial 

Treatment ~x10 3
} ~x10 4

} 12rotein 

Control O - 1 hours 2 . 9 21 77 
Heat shocked O - 1 hours 3 . 3 3 . 8 12 

Heat shocked 1 - 2 hours 3 . 1 0 ,46 1 • 5 
Control 2 - 3 hours 3 .0 1 0 33 
Heat shocked 2 - 3 hours 2 . 8 0 , 82 2 . 9 

Table IU. Incorporat ion of 1.abeled precursors jnto plasmodial pr otein following 

a 30 minute heat shock (c.f . Fig . 90) . 
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synthesis of both control and heat shock proteins in the 

corr esponding fluorogram . From 2 - 3 hours following the heat 

shock , control plasmodial protein synthesis i s approximately 

50% less than during the period from O - 1 hours , while the 

rate of protein synthesis of heat shoc k ed pla smodia during 

this period remains low . 

Clearly heat shock proteins are synthesized during the 

first hour at 22°C following heat shoc k but their synthesis 

subsequently diminishes to a very low l evel by the end of the 

thi rd hour . The synthes i s of control p r oteins is considerably 

reduced immediately after the heat shock and their synthesis 

remains at a low level until at least the end of the third 

hou r . Ove r the same period , the synthesis of prote ins by n on ­

heat shocked plasmodia also decreases but to a f ar less 

extent . Thus , while hea t shock effecti v ely r epresses the 

synthesis of normal proteins and induces the synthesis of 

heat shock proteins , no r ecovery in normal protein synthesis 

is evident before the e nd of three hou r s following the heat 

shock , although heat shock protein synthesis does decay to 

negligible levels by this time . 

From the earlier experiments involving the effects of 

heat shock on plasmodial development described above , it was 

assumed that a 30 minute , 37°C heat shock at 2 hours post ­

illumination would not adversely affect the s ubsequent 

development o f plasmodia used in this e xperiment . Thus the 

patterns of pr otein synth es is of plasmodia at variou s times 

following the heat shoc k should reflect the r ecovery o f 

developmental capacity . To confirm this assumpt ion , four 

contr ol and eleven heat shocked , non-labeled plasmodia were 

r eturn e d to 22 °C and e xamin e d at 24 hours postillumination , 

at which time sporulation should have been complete . All four 

control plasmodia had sporulated at this time but n one of the 

heat shocked plasmodia had done so . Therefore in this 

experiment , a heat shock at 2 hours postillumination induced 

an atypical developmental arrest and consequently the changes 

in protein synthesis fo l lowin g heat shock reported her e 

reflect the repression of normal protein synthesis and the 

decay of heat shock protein synthesis following the heat 

shock but not necessarily the resumption of protein synthesis 

associated with resumption of normal development . All heat 
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shocked plasmod ia did resume normal sporulation at 

approximately 60 hours postillumination . The ca us es of this 

atypical result are unknown . 

3 . 2 . 4 Heat shock duri ng plasmodial growth . 

In the presence of suffic i e nt nutri e nt s , Phy /2a~um 

plasmodia cont inu e to grow but do not underg o sporulation . 

However when the supply of nutr ients is exhausted , growth 

ceases and the developm ental sequence leading to mature 

spo r es occ urs . In these two diffe r ent states , different genes 

must be expressed and thus diffe r ent patterns of normal 

protein synthesis would be expected . To es tablish whether 

growing plasmodia have the same p r o t e in synthetic respons e to 

heat shock as sporulating plasmodia , in sp i te of the assumed 

difference in normal protein synthes i s , they were heat 

shocked under the same cond itions (Fig . 91 ) . Control 

plasmodia maintained at 22°C synthes i ze a wide variety of 

proteins with an overall pattern r esemblin g that of 

sporulating plasmodia . The most notable difference , bearing 

in mind that only relatively major protein products are be in g 

detected by this method , is the decreased rate of synthesis 

of actin which , in this experiment , has a molecular weight of 

approximately 45 , 000 daltons . When growing plasmodia are heat 

shocked at 37°C , they appear to synthesize control proteins 

at a level s imilar to that of plasmodia ma intained at 22°C . 

In addition , heat shocked growing plasmodia synthes i ze the 

set of heat shock proteins typical of sporulating plasmodia 

wit h approximate molecular we ights of 84 , 000 , 82 , 000 , 77 , 000 , 

69 , 000 , 1 9 , 000, and 15,000 daltons . Again t he 69 , 000 dalton 

heat shock protein predominates . Another novel prote in with 

an approximate molecular weigh t of 51 ,000 daltons is also 

synthes ized by heat shocked growing plasmodia. This protein 

band is only ocasionally evident in tracks from heat shocked, 

sporulating plasmodia (Fig. 87, track 5 ). 

When the results of the actual levels of radioactive 

precursors incorporated into protein of control and heat 

shocked growing plasmodia are examined (Tabl e 5) , it can be 

seen that heat shock increases the rate of total p rotein 

synthesis by approximately 1 00 %. This clearly reflects the 

simultaneous synthesis of bo th control and heat shock 

9~ 



Facing page 92 

Figure 91 . Effects of 37°C heat shock on protein synthesis 

of growing plasmodia . Growing plasmodia were 

simultaneously heat shocked and labe led with 7 , 5wCi ( 14 C) 

amino acid mix per plate for 1 hour following a 30 minute 

pretreatment at the new temperature . Track 1 - control 

plasmodia labeled at 22°C ; track 2 - heat shocked 

plasmodia labeled at 37°C . Ge l electrophoresis was carried 

out with a total of 4400 ounts per track and the 

fluorogr a~ was developed after 26 days . 
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I.Jg protein/ counts/ counts/µg 
plasmodium plasmodium plasmodial 

Treatment {x10 3 l { x10 4 l 12rot ein 
22 C control 3. 4 5 . 7 1 7 
37 Cheat shock 2 . 5 9 . 5 38 

Table V. Incor po r a ti on of l abeled precursor s into prot ein of grow i ng pl asmodia 
at 22°C and 37° C (c . f . Fig . 91) . 
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proteins at the elevated temperature . Cl early heat shock of 

growing plasmodia does not lead to a r epression of normal 

protein synthesis as it does for sporulat ing plasmodia . 

3 . 2 . 5 Summary of Phy/2a~um heat shoc k responses . 

A summary of the protein synthet i c responses of 

sporu l ating plasmodia at different stages of development and 

of plasmodia undergoing active g r ow th , to heat shock , is 

gi ven in Table 6 . In interpreting th ese results, it i s 

necessary to be aware of the errors involved in calculatin g 

the molecula r weight values . Errors are introduced through 

the calculat ed Rf val u es for the molecular weight s tandards 

as wel l as the Rf values of the unknown protein bands. 

Additiona l e rrors are intr od uc ed in the fitting of a line 

through the four protein standard molecular weight/Rf points . 

