
Volum~ 21i~,, number I, 19~I~ FEBS 09"/28 
::¢~ 1~91 I~'ederallon Of [~grop¢lln Ilt~h<mieal So,..lelte*i OOl4F;IU~ltt,)lt$~l,$O 
,dDONIS 0014~r19~i-~ l~ldt)"/6 

M~y 1991 

Effects of  heat shock on the level of trehalose and glycogen, and on the 
induction of thermotolerance in Neuroa'pora crassa 

Maria Jos,~ Neves  1, Jo~o A, Jorg¢ t, Jean M. Franco i s  a and H6ctor F. Terenzi 

Depetrtamento de Btulogla. Factddade de bTlosqlfa. Ci¢~ncia.r ¢ Letras de Rtbelrdo Preto. Univershhul¢ de Sdo Patdo = 14049 Rtb¢irtTa 
Prelo. Sdo Paula. Bra=il and  z Laboralalre de Chimle Phyxiologtqu¢, hllernatianal htsttt~ae o f  Celluh~r and Molecuhtr Pathology aml 

Catholic Unlversl O, o f  Louvaht, Brusselx, B~l~li~tn 

Received 15 M a r c h  1991 

Neuro.~pto'a ¢ra,~sa conidiospore llermlin~s exposed to a heat shock (30o45"C) rapidly acettmuhtted trehalose and degraded l~lyeoBen, =yen in the 
presence ofcyeloheximldc. This phenomenon was also rapidly reversible upon return o1' the eel Isat  ~0"C, Trehalose aecunn .llation at 45'C demanded 
an cxoilenot,s source oF carbon and either glucose or I~lycerol fulfilled such requirement. Experin~ents with the cyclic AMP-deficient ¢/-1 mutant 
suggested that the effc~:ts or temperature shit'ls on trehulose level were inde~nden t  of  cAMP met~lbolism, Cells exposed at 45"+C under conditions 

permissive for trehalose accumulation (i,e, in the presence of" an assimilable carbon source} also acquired thermotolerance, 

Heat shock: Thermotolerance: Trehalos¢; Glycoilen; Cyclic AMP; Neuro~ptJra crassa 

1. INTRODUCTION 

The disaccharide trehalose (l-te-D.glucopyranosyl. 
l,l-D-~r-glucopyranosid¢) is ubiquously distributed in 
nature [1]. In fungi trehalose accumulates preferential. 
iy in spores, and it is generally admitted that spore- 
stored trehalose is used as a carbon and energy source 
for the early steps of germination [2,3]. In the yeast 
Saccharomyces cerevisiae [4-6] and Schizosaccharo. 
myces pombe  [7] accumulation of trehalose can be in- 
duced by heat shock and other environmental stresses 
including heavy metals, oxidants and organic solvents 
[5-9]. This phenomenon is reversible and trehalose is 
rapidly degraded upon return of the cells to physiologi- 
cal conditions. From these observations, it is now sug- 
gested that the main role of trehalose in yeast might not 
be a role as carbon and energy reserve but rather as a 
protectant against environmental injuries [7]. 

In the filamentous fungus N. crassa ascospores [10] 
and conidiospores [11] contain 140-/0 and 10% of the 
dry weight in trehalose, respectively. The concentration 
of trehalose decreases to a minimal value upon ger- 
mination, remains low during the vegetative growth 
phase and rises again at the end of growth, when it ac- 
cumulates in conidiospores [11]. Other conditions for 
induction of trehalose accumulation in this organism 
have not been described up to now. Inthe present study 
we investigated the effects of heat shock on the level o f  
the two main reserve carbohydrates of IV. crassa: 
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trehalose and glycogen and its consequences on the sur- 
vival o f  cells exposed to a lethal treatment. 

2. MATERIALS AND METHODS 

2.1, Neurospora strains and culture conditions 
N. crassa wild.type (FGSC 424) and ¢r.I (crisp) mutant (FGSC 

488, allele no, B-123) were a gift from the Fungal Genetics Stock 
Center  (Kansas City, KS, USA), These strains were maitatained by 
weekly transfers on slants of Vogel's [12] medium solidified with 
1,5o7o agar  and supplemented with 20'0 sttc:ose, 

2,2, Heat shock conditions attd test o f  thermotolerance 
Conidiospores harvested from 8-10-day-old slants were suspended 

in liquid Vogel's medium {concentration 1 - 3  x l0 T eonidia/ml) sup- 
plemented with the carbon source indicated for each experiment, The 
cultures were incubated at 30°C with agitation (120 rpnO for 5 h. 
After  that,  each culture was divided in two, Ol~e-half remained at 
300C while the other was incubated at 45°C (heat-shocked culture). 
Aliquots of  each culture were removed at pre.determined intervals 
and processed for determination of trehalose, glycogen and protein, 
The test of  thermotolerance was carried out at 55°C essentially as 
described by Cruz et al, [13]. 

