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.~BsTR.~cT.-Submerged cultures of Clavzceps purpurea  strain 129 and its  mutants 
producing a mixture of chanoclavine, agroclavine, and elymoclavine are characterized 
with respect to  the  relationship betv-een culture development, some enzyme activities, 
and alkaloid production. The  cultures with dominant elymoclavine yield possess an 
intensive oxidative metabolism, efficient supply of glycolytic intermediates t o  the 
Krebs cycle, and a higher activity of the  hexose monophosphate pathway. The  oxi- 
dative metabolism and a sufficient S.4DPH supply is supposed to  be involved in 
hydroxylation of agroclavine to  elymoclavine. 

Submerged cultures of Clar iceps  p u r p u r e a  strain 129 and its mutants produce 
a mixture of chanoclavine, agroclavine, and elymoclavine. ilgroclavine is a 
dominant component of the mixture (80-907,) in fermentation culture of the 
parent strain and high production mutants. On the other hand, vegetative 
inocula of both the strain 129 and high production mutants, and fermentation 
culture of a low-producing mutant 244 (1) contain predominately elymoclavine 
(60-807,). I n  this work the oxidative metabolism of the above-mentioned cultures 
was studied with respect to the formation of elymoclavine, i e . ,  a hydroxylated 
derivative of agroclavine. 

1I i lTERIAL ASD METHODS 
STR.IIS ASD CCLTIV.ITIOS cosDITIoss.-CClnr'iceps p u r p u r e a  strain 129 originated from the  

collection of microorganisms of the  Insti tute of Microbiology CAS. I t s  mutants were ob- 
tained after mutagenesis with uv light (2). The strains were cultivated under submerged 
conditions for 10 days in an inoculation medium T 1 (sucrose 100 g, L-asparagine 10 g, L-cystein 
HC10.1 g, yeast extract 0.1 g, Ca(Koa),,4 HzO 1 g, K H z P O ~  0.25 g, hIgS04.7 H t 0  0.03 g, ZnSOa,7 
HzO 0.02 g, distilled water to  make 1 liter, p H  5.2 with h a O H )  which was inoculated with spore 
suspension. Spores were washed from the  surface of the  slant T2(3) with medium T I b y  
means of a glass rod. The  final spore count was about 2.106 per flask. All spore counts were 
performed w-ith a Burker chamber for counting of blood cells. The  fermentation medium 
CS 2 (sucrose 100 g, citric acid 16.8 g, (?;H4)&0410 g, CaClz 1.1 g, KHzP04 0.25 g, hlgS04.7 
H 2 0  0.25 g, KC1 0.12 g, FeS04;i H20 0.02 g, ZnSO4.i HZO 0.015 g, distilled water t o  make 1 
liter, p H  5.2 with S a O H )  was inoculated w t h  4 ml of the  vegetative inoculum. Cultivations 
were done in the  dark  a t  2 4 1 1 "  on a rotary shaker (4 Hz, excentricity 5.4 cm) in Erlenmeyer 
flasks 1:3m ml) containing 60 ml of the  appropriate medium. 

PREP.IR.ITIOS OF THE CELL-FREE EXTRACTS ASD ESZTME .+ssa~-s.-In the  course of cultiva- 
tion, parallel cultures were harvested and pooled to  obtain about 10 grams of mycelial wet 
m-eight. The  stored samples were disintegrated in an S-press (Biotec, Sweden), suspended in 0.1 31 Tris- 
HC1 buffer p H  7.5, and centrifuged 30 min a t  15 OOO xg. 6-Phosphogluconate dehydrogenase 
(4) and glucose-&phosphate dehydrogenase ( 5 )  &-ere immediately assayed in the  supernatant, 
bo th  a t  p H  i .5 .  Hexokinasei glyceraldehyde-3-phosphate dehydrogenase, lactate dehydro- 
genase (6), ci trate synthase (i) malate dehydrogenase (8), and p-glucosidase (9) were further 
assayed. Protein in both the  cell-free extract and the medium was estimated according t o  
Lowrj- et e l .  (10) with a correction for the  alkaloid content. The  enzyme activities were ex- 
pressed in mU, i.e., as  nmoles of substrate converted in 1 minute per mg of protein in cell-free 
extract .  
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The mycelium was washed twice with distilled water and frozen a t  -20". 
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AP\’.\LTTIC.~I. YETHODS.-The content of to ta l  alkaloids was determined in the  fermentation 
medium (11). Extracellular glucans were precipitated from cnltiire filtrate with 1 volumes of 
acetone and the precipitate was dried to  constant mass at  70”.  The alkaloid spectra were 
estimated by means of high performance liquid chromatography (12). Lipids were estracted 
from the  X-pressed mycelium twice by diethyl e ther  and then dried on the  rotary evaporator.  