~ence th e molecular weigh t va lues given in Table 6 can onl y 

be conside r ed approx imate . While th e actual e rr o rs have n ot 

been calculated , the variation in the molecular wei ght for 

actin illustra tes the errors involved . Therefore it is 

probable that just one set o f heat shock proteins is induced 

in heat shocked Phy/2a~um plasmodia , independant of 

developmental state . This set of heat shock proteins has 

molec ular weights of 85 , 000 , 78 , 000 , 75 , 000 , 73 , 000 , 69 , 000 , 

18 , 000 , and 1 l , 000 dalton s . An add ti onal heat shock protein 

with a molecular weight of 82 , 000 daltons is ocasionally 

evident . The major hea t shock protein is that of 69 , 000 

dal t ons . 

Although the synthes i s o f heat shock proteins appears to 

be independant of developmental s ta te , the response to heat 

shock in terms of the normal protein synthes i s appears to 

differ as a function of developmental state. Thus sporulating 

plasmodia at different stages of development all reduce the 

synthesis of normal proteins during a 37°C heat shock , whil e 

growing plasmodia synthesize both heat shock proteins and 

normal proteins at 37°C . The response of growing plasmodia 

to a 37°C heat shock resembles that of sporulating plasmodia 

to a 32°c heat shock when both heat shock proteins and normal 

proteins are also syn the sized simultaneously . 
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Major 
Fi . Trea tmen Vf Heat shock proteins (x10 3 Kd ) hsp Actin 
86 0/22, 0/37 , 7/22, 7/37 . 77 , 7 4 , 69 , 18 , 14 , 69 46 
87 0/22 , 0/32 , 0/37 , 10/22 , 10/37 . 85 , 78 , 75 , 73 , 70 , 17 , 14 . 70 44 
89 0/22, 0/32 , 0/37 . 86 , 82 , 78 , 75 , 73 , 69 , 18 , 14 , 69 45 
90 2/22, 2/37. 76 , 71 , 68 , 20 . 68 45 
91 gp/22, gp/37 . 85 , 82 , 78 , 75 , 73 , 69 , 19 , 15 . 69 45 

* developmental state (hour s postilluminati on)/tr eatment temperatur e ; (gp) growin g plasmodia . 

TableVI. Summary of Phy/2a~um heat shock r esponses . 
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SECTION 4 . DISCUSSION 

4 . 1 Normal development of Phy/2a~um sporangia . 

The differentiation of surface plasmodia of Phy/2a~um 

polycephalum into mature sporangia can be readily induced 

experimentally . Plasmodia first become competent for 

spor u lation following a prolonged period of starvation in 

darkness and in the presence of nicotinamide. Sporangia l 

development itsel f can then be induced by a short period of 

illumination . In the experiments reported here , using 

Phy/2a~um polycephalum strain CL - 2 , plasmodia are starved for 

72 hours and then illuminated for the following 4 hours . The 

subsequent sporangial development leading to fully mature 

sporangia is completed approximately 19 hours after the en d 

of the illumination period. The timing of events in this 

developmental sequence is highly reproducible when the same 

experimental conditions are used . The results presented here 

relating to the timing of morphological chan ges that occur 

during the development of sporangia are also in agreement 

with those obtained for other strains of Phy/2a~um und er 

slightly different e xpe rimental conditions (Guttes et al . , 

1961 ; Daniel and Rusch , 1962; Daniel and Baldwin , 1964 ; 

Sauer et al ., 1969) . 

Although the first morphol ogical change associated with 

sporangial development is shown here to occur at 

approximately 5 hours postillumination with the formation 

of nodules, it has been established by refeeding e xpe riments 

that plasmodia become commi tted to sporulation soon after 

the illumination period (Daniel and Rusch , 1962; Sauer et 
al ., 1969) . At the ultrastructural l evel , it has been shown 

that the light necessary for induction of sporangial 

development causes the formation of calcium- rich deposits in 

mitochondria and cytoplasmic vacuoles (Daniel and Jarlfors, 

1972b) . However the first major change in ultrastructure 

becomes evident with the onset of cleavage . The process of 

cleavage appears to proceed by the formation of a vacuolar 

network that cuts off irregularly- shaped masses of cytoplasm 

(protospores) and these subsequently develop into mature 

spores . The results presented here £or the development of 

Phy/2a~um strain CL - 2 sporangia indicate that cleavage begins 

between 9 and 11 hours postillumination and is completed by 
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15 hours post i l l umination , when t he cytopl as m of the 

sporangial head has cleaved ent i rely i n t o protospor es . Th i s 

process is , to some extent , non - synchronous with some a r eas 

of the sporangial head contain i ng almost fully de l im i ted 

protospores at 11 hours postil l umination , wh i le o t he r a r eas 

are only beginning to cleave at 1 3 hou r s pos t il lumina ti on . 

Tnis aspect of cleavage has been repo r ted for at least one 

other strain of ? h y/2a~u m (Laane and Ha u gli, 1 976) . 

While most nuclei within the head of a spo r angium 

become associated with areas of cytoplasm to form proto ­

spores , other nuclei appear to degenerate . Although the 

exte nt of nuclear degeneration during development was not 

determined here , it has been r epor ted on th e bas i s of l igh t 

mic r oscopical observations that up t o one - fourth of t he 

nuclei are degenerating at any one time during the period of 

seve ral hou rs preceding spore formation (Guttes et ae ., 

1961 ) . At all stages of development up to cleavage , nuclei 

remain unchanged in their appearance i n the electron 

mic r ographs presented here . The ir appearance is typical of 

i nte rphase nuclei in growing plasmodia of a number of 

different strains of ?hy/2a~um polycephalu m (Guttes et ae ., 

1 968 ; Goodman and Rusch , 1970 ; Lord et ae ., 1977 ; Wille and 

Ste ff ens , 1979 ; Cadrin et ae ., 1981) as well as sporulating 

p~asmodia of A~cy~ i a cine~ea , a member of a separate order 

of myxomycetes (Mims , 1972a) . However at 1 5 hours post ­

illumination , when cleavage is complete , the nuclei have 

undergone a change in appearan c e suggest i ng that a mitos i s 

has begun between 13 and 15 ho ur s postill umination . Mi tos i s 

has been r eport e d to occ ur j us t p rior t o clea va ge ( Randall 

an d Lynch , 1 9 74) an d at the be ginning of cl e avage i n 

?hy /2 a ~um (Sau e r et ae., 196 9 ), and just prior to cleavage in 

A~cy~ia cine~ea (Mims, 1972a) . The completion of mitosis, as 

indicate d by the reappearance of the nucleolus and 

chromoc e ntres within each nucleus, has in this case 

certainly occurred by 19 hours postillumination and perhaps 

by 17 hours postillumination . In growing ?hy/2a~um plasmodia, 

e stimat e s o f the duration o f mitosis vary from 76 minutes 

(Wolf et ae ., 1979) to 115 minutes (Turnock, 1979). 