2,3, Determination o f  trehalose, glycogen and protein 
For the determination of trehalose and glycogen 50-70 mg (wet 

weight) of cells were resuspended in 1.5 ml of 0,25 M Na2COa and 
incubated for 20 rain in a boiling water bath, After that, an aliquot 
of the suspension was withdrawn, centrifuged and the ~upernatant 
was used for determination of trehalose after adjusting to pH 5.5 
with I N acetic acid, The rest of the suspension remained at 100°C 
up to two hours, and then was processed for the enzymatic deter- 
mination of glycogen according to Becker [14]. Trehalose was deter- 
mined enzymatically with a trehalase preparation obtained from 
Humicola grisea [15]. The assay was carried out in a total volume of 
0.4 ml in 75 mM sodium acetate buffer, pH 5,5, containing 7,5 mM 
CaCI~ and 2001zl of the trehalose extract. The reaction was started 
with 2 U of  the [lumicola trehalase preparation. Incubation was car- 
ried out at 40°C for 45 rain and was stopped by incubating the 

Published by Elsevier Science Publishers 13, V. 19 



Volum~ 21t3. number I FEBS LETTER~ May lt~9l 

~mp|e~ i~I 100'C I't~¢ I0 rain, Tl'.elllu,:ow liberltte¢l v~u~ ¢~dmmcd b>~ 

Protein w=t+ a+~ty<d by the moth,el ~r k~,,w~' <t =d. ~hh bovine 
.~¢rum ~lbmnin a.t+t=and~trd. 

2.4. C'hemi¢~d~ 
Adenosine ~!, $.eI¢~1t¢ t)tonopho~pim~¢ tey~:li¢ AM PI ~v~ p,lreha*~d 

l'rom Sl~mtt Cllem, Co./USA), Treh~lo~ w,,l~+ a product l'rom Merck 
t~l+rm.ny). Th~ Mlu+~t+,~¢ formed by' hpdruly'+,h+ or tr~:hah~¢ at;d 
itl~¢oll+n w~tm +,lima~ed by rite lilu+ta~¢ oxlda~+ pro,:edur¢ u+lnl~, 
~omm~r~:i,I a~sny kit..(I.abl¢~i. Brnxll). All other chcmie=th were of 
¢tnalytt~al t!r+ld¢, 

3. RESULTS AND DISCUSSION 

IV. c'rassa germlings incubated at 45°C accumulated 
t rehalose and degraded glycogen (Fig. IA and 13). The 
concentrat ion of  trehatose increased during the first 
3 0 - 4 0  rain Of exposure at this temperature  and stabiliz- 
ed thereafter,  After returning the heat-shocked cultures 
to physiological conditions (30"C),  t rehalose and 
glycogen levels changed again, approaching the initial 
values in about 90 rain, The  effects of  temperature  
shif ts  on the level o f  both carbohydrates  were not 
abol ished by inhibition of protein synthesis. Never.  
t heless, in ~he presence of  cyelohexirnide, the max imum 
levels o f  trehalose and glycogen were somewhat  lower 
than  in its absence. 