Following the completion of cleavage , the protospores 

round up and spore wall material is- produced so that at 19 
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hours postillum ination , s tru cturall y mature spores are 

evident . The results presented here for Phy /2 a~um strain CL - 2 

development indicate that the spines are probably the first 

component of the spore wall to be laid down , beginning 

during the period fr om 15 to 17 hours postilluminat i on . Thus 

sp in e fo r mation appea r s t o coincide wi th the rounding u p o f 

the proto spor es . The timing of sp in e formati on in Phy/2a~um 

development therefo r e r esembles that of Phy /2a~ eeea otlonga 

development (Bechtel , 1977) rather than that of Didymium 

i ~ i di/2 an d Phy/2a~um ttav i comum development , where spine 

formation occurs while cleavage is st i ll in progress , within 

t~e narrow cleavage furrows and where me · ·ane s of adjacent 

protospores touch (Aldrich , 1974 ; Aldric h and Blackwell , 

1974) . Ho wever it was often observed that sp in es were formed 

on adjacent spores at points of contact between them (e . g . 

Fig . 1 8) and therefo r e it is possible that the spines of 

Phy/2a~um p ol yc ephalum spores do form at the final points of 

attachmen t between protospo r es as has been desc ribed f or 

A,icy~ i a c in e~ea (Mims , 1 9 72b) . The deposition of spore wall 

mater ial itself appears to lag beh i nd the formation of t he 

spines such that at 17 hours post illumination , when spine 

formation is almost complet e , spo r e wall ~aterial has ju st 

begun to be deposited . This is in agreement with an earlier 

study of Phy /2a~ um spore development (Randa ll and Lynch , 

1 974) . By 1 9 hours post illumination , the deposition of spore 

wall material appears to be complete . 

The mechanism whereby spore wall material i s deposited 

during spor e de v e lopm e nt in Phy/2a~um is unclear . It has been 

shown that melanin is responsible for the dark colour of the 

spore wall , constituting approximately 15 % of the spore wall 

material (McCormick et al ., 1970) . The reactions which lead 

to the production of melanin from its precursors are 

catalysed by a number of enzymes collectively referred to as 

polyphenol oxidase (Czaninski and Catesson, 1974). A kinetic 

study of polyphenol oxidase activity revealed a very active 

enzyme , capable of oxidising L-dihydroxyphenylalanine (L­

DOPA) , in sporulating Phy/2a~um plasmodia (Chet and Hutterman, 

1977) . The activity of this enzyme was at a maximum at 8 

hours postillumination and decreased significantly after 

melanin synthesis (Chet and Hutterman, 1977) . In the 



e xpe rime nt s a i med a t l ocali z in g polyphenol oxi dase report e d 

he r e , electr on opaque vacuoles f ir st become appa r ent wi thin 

spo r ang i a a t 1 5 hou r s pos tillumina t i on , be f ore the f orma t ion 

of spines on t he spo r e wall . Althou gh t hes e vac u ol es ar e 

sign i f i cantl y less electron opaque i n contr ols i ncubated i n 

the absence of s u bst r ate , no change is apparent in those 

controls i ncubated wi th d i ethyldi t h i ocarbamate ( DDC ) wh i ch 

has been reported as an i nh i hitor of polyphenol oxidase 

(Czaninski and Catesson , 1 974 ; Eppig , 1974) . A s i mila r 

pattern is apparent at both 17 hours , when melan i zation 

appears to have begun , and 1 9 hours postil l umination , when 

melanizat i on appea r s to be c omplete . At bo t h these latter 

t i mes , a s i milar pattern of electron densi t y is seen in t he 

spines and in the spore walls as is seen in the vacuoles . 

Only rarely were the vacuo l es seen to fuse with the spore 

membrane . Clearly , if the electron opaque a r eas do represent 

sites of polyphenol oxidase activity with i n the develop i ng 

sp o re , the enzyme here has a somewhat different time course 

of activity than that described by Chet and Hutterman (1977) . 

Th e reasons for this discrepancy are unknown . However L- DOPA 

also acts as a substrate for the enzym e peroxidase which is 

not inhibited by DDC (Czaninski and Catesson , 1974 ; Eppig , 

1 974) . Peroxidase has also been shown to be present in 

spores of Aga~ i cu/2 t i /2po~u/2 (Rast ~ta€ ., 1 98 1 ) . Because 

peroxidase inhibited controls were not incorporated into the 

experiments repo r ted here , the electron opaque areas cannot 

conclusi v e l y be identif i e d as sites of polyphenol oxidase 

activit y alth ou gh t his d oe s r emain a pos si bili ty . The r e fore 

it cann o t b e as s um e d t hat t he electron opaque va cuol e s are 

n e cessarily a s s ociat e d with t he d e p osition of spor e wall 

material . A lack of peroxidase inhibited controls in the 

experiments reported by Chet and Hutterman (1977) may also 

be contributing to the discrepancy in the results for 

polyphenol oxidase activity . during development . 

It has been reported that the spines of Phy/2a~um 

teavicomum and Didymium i~idi/2 are de posited by the fusion 

of polysaccharide-containing vesicles, formed by the Golgi 

apparatus , with the outer protospore membrane (Aldrich , 

1974 ; Aldrich and Blackwell, 1974)~ Although this mechanism 

was considered unlikely for the. spine formation of 
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Phy/2a~eeta ollonga spores , ves i cles associat e d with the 

Golg i apparatus were clearly i mplicated in the secretion of 

the inner spo re wall in t h i s organism (Bechtel , 1 9 77) . 

Howe ver n o s tructures res e mbling Gol g i bodies were evident 

du ring the deposition of spine or spor e wall material in the 

p r esent study o f Phy /2a~ um poly c eph al u m development . 

Alt hough no specif i c st r uctu r es can be directly 

assoc i ated wi th the spore wall formation during th e 

development of Phy /2a~u m, ro u gh endoplasmic r e ticulum does 

f ir st become apparent at 1 5 hours postillumination and 

remains ev ident until at l eas t 1 9 hours post illumination . 

Thus t he fo rmation of rou gh e ndoplasmic r e ticulum do 

appear t o parall e l spine and spore wall formation . However 

the nature of the relationship , i f ind eed such a r elat i on ­

ship e xi sts , in this case r emains unknown . It has been 

report ed that endoplasmic reticulum changed fr om the smooth 

to the rough state during e laboration of the cel l wall 

dur in g sphe rul e format i on in Phy /2a~um polycephalum (G oodman 

and Rusch , 1970) . In addition , endoplasmic reticulum has 

been associated with the developing spines of A~cy~ i a 

c i n e~ea spo r es (Mim s , 1 972b) . 

The fo rmati on of the spo r e wall during the development 

of Phy/2a~um reported he r e is complete by 1 9 ho ur s post ­

illumination and thu s t he spo r e i s morphologically mature 

at this t im e . Howe v e r furth er u ltra structu ral changes can 

be observed wi thin the spore nucl e us at 48 ho urs post ­

illumination . These changes almost c e rtainly indicate that 

meios i s is i n progr ess at th i s stage of d e v e l opment . It has 

been concluded that me i o si s oc c ur s i n spores of mos t species 

o f myx omy c e t e s be tween 1 2 and 18 h our s aft e r c l eavage i s 

co mpl e t e (Aldric h and Blackwell , 1974) . In spores of a 

h eterothallic strain of Phyha~um, meiosis was shown t o oc c ur 

approximately 20 hours after spore cleavage (Laane and 

Haugli , 1976), while in an apogamic strain of Phy/2a~um, 

meiosis was shown to occur approximate ly 24 hours after 

cleavage (Laane ~t al . , 1976). 