It was of  interest to know whether t rehalose ac. 
cumula t ion  at 45°C would be affected in the adenylate 
cyclase-deficient cr-I  (crisp) mutant  [16]. Th is  strain, as 
a consequence of  its reduced intracellular levels of 
c A M P  exhibits a number o f  morphologic ,  enzymatic 
and  nutritional defects which become cured if the 
cul ture medium is supplemented with c A M P  [17-19]. 
As shown in Fig. 2; the temperature- induced changes in 
the level of  trehalose were identical for the mutan t  and 
the wild-type, Furthermore,  addition o f  exogenous 
c A M P  (5.0 raM) to cultures o f  either strain (not 
shown),  was of  no consequence. On the other  hand,  the 
level o f  glycogen o f  the mutan t  was only slightly af- 
f e c t e d  by the temperature  shifts. Fur the rmore ,  the 
results shown in Fig. 2 demonst ra ted  that  the ac- 
cumulat ion of  glycogen occurring after  the heat- 
shocked cells were reincubated at 30°C, was dependent 
on the existence of  an exogenous ca rbon  source, 
because it was not observed for ceils resuspended in 
carbon-f ree  medium. Under  this latter condit ion,  even 
the degradat ion of  a large pool  of  t rehaiose (Fig. 2A) 
did no t  prevent a pronounced fall in glycogen level. A 
significant difference observed between 1he wild-type 
and  the mutant  was in the basal level of  trehalose, 
which was much higher fo r  the mutant .  This  observa- 
t ion may  explain the superiori ty o f  cr - I  in terms of  
tolerance to high temperatures ,  as repo t t ed  earlier [13] 
and also would suggest tha t  levels o f  t rehalose m a y  be 
indirectly affected by cAMP.  

The  following experiments were a imed at inves- 
t igating the source of glucose units which supported 
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Fig. I. Changes in Erehalose and gly¢oget~ levels elicited by 
temperature shit'ts in the presence or absence of ¢:ycloheximide. N. 
crasso eonidio~por¢~ were germinated for 5 h at 30"C. in Vogel's 
minimal medium supplemented wilh 2o/o glucose. After that time the 
cultures were divided and reincubated at 30"C (o; ,a) or 45"C 
(., A), m the presence (,a, A) or absence to,e) or 100#g/tlal 
¢yclohe×imide. At the timex indicated by arrows, aliquots of the 
cultures incubated at 45"C were returned to 30"C. with addition to) 
or not (c~) of cyclolleximide. At the times represented in tt~e abscissa 
aliquots of the cultures were sampled and processed for 

determination of trehalose (A), glycogen (B) and protein. 

trehalose synthesis at 45°C. Conidiospores  were initial- 
ly germinated in media supplemented with either 2°7o 
glucose or 1°70 glycerol. After  the period of  germina- 
tion, aliquots f rom each pr imary  culture were harvested 
and resuspended in fresh media  supplemented with 
either 2°70 glucose oz" 1% glycerol and were reincubated 

o o at either 30 C or 45 C, such that  samples f rom all com-  
binations o f  glucose or glycerol supplementat ion were 
subjected to both tempera ture  t reatments  (Fig. 3). 
Glucose-germinated cells accumula ted  trehalose at 
45°C when resuspended in glucose-supplemented 
medium,  but  failed to do it in the presence of  glycerol 
(Fig. 3A) because of  repression on the enzymes re- 
quited for glycerol assimilation and for  gluconcogeneo 
sis [20]. O n  the other hand,  cells germinated in the 
presence o f  glycerol and therefore  adapted  to glycerol 
metabol ism,  accumulated trehalose at 45°C either in 
the presence o f  glucose or glycerol (Fig. 3C), indicating 
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Fitl, 2 Chan~.cs in tile levels or treh,tlose alld i~lycogen eli~:itetl by 
temperature shifts in the wild.type strain altd tile adenylate ¢yclase- 
deficient cr.I  (crisp) mutant, Conidiospore~ of the wild.type (A,B) 
and tl~e mutant (C,D) were i~errni0atetl and :~t~bmitled to Iteat shock 
as described in the lel]end to Fig. I. After the Ileal treatment the 
Cultures were reincubatecd at 30~C in Vogel's minimal medium 
supplemented (o )  or not (o) witll 20/0 ~luco~ie, Other symbols; (o) 
cultures at 30*C; to) cultures at 45'~C; (~) cultures maintained at 
30*C in glucose-free mediun~t. At the times represented in file abscissa 
aliquots of tile cultures were sampled and processed for 

determination of trehalose (A,C) :rod glycogen (B,D). 

that gluconeogenlc activity could also provide hexoses 
for trehalose synthesis. 