A number of other changes in ultrastructur e al s o be come 

evident throughout the developmental sequence leading to 

fully mature Phy/2a~um spores . At all ,times up to the 

completion of cleavage , but before spine formation has begun , 
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mit ochondria ma in tain a cons ist ent ap p earan ce , wit h each 

mit ochondr ion contain i ng n ume r ou s t u bular cri stae an d a 

centrally located nucleoid . Thu s the appearance of 

mitochondria dur i ng this period resemb l es that typical of 

mi tochondria in grow i ng Phy /2 a n um pl as modi a ( Dani e l a nd 

Jarl fors , 1 972a ; Kuro i wa et a l ., 1 97 7) . While the spor e wa l l 

is being formed , the typ i cal i nt e rna l s tru c t ur es can n o 

l on ger be seen within the mi tochon dria. Howe ve r onc e the 

spor es are morpholog i cal l y matur e , these s t ructur es r eappear. 

Within nuclei , bundles of microtubu l es a r e ev i dent at 5 

hours postillum i nation (data not shown) a n d aga i n in fu ll y 

mature spores at both 96 hours and 7 days post i llum i nation 

(Figs . 22 , 23 , and 24) . Howeve r t he s i gnifi cance of these 

microtubules is unknown . Such structur es ha ve p r e vi ous l y 

been reported to occur in sporulat i ng Phy /2an u m plasmod i a and 

in this case they were associated wi th me i os i s (Laane e t 

a i . , 1 976) . In general , the presence. of mi crotu bul es wi thin 

the nucleus is usually associa t ed with e ithe r meios i s or 

mitosis (Dustin , 1980) . However these processes could not 

be associated with the presence of microtubules in the 

present study . 

The morphology of mature Phy/2anum spores is clearly 

revealed in the scanning electron micro€raphs presented 

here , as is the sporangial peridium containg these spores . 

Spores often have a somewhat collapsed appearance in 

preparations fo r the scanning elec t ron mi croscope compa r e d 

wi th the spherical shape of spo r es moun t ed in water and 

vi ewed in a l i ght microscope . Howe v e r i t i s probable that 

th e appear a n ce of spo r es i n the sc anning e l e ctr on mi c roscop e 

mer e ly r e fl ec t s t he n a tural dessicat e d stat e of the spores 

rather tha n being th e r e sult of improper dehydration, as has 

been suggested (Kislev and Chet, 1973). 

4.2 The effects of heat shock on ultrastructure of 

developing Phyhanum sporangia. 

Transmission electron microscopy of thin sections of 

heat shocked, developin g Phyhanum sporangia reveals a number 

of ultrastructural abnormalities which s-eem to be invarient 

features of heat shock, regardless · of tlre stage of 

development at which the heat shock is given. Soon after the 
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heat shock , mitochondria become more rounded in appearance 

and small vacuoles develop within them . Subsequently the 

ordered internal structure of the mitochondria disappears 

and they undergo a process of degene~ation . When plasmodia 

heat shocked at 8 hours postillumination eventually recover 

from the heat shock , normal mitochondria a r e again apparent . 

Similarly , when recognizable spores are p roduced following a 

1 2 hours postillum i nation heat shock , these conta in no rmal 

mitochondria . However when no.recovery of development occurs , 

as after a 10 hours postilluminat i on heat shock and in areas 

of sporangia after a 12 hours postillumination heat shock , 

com plete degeneration of mitochondria is apparent . 

Mitochondr i al abnormalities have been previ ously reported to 

occur in growing ?hy/2a~um plasmod i a following a 1 0 minute 

heat shock at 42°C (Lomagin, -1978) . However in this case , 

mitochondr ia exhibited a more irregular outline than normal 

following the heat shock , and the changes induced by the 

heat shock were not as prono unced as those reported in the 

present study . A return of mitochondria to their normal 

appearance occurred within approximately 9 hours following 

the heat shock (Lomagin , 1978) . Abnormalities have also been 

rep orted to occur in mitochondria of the chrysophycean 

flag e llate , Pote~iooch~omona/2 malhamen/2 i /2 , following heat 

shock (Schnepf and Schmitt , 1981 ) . The repair of? . 

malhamen/2 i /2 mitochondria was largely completed within one 

hour fol l owing the hea t shock , and this repair was shown to 

be dependant upon new protein synthesis following the heat 

shock (S chnepf and Schmitt , 1981). Abnormalities s i mila r to 

t hose reported in the present study o f heat shocked Phy /2a~um 

are also evident within mitoch ondria of h eat s h ocked 

D~o/2ophila cells in published electron micrographs, but 

receive no mention from the authors (Velazquez et al., 1980). 

Nuclear ultrastructure also appears to be affected by 

heat shock and the pattern of recovery ·or degeneration of 

the nuclei is the same as that of mitochondria. Soon after 

the heat shock, the nucleolus and chromocentres become more 

diffuse than in control nuclei, although the typical 

interphase appearance is mainta~ned. In addition, macro­

tubular structures often become apparent for the first time 

soon after the heat shock. These structures persist within 
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the nuclei of heat shocked plasmodia but are ne v er apparent 

within the nuclei on non- heat shocked plasmodia . Very 

similar structures have been rep orted to occur in more than 

39% of the nuclei of growing Phy/2a~u m plasmodia shifted to 

J1°C , and in this report the microtubular origin of these 

structures was hypothesized (Del Castil l o et al ., 1 978 ). 

Structures described as macrotubu l es have also been reported 

to occur within nuclei of Phy/2a~um plasmodia where mitosis 

was blocked by C02 -induced anae r obiosis (Wille and Steffens , 

1981) . However in the latter case , bundles of macrotubules 

as reoorted here to occur in heat shocked Phy /2a~um plasmodia 

unde 1·~ oing developemt , were not r eported . The initial heat 

shock - induced abnormalities within the nucleus are followed 

by later chan ges which appear to represent nuclear 

degeneration . The nuclear membrane develops a number of 

breaks and these are accompan ied by areas of clearing within 

the nucleus . At later stages , almost complete degeneration 

of nuclei is evident . Howeve r where some recovery in 

development does occur following an 8 hours postillumination 

heat shock and in areas of spo rangia produced following a 12 

hours postillum inati on heat shock , normal nuclei are again 

evident . An additional abnormality · seen within nuclei of 

developing plasmodia heat shocked at 1 2 hours post ­

illumination is the vacuolated appearance of these nuclei 

soon after the heat shock . Heat shock of growing Phy/2a~um 

plasmodia has previously been shown to induc e abnormalities 

within nuclei ( Lomagin , 1978) , as has heat sho ck of 

Pote~iooch~omona/2 malhamen/2i/2 (Sc hnepf and Schmitt , 1981). 