The results in Fig. 3 also indicated that the ac- 
cumulation o f  trehalose at 45°C required an exogenous 
source of  ca rbon ,  and that the glucose produced f rom 
the degradat ion of  glycogen under these conditions did 
not significantly contr ibute for trehalose synthesis, For  
instance, one can observe that glucose-germinated cells 
incubated at 45°C in glycerol.supplemented medium 
degraded an a m oun t  of  glycogen roughly equivalent to 
1.75 ,umol o f  glucose/rag protein, without measurable 
effects on the level of  trehalose (Fig. 3B), while gly- 
cerol-germinated ceils incubated at 45°C accumulated  
trehalose with little glycogen degradation (Fig. 3D). 

As shown above,  by manipulating the carbon source 
used for germination and during the heat shock of  the 
conidiospores,  it was possible to control  their concen- 
t rat ion of  trehalose and glycogen. This allowed us to 
examine the influence of  these carbohydrates on the ac- 
quisition of  thermotolerance.  Results in Table I showed 
that higher levels of trehalose increased the ther- 
motolerance of  conidiospores, as assessed by a treat- 
ment at 55°C for 30 rain. However,  there is no linear 
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Fig,, 3. Effect of the carbon source oil the changes of  (rel~alose and 
glycogen clicltecl by heat shock, IV, crt~xsa conidi0spores were 
t~erntinated for 5 h at 30"C in Voael's minimal medium suppl¢mcnted 
with 2~o glucose (A,B) or 10l ,, glycerol (C,D), After tllat tinte each 
culture was d~,vided, harvested and germlings were rcsuspended in 
fresh medium supplemented either with 2t~/o glucose (o,e~ or !01o 
81ycerol (t~, A), ,~nd reincubated at 30'*C (o, A] or 45'C (e,  A). At 
File times represented in tire abscissa aliquots of the cultures were 
saalpled and i~roccSscd for (lelerntiaation of trdlalose (A,C), 

glycogen (B,D)and protein. 

Table I 

Effect of  heat shock on the level of (rel~alose, glycogen and 
thermotolerance of wild-type N. crassa germlings incubated in 

glucose or glycerol 

Incubation conditJo~ts" Trehalose Glycogen Survival 
content content fraction 

(/~mol/mg Utmol glu. (10 "'~) 
protein) cose/mg 

protein) 

Glucose-geru~itluted cells 
60 rain at 30°C in glucose 0.27 2,51 I 
60 rain at 45°C in glucose 1.35 0.94 47 
60 rain at 300C ill glycerol 0.19 0.41 4 
60 rain at 45°C in glycerol 0.22 0.38 5 

Glycerol-germinated cells 
60 rain a t  30°C in glucose 0.35 1.71 2 
60 rain at 45°C in glucose 1.99 I 29 190 
60 rain at 30°C in glycerol 0.51 2.22 1 
60 rain at 45°C in glycerol 1.19 1.71 180 

" Wild.type conidiospores were incubated for 5 h at 30°C in 2% 
glycose or 1% glycerol-supplemented medium, as indicated. After 
that, the germlings were harvested, resuspended in fresh medium 
supplemented with either glucose or glycerol as indicated, 
incubated for an additional one hour period at 30°C or 45°C and 
then incubated at 55°C for 30 rain. Trehalose and glycogen content 
were determined after the 45°C treatment and thermotolerance 
after the incubation at 55°C, Other details in section 2 
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correlation between zrehalose content and survival frac. 
lion, suggesting that the acquisition of thermotolerancc 
involved other processes than the presence of erehalose. 
Data in Table I also indicated that the level o f  glycogen 
in the cells had no correlation with their ability to sur- 
vive during exposure at 55=C. 

These results pointed out a rather striking parallelism 
in the heat shock effects on zrehalose ~nd glycogen 
metabolism and on the induction of thermotolerance of 
IV. crassa and S. cerevisiae. Nevertheless, the molecular 
and regulatory basis of  at least trehalose metabolism 
actually are different in the two organisms [2,21]. In a 
recent report, De Virgilio oral. [7] describe very similar 
responses to heat shock in the fission yeast Schizosac- 
charomyces pombe, This organism also accumulates 
trehalos¢ during sporulation and possesses, like N. 
crassa [2] a trehalas¢ with acid pH optimum, specifical- 
ly associated with the cell wail [22]. Both in S. cere- 
visiae and S. pombe, heat shock increases the activity 
of  trehalase and trehalose, 6-phosphate synthase [4,7]. 
Thus, oar next steps will be to investigate the conse- 
quences of the temperature shifts on the activity of  the 
enzymes of zrehalose and glycogen metabolism in N. 
crossa. 
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