However the specific abnormaliti es reported by these authors 

were not observed within th e nuclei of Phy/2a~um plasmodia 

heat shocked during dev e lopment. 

Clearly recovery of developm ental capacity following 

the induction by heat shock of ultrastructural abnormalities 

in developing Phy/2a~um plasmodia is possible. However , such 

recovery is evidently dependant upon the stage of development 

attained by the plasmodia at the time of the heat shock. In 

the present study, the ultrastructural details of developing 

plasmodia heat shocked at 8, 10, and 12 hours post­

illumination only were examined. Of these, plasmodia heat 

shocked 8 hours postillumination eventually recovered their 
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developmental capacity while plasmodia heat shocked at 12 

hours postilluminati on exhibited a partial recovery in 

synchrony with normal de velopment . Although the ultra­

structural deatails of p lasmodia heat shocked at earlier 

stages of development were not exam i ned , it can be assumed 

that sim ilar abnormalities are induced by the heat shock . 

However it is evident that plasmod ia heat shocked early in 

development are able to repair the heat shock-induc ed 

abnormalities much more quickly so that subsequent 

development suffers only a slight delay . 

4 . 3 The effects of heat shock on protein synthesis in 

Phy/2a~um . 

Sporulating Phy/2a~um plasmodia at a number of diff e rent 

stages of devel opme nt as well as plasmodia undergoing 

active growth , all re spon d to a heat shock at 37°C with the 

synthes is of a set of apparently novel proteins that are 

either not normally synthesized at 22°C or are synthesized 

on l y at r elatively low levels . The synthesis of these heat 

shock prote ins appears to be a consistent response of 

Phy/2a~um plasmodia to the e levated temp e rature and , from a 

combination of the results of a number of separate 

e x periments , it is evident that the Phy/2a~um heat shock 

proteins ha ve approximate molecular weights of 85 , 000 , 

78 , 000 , 75 , 000 , 73 , 000 , 69 , 000 , 18 , 000 , and 14 , 000 daltons . 

In all experiments , the 69 , 000 dalton protein is the major 

heat shock protein synthesized while in a minority of 

experiments , additional hea t shock proteins are also 

synthesized . In parallel with the synthesis of hea t shock 

proteins by sporulating plasmodia there is a con siderable 

reduction in the synthesis of normal (22°C) proteins during 

a heat shock at 37°C. This is particularly pronounced for 

the synthesis of the protein actin which is, in most cases, 

the predominant protein synthesized by sporulating plasmodia 

at the normal incubation temperature. Thus the overall 

protein synthetic response of sporulating plasmodia to heat 

shock at 37°C is very similar to the heat shock response of 

D~o/2ophila as well a s those of many other organisms (see 

Introduction). Although the majority of Phy/2a~um heat shock 

proteins differ in molecular weight from those of D~o/2ophila, 
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the majo r heat shock protein of Phy/2a~um c l ose l y r es em bl es 

i n molecular weight the 70 , 000 dalt on, major heat he a t shock 

protein of D~o/2oph i la . 

Although plasmodia unde r goi n g active growth do 

synthesize heat shock prote in s wh en hea t shoc ke d a t J7 ° C , 

the synthesis of those proteins no rmal ly syn thes i ze d at 22 °C 

i s apparentl y not reduced . Similarly, when s poru l atin g 

p l asmod i a a r e heat shocked a t J2 °C , b ot h n ormal pr o t e in s and 

heat shock proteins a r e synthesize d c oncurr ently . Cl earl y 

the minimum temperature required to i ndu ce the syn t hesis of 

heat shock pro t eins is lowe r than t h e minim u m tempe ra tu r e 

requir ed to repress the synthesis of normal proteins and the 

latter temperature differs for gr owin g and spo r ula ti ng 

p l asmod i a . Th u s the synthesis of normal p r o t e i ns by g r owin g 

plasmodia but not sporulating plasmod i a , when heat shocked 

at J7°C , probably reflects diffe r ing sensit i vities to 

elevated temperatures at different stages o f the life cycle 

of Phy /2a~ u m . In th i s r espect the h ea t shoc k r esponse of 

Phy/2a~um appears to differ from that of D~o/2oph i la . The 

concurrent synthesis of normal proteins and heat shock 

proteins at certain temperatures by Ph y/2a~u m supports the 

view that the heat shock proteins themselves are not 

r esponsible for the repression of those genes active before 

the heat shock (Arrigo , 1980) . 

When sporulating plasmodia at an early stage of 

development (2 hou r s postillumination) are heat shocked at 

J7 ° C and then returned to 22° , the synthesis of heat shock 

pr oteins , and particularly tha t of t he 69 , 000 da l ton hea t 

s ho c k p r o t e i n , continues f or 2 to 3 hour s f ollowin g th e 

return. Altho ugh t h e synthes is of heat s h ock prote ins do es 

decr e a se mark e dly durin g t h is period, there is no 

significant resumption of normal protein synthesis and the 

total protein synthesis at the end of this period remains 

much reduced. Thus these results indicate that the delay in 

resumption of normal protein synthesis by sporulating 

Phy/2a~um plasmodia , following a heat shock at J7°C, exceeds 

3 hours . However, the atypical developmental arrest 

associated with this e xperiment (see Section J . 2.3) suggests 

that this conclusion may not be valid where only the typical 

delay in subsequent development occurs following heat shock 
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at this stage of development . Fol l owin g th e heat shock of 

Dict y o/2 ie f ium cel l s , the synthesis of the maj or he a t shock 

protein continues at a high rate for 4 hours and then 

gradually returns to the init i al l ow level d uring t h e 

subsequent 4 hou r s ( Loomis a nd Wh eel er, 1 98 0). Similarly, on 

return to the normal incubat i on temperatur e , he a t shocked 

D~o/2ophi f a cells cont i nue to synthes i ze h eat s h ock pr ote ins 

fo r appr ox i mately 8 hour s (A rri go et a f ., 1 98 0) whil e n or mal 

patterns of p r otein synthesis occu r 4 hou r s af t e r heat shock 

of HeLa cells (Slater et ae ., 1981) and ch i nese hamster ovary 

cells (Bouche et ae ., 1979) . The typical developmen t al 

r esponse of sporulating Phy/2a~um p l asmodia heat shocked ea r ly 

in development is a delay in subsequent development not 

exceeding 2 hours (see below) . If the r esumpt i on of normal 

development following the heat shock of Phy /2 a~um is 

dependant upon the resumption of normal pro t e i n synthesis , 

then it is t o be expected that no r mal pa t te r ns of protein 

synthesis would be ev i dent be f ore 3 hours f ol l owing the heat 

shock of plasmodia at this stage of development . 

4. 4 The eifects o f hea t shock on development of Phy/2a~um . 

When sporulat in g Phy/2a~um plasmodia a r e heat shocked 

during the early stages of sporangial development , i . e . at 

0 , 2 , 4 , and 6 hours postillumination , development 

subsequent to the heat shock in all cases suffers a slight 

delay . However , approximately 100% of the sporangia heat 

shocked at these times complete the spo r u l ation process to 

p r oduce mature sporangia and spores t hat a r e 

indist i ngu isha ble fr om th os e p r oduced by non-heat s hock e d 

plasm odia. In a dditi on , t h e g e rmination frequencies of 

matur e s pores produced by plasmodia heat shocked during 

early development, where determined, are not significantly 

different from those of non-heat shocked plasmodia. Since 

sporangial d e velopment was recorded photographically at 2 

hour intervals in the experiments reported here, it is not 

possible to accurately quantify the actual extent of the 

delays in subs equent d e velopment induced by these heat 

shocks. However for heat shocks at all times during early 

sporangial development, such delays did not exceed 2 hours. 

Of the heat shock treatments administered during the 

early stages of development, the patterns of normal protein 
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synthesis and of heat shock protein synthesis were 

charact eriz ed by fluorography at O hours postillumination 

only (Figs . 86 , 87 , and 89 ; Table J) . Fr om these r esults , it 

is evident that pla s modia n ormally synthesize a large number 

of prote in s , the p r edominant protein being actin . When 

plasmodia at this stage of development are heat shocked , the 

synthesis of normal p roteins is considerably reduc e d and t he 

synthesis of heat shock proteins occurs inst ea d . This change 

is most p r onounced with the r edu ction in intensity of the 

actin pr otein band and the appea ran ce of the 69 , 000 dalton 

heat shock pr otein band during heat shock . A very sim ilar 

c~ange oc curs in the synthes i s of actin · j th e 70 , 000 

dalton , major hea t shoc k prote in foll owing heat shoc k of 

Di clyo/2lel ium cells (Loomis and Wheeler , 1980) . Considerin g 

the evidence from the work on heat shock responses of many 

other organ i sms , especially D~o/2oph i la (reviewed in 

Introdu ct i on) , it can be assumed that while developi n g 

Phy/2a~um plasmodia a r e at the e l evated temperature , th ose 

genes active in the developmen t a l process before the heat 

s~ock are no longer transc ri bed and specific heat shock 

genes a re transcribed instead . However , upon return to the 

normal incubati on temperatu r e , th e transcripti on o f heat 

shock genes ceases and the transcription of genes in the 

developmental p r og r am is ab l e t o r esume . Thus normal 

development can s ubseq uently recomm e nc e a f ter some 

additional delay , with the lack of tran scription of normal 

genes during the heat shock not affectin g subsequent 

development . Contribut ing to the delay in subsequent 

development may be the requirement for n ew protein synthesis , 

ou tside normal protein synthesis for development, to repair 

structural defects caused by the elevated temperature . 

Consequently, th e nett effect of heat shocks during the early 

stages of Phy/2a~um development is only a delay in subsequent 

development upon return to the normal incubation temperature. 

It has been reported that the development of Diclyo/2lelium 

cells resumes with less than a 4 hour lag following heat 

shock (Loomis and Wheeler , 1980). Similarly, the development 

of D~o/2ophila pupae is delayed following heat shock (Lindsley 

and Poodry, 1977; Mitchell and Lipps, 1978), as is the 

embryogenesis of D~o/2ophila (Dura, 1981). However in the 

latter case, the recovery o~ development did not seem to be 
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dependant upon the recovery of normal protein synthesis 

(Dura , 1 981 ) . 

In contrast , sporulating Phy/2a~um plasmodia heat 

shocked at 8 , 10 , and 12 hours postillumination respond 

qu ite differently to the heat shock in terms of their 

subsequent development . Heat shock s at 8 hours post ­

illumination appear to produce a complete developmental 

arrest accompanied by some degeneration at the mor phological 

level of both plasmodial strands and immature spor angia . 

This degeneration is also evident i n the ultrastructur e of 

these plasmodia . However , development does recommenc e after 

approximately 48 hours postillumination , albeit non ­

synchronously , and the resulting sporangia and spor es appear 

quite normal . Thus the developmental arrest caused by heat 

shocks at this stage of developmen t cannot be associated 

with complete death of the plasmodi um . Heat shocks at 10 

hou rs postillumination also produ ce a complete developmental 

arrest at approximately that stage o f development attained 

by pla s modia at the time of the heat shock . Again some 

degeneration of the immature sporangia is evident in both 

their morphology and ultrastru cture . No further development 

is evident subsequent to a heat shock at 1 0 hours post ­

illumination . Heat shocks at 1 2 hours postillumination do 

not affect the morphology of sporangia , these having 

attained their mature form by the time of the heat shock . 

However , it is apparent that those areas of each sporangium 

that have not cleaved into protospores at the time of the 

heat shock develop no further and subsequently degenerate 

after the heat shock , while those areas that have cleaved 

into protospores do under go some furth er development . Such 

development lead s to the production of mature spores which 

appear somewhat abnormal but which are, apparently, at least 

as viable as contro l spores . The responses to heat shocks at 

8 , 10, and 12 hours pos tillumination are total, with all 

plasmodia at each time point/heat shock responding in the 

typical mann er . As a result of the developmental arrest 

caused by heat shocks at each time point , sporangia appear 

gross l y abnormal r e l ative t o non - heat shocked plasmodia . The 

actual e xt ent of the abnormalities is depe ndant upon the 

stage in the d e v e lopm ental process attain ed by plasmodia at 

the time of the heat s h ock . 
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Of the heat shock treatments of developing Phy/2a~um 

plasmodia that induce a partial or t otal arrest in 

subsequent development, the patterns of normal and heat 

shock protein synthesis were characterized at 7 and 10 hours 

postillumination (Figs. 86 and 87; Table 3) . From these 

results it is evident that plasmodia at 7 hours post­

illumination normally synthesize a variety of proteins 

similar to those synthesized by plasmodia during early 

development . When these plasmodia are heat shocked , the 

typical set of heat shock proteins i s synthesized . In spite 

of the lack of a pretreatment s t e p at the elevated 

tem p _~·a ture to allow for completion of on - going p r otein 

synthesis befor e the addi ti on of labeled amino ac ids for 

this experimen t, a sign ificant r educti on in the s ynthes is o f 

actin is evident . Thus it i s apparent that plasmodia at this 

stage of development also r espond to heat shock with a 

reduction in the synth es is of those proteins being 

synthesized before the heat shock . At 10 hours post ­

illumination , the overall rate of protein synthesis by 

plasmodia undergoing normal development is considerably 

r educed relative to that of plasmodia at O hours post ­

illumination . In addition , the synthesis of actin no longer 

appears to predom inat e . When these plasmodia are heat 

shocked , the typical set of heat shock proteins is again 

synthesized . However , with normal protein synthesis at a low 

level at this stage of developmen t, it is difficult to 

determine what changes occ ur in the synthesis of these 

proteins in response to the heat shock. 

Thus, while the developmental consequences of heat 

shock on sporulating Phy/2a~um plasmodia can be divided into 

two broad categories, i.e. 0 to 6 hours postillumination and 

approximately 8 to 12 hours postillumination, the effects of 

heat shock on protein synthesis at all stages of development 

appear to be relatively constant. The major change that 

occurs' in protein synthesis as sporulation proceeds appears 

to be a reduction in total protein synthesis by 10 hours 

postillumination although it is possible that this reflects 

an accelerated rate of degradation of newly synthesized or 

total proteins. However it is not known if the apparent low 

level of normal protein synthesis is a general feature of 

the later stages of sporangial development. Clearly, there 
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must be fundamental differences between plasmodia in these 

two phases of the sporulation sequence for there to be 

differences in the developmental c~nsequences of heat shock . 

It was originally reported that 60% of those sporangia that 

formed subsequent to 30 minute, 37°C heat shocks of 

developing Phy/2a~um plasmodia in the period from 5 to 9 
hours postillumination were abnormal whereas 3% were abnormal 

following heat shocks in the period from Oto 4 hours post­

illumination and none were abnormal foll owing heat shocks in 

the period fr om 10 to 15 hours postillumination (Sauer et 
ae ., 1969). Although the precise timetable of morphogenesis 

in Phy/2a~um a function of the prior starvation conditions 

(Wilkins, personal communicat ion), the results presented by 

Sauer et ae., (1969) suggest that , under their conditions of 

starvation , the pe riod from 5 t o 9 hours postillumination is 

a particularly sensitive one during the development of 

sporangia . This is confirmed by the results presented here , 

with the sensitive pe ri od beginning between 6 and 8 hours 

postillumination . The absence of abnormalitie s following 

heat shocks in the period from 10 to 1 5 hou rs post ­

illumination (Sauer et ae., 1969) is , in the absence of a 

definition of the abnormalities observed , more difficult to 

reconcile wit h the results presented in this report. However 

it is probable that heat shocks applied a f ter approximately 

13 hours postillumination would , for the developmental 

timetable presented here , have little effect on the 

subsequent external appearance of sporangia . 

Specific abnormalities have been rep orted to occur in a 

number of organisms following heat shocks applied during 

developmentally sensitive periods, most notable of which are 

the heat shock -induced phenocopies of D4o/2ophila (reviewed 

in Introduction). As is evident from the results presented 

here, heat shocks applied to sporulating Phy/2a4um plasmodia 

at specific stages of development can induce the production 

of abnormal sporangia and such abnormalities are specific 

for a heat shock at a particular stage of sporangial 

development. Although phenocopies of D4o/2ophila are specific 

abnormalities within an otherwise normal adult and the 

abnormalities reported here for Phy/2a4um appear to involve 

the complete developmental arrest of the organism, the 
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underlying molecular basis for the two phenomena is probably 

the same . Thus the developmental arrest of sporulating 

Phy/2a~um plasmodia may be due to inhibition of normal gene 

expression , the arres t occurring through the lack of 

expression of specific genes necessary for continuation of 

the developmental program . 

As mentioned abov e , sporulating Phy/2a~um plasmodia at 

some point in their development become committed to 

sporulate . Prior t o this point in development , plasmodia can 

resume growth rather than continue with the sporulation 

process if refed with gluc ose , but beyond this point 

sporulation i s irrev • · i bl e ( Sauer ~t al ., 1969) . Clearly 

this point in development represents a transition from a 

reversible t o an irreversible devel opmen tal program . From 

the results presented here , it is evident that a transition 

point in development occurs between 6 and 8 hours post­

illumination such that heat shocks before this point merely 

delay subsequent development whereas heat shocks after this 

point appear to arres t development . However the relation ­

ship between the point of commitment determined by 

refeeding experiments to that determined by heat shock is 

unclear . 

In addition to its effects on transcription of the 

genome , heat shock als o directly affects translation of mRNA 

species such that during the heat shock , heat shock mRNA is 

translated while normal mRNA is not (reviewed in 

In troducti on) . Therefore it is possible that the effects of 

hea t shock on developing Phy/2a~um plasmodia r eported here 

reflec ts solely the disruption of protein synthesis in 

response to heat shock . If this were so , then inhibition of 

protein synthesis with cycloheximide at a time in the 

developmental process when plasmodia are particularly 

sensitive to heat shock (approximate ly 7 - 8 hours post­

illumination) should reproduce, to some extent, the effects 

of heat shock on subsequent development . When such an 

experiment was carried out , some inhibition of the 

devel opmental process was achieved but the effects were much 

milder than those induced by heat shock and involved mainl y 

a delay in subsequent development ; subsequent sporangia and 

spores were essentially normal (Wlkins , personal 
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communicat ion) . Thus i t i s evi dent that a d i s r upti on in 

translation alon e cannot accoun t for the developme n tal 

effects of heat shock on Phy/2anum . Howeve r e l sewher e it has 

been establ i shed that there i s a complete dependance of the 

Ph y/2anum sporul ation pr ocess on conti nued prote i n synthesis 

(Sauer et at ., 1969) , which l ed these authors to conc l ude 

t hat t r anslat i on must be i nvolved continuously in the process 

of diff erentiation . In this case , disrupt i on of protein 

synthesis at various stage~ of development either prevented 

further development or led to the fo r mation of abnormal 

sporangia (Sauer et at ., 1969) . The repair of the structural 

damag e of Potenioochnomona/2 , · l hamen/2 i /2 cells induced by 

heat shock has also been shown to be dependant upon protein 

synthesis after the heat shoc k (Schnepf and Schmitt , 1 981 ) . 

Therefore it is possible that heat shock of developing 

Phy/2anum plasmodia has a more permanent effect on protein 

synthesis past the point of commitment than before it and 

consequently the synthesis of repair proteins necessary 

before further development can occ ur is possible prior to 

the point of commitment but not after it . Alternatively , the 

synthes is of developmentally important proteins may be 

i mposs ibl e f ollowing heat shocks at certain stages of 

development . 

Ther e is strong evidence t o suggest that a mitosis 

occu r s in the developmental sequence leading to mature 

Phy/2anum spores at approximate ly 1 5 hours postilliumination . 

Th e molecu lar events that establish the synchrony of 

mitosis must begin well before the actual mitosis occurs . 

It is possibl e that heat shock arr es t s plasmodial 

devel opment when appl ied a f ter t h e point of co mmi t men t b y 

di s r upt i n g the synthesi s of a pro t e in or pr otein s n ecessar y 

f o r s ynchr on ou s mitosi s t o o c c u r . I t has b een es t abli s h ed 

t hat t wo po l ypeptide s, iden tifie d as microtubular prote ins, 

are s ynthe siz ed by growing Phy/2anum plasmodia ov e r a period 

prec eding mito s i s (Laffler et al ., 1981; Turn ock et at., 

1981 ). Th e synthesis of these microtubular prote ins is 

thought to b e a possible c omponent within the chain of 

molecular events that establishes the high mitotic synchrony 

in growing plasmodia (Laffler et at., 1981). Nuclear actin 

has als o b een s hown to be involved in the formation of micro-

11 2 



tubules within the nuclei of Phy/2a4um and may be involved in 

mitosis itself (Jockusch ~t al . , 1971) . Since nuclear actin 

constitutes approximately 4% of the nuclear proteins of 

Phy/2a4um (Jockusch et al . , 1974), its role within the nucleus 

is probably an important one. Furthermore, the normal 

process of spindle microtubule assembly appears to be 

essential for signalling the onset of mitosis in Phy/2a4um 

(Hebert et al., 1980) . Therefor e disruption of the synthesis 

of proteins essential for the correct functioning of micro­

tubules may be responsible for the format ion of abnormal 

microtubules (macrotubules) reported here to occur within 

the nuclei of developing Phy/2a4um plasmodi a subjected to 

heat shock. Such a disruption may also explain the arrest in 

subsequent development that occurs when plasmodia are heat 

shocked after what appears to be a point of developmental 

commitment . Support for this comes from the finding that a 

number of microtubule-disrupting drugs have effects on 

protein and RNA synthes i s that parall e l the effect of heat 

shock in Phy/2a4um (Bernstam et al ., 1980) . 

When developing Phy/2a4um plasmodia are heat shocked at 

1 2 hours postillumination , some areas of each sporangiurn 

appear to be arrested in development and subsequently 

degenerate while other areas continue to develop and 

subsequently produce spores . The spores so formed are 

somewhat abnormal , being larger , more irregular in size and 

shape , and having incompletel y d e veloped spore walls , but 

they appear to be at least as viable as normal spores. It is 

probable that those areas of each sporangium least affected 

by heat shock at this stage of development have already 

cleaved into protospores at the time of the heat shock. 

Consequently they may be more resistant to the effects of 

the elevated temperature . Alternatively, since the process 

of cleavage is not entirely synchronous, the areas least 

affected by heat shock may have reached a stage in the 

developmental program that is no longer sensitive to 

permanent int erruption by heat shock . The abnormalities that 

are induced in spores following a 12 hours postillumination 

heat shock may , as with complet e developmental arrest , have 

a molecular basis resembling that of D4ohophila phenocopy 

induction . Thus the expression of genes involved in spore 
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wall thickening and in the establishment of normal spore 

shape and size may occur in the normal developmental 

sequence around 12 hours postillumination ; heat shock 

i nduces abnormalities by preventing the normal 

transcription of these genes . During the cour se of normal 

development , spore wal l thickenin g and establ ishment of 

the typical spore shape and appear ance occur within the 

period from 1 5 to 19 hours postillumination , or some 3 t o 7 

hours after the proposed time when the relevant genes are 

transcribed . Storage of gene transcripts f or subsequent 

translation has been shown to occur durin g sea urchin 

oogenesis and emb ry ogenesis (Hough - Evans et al. , 1977) and 

it is conceivable that a similar storage occurs during the 

development of Phy/2a~um plasmodia , thus accounting for the 

lag between gene expression and the actual events in the 

developmental process . 

While the ef f ects of 37°C heat shocks on both protein 

synthesis and development of sporulating Phy/2a~um plasmodia 

are charac teri zed in the present study , the developmental 

consequences of 32°C heat shocks are not so clear . Heat 

shocks of spo rulating plasmodia at 32°C elicit the synthesis 

of heat shock proteins but do not appear to affect th e 

synthesis of n ormal proteins . It is reported here that 

developmental abnormalities are induced following normal 

initiation of sporulation when starved plasmodia are 

maintained at 32°C from 48 to 60 hours afte r plating out . 

However these abnormalities were not well characterized . In 

other organisms, pretreatment at a temperature that induces 

the synthesis of heat shock proteins without affecting normal 

protein synthesis enables the or ganism to survive an 

otherwise l ethal heat shock ( see Introduction ). For Phy/2a~um 

this phenomenon needs further investigati on . In the protein 

labeling experiments for heat shocks at 32°C reported here, 

plasmodia were maintained at 32 °C for a t o tal of 90 minutes. 

As a consequence successful pretreatment of Phy/2a~um to 

avoid developmental abnormalities induc ed by subsequent 37°c 
heat shocks may also require longer periods of incubation at 

32 °c to maximize heat shock protein synthesis. 
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4 , 5 Conclusion . 

In response to heat shock , or perhaps environmental 

stress in general , many organisms synthesize a novel set of 

proteins , the heat shock proteins , while the synthesis of 

normal proteins is repressed. In D~o/2ophila this response 

involves the repression of preexisting transcription at the 

elevated temperature , the simultaneous transcription of a 

specific set of heat shock genes , and the selective 

translation of the resulting heat shock mRNAs . 

The protein synthesis of sporulating Phy/2a~um 

polycephalum plasmodia responds to heat shock at 37°C in a 

similar manner to that of other organisms . However the 

precise pattern of heat shock protein synthesis in Phy/2a~um , 

relative to the synthesis of normal proteins , appears to be 

modulated by the developmental state of the organism . It is 

likely that the predominant heat shock protein synthesized 

by Phy/2a~um , with a molecular weight of approximately 

69 , 000 daltons , is closely related to the major heat shock 

proteins of both D~o/2ophiia and Dictyo/2telium . Growing 

Phy/2a~um plasmodia also r espond to heat shock at 37°c with 

the synthesis a novel set of heat shock proteins and these 

appear to be identical to those of sporulating plasmodia . 

However the synthesis of normal proteins by growing plasmodia 

during heat shock appears to be unaffected by the elevated 

temperature . The pattern of proteins synthesized by growing 

plasmodia heat shocked at 37°C does resemble that of 

sporulating plasmodia heat shocked at 32° and therefore it 

i s probable that this reflects differing sensitivities to 

elevated temperature at different stages of the life cycle 

of Phy/2a~um . Thus , while the induction of heat shock protein 

synthesis in Phy/2a~um appears to be independant of the 

particular developmental program, the response of normal 

protein synthes i s to heat shock appears to be modulated by 

the developmental program . 

Heat shock of sporulating Phy/2a~um plasmodia at s pecific 

stages of development can also induce specific abnor mal ities 

in the sporangia that are formed subsequent to the heat 

shock . The indction of developmental abnormalities is also 

dependant upon the d evelopmental p rogram and is probably 

- associated with a disruption of transcription and translation 
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brought about by the heat shock in a manner resembling 

phenocopy induction in D~o/2ophi€a . However for Ph y/2a~um , the 

precise molecular basis for the induction of developmental 

abnormalities remains to be elucidated . 

There is mounting evidence to indicate that the heat 

shock response is a universal response of eukaryotic cells 

to stress and that the response itself is important in 

enabling the cell to survive that stress . The heat shock 

respon se also provides the means whereby specific genes can 

be expressed experimentally and thus heat shock can assist 

in elucidating the mechanisms involved in gene expression . 
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