RESULTS 
1. Submerged cultures of C. pztrpurea 129 with a dominant production of 

agroclavine. 
The fermentation culture of the parent strain, further designated as 129 F, 

All its high-producing mutants \\-ere char- is a representative of these cultures. 
acterized by a similar development and alkaloid spectra. 

1.1. Differentiation. 
The initial sphacelial filamentous mycelium changed to a sclerotia-like budding 

type during i days of fermentation; micro- and macroconidia were formed inten- 
sively ( 2 ) .  In  cultures older than 14 
days, a suspension of spores and mycelial fragments predominated. Synthesis 
of clavine alkaloids proceeded in three phases: first production phase (1’ l), transient 
phase (T), and second production phase (P 2 )  (fig. 1).  I n  the P 1 phase, the 
extracellular glucans were extensively synthesized (fig. 2) ; their degradation 
occurred in the P 2 phase. Formation of cellular lipids proceeded mainly in 
phase T (fig. 1). 

Terminal chlamydospores also occurred. 
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FIG. 1. Three-phase development of the ciiltrire 120 F. Sor t=  rhe delay i n  
alkaloid synthesis i n  the phase T. (Th- tot a1 alk:doids, IIIV-dry 
weight). 
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FIG. 2.  Formation and degradation of glucans in the culture 129 F. 
(HK-hesokinase, 3-glu-J-glucosidase) . 

1.2. Eit.ryme apparatus .  
Fermentation phases P 1. T. and P 2-classified according to  the kinetics of 

alkaloid production, biomass and glucan contents-were also characterized b y  
difference.< in tlie enzyme apparatus of the culture. Hexokinase. the initial 
enzyme in tlie metabolism of saccharides, reached it.: maximum activity siniultane- 
ously with the niaxiniunl of glucan production. Le.. in a T-day culture (fig. 2) .  
In phase P 2 .  the activity of 1iexol;inase slowly decreased, and the activity of 
extracellular arid intracellular 8-glucosida 

The course of the activity of glyceraldehyde-3-phospl~ate dehydrogenase, 
lactate dehj-di,ogenn.<e. citrate synt lwe,  and malate dehydrogenase ]vas identical. 
I t  1f-w cliaracterized by a peak in phase P 1 as \vel1 as in phase P 2 .  and a dezrease 
in pl-~ase T (fig. 3). 

EnzJ-niei of the hexose monophosphate p a t h a y ,  glucose-6- phosphate dehydro- 
gen:i>e and 6-phosphogluconate dehydrogena3e. \\-ere detected o n 1 ~ -  in phases T 
and 1' 2.  In culture 129 1 ,  the level of the latter enzj-me wa.< a l ~ a y s  higher than 
t1i:it of tlie foi~ner  (fig. 4). -1ctivity peaks oi both enzj-me:: corresponded vel1 
with tlie .second ninximum of glycol>-.?is and that of malate tlehydrogenase (fig. 7 ) .  

simult aneouslj- increased. 

The activity of glj-colytic enzymes \vas very lon-. 
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FIG. 3 .  Glycolytic and Krehs cycle enzymes during the  development of the  
culture 129 F. Nnte  a cnmmon trough of all enzymes in the  phase 
T. (L1)H-lactate dehydrogenase, G-3-PI)H-glyceraldehyde- 
3-phosphate dehydrogenase, ?*Il)H--malate dehydrogenase, CS- 
citrate syit hase). 

2. Submerged cultures with a dominant production of elymoclavine. 
Cultures of this type are represented by the vegetative inoculum of the strain 

129 designated as 129 I and that fermentation culture of the mutant strain 241 
designated as 241 F. 
2a. Di-flereirtiatioii aud morphology. 

Classification of tlie culture development in three phases described in the 
fei,nientsition of strain 129 holds, practically! also in cultures 129 I and 244 I.' 
(fig. 5 ) .  compared \\.it11 culture 129 1;. the definite composition of the a l ldo id  
mixture \ v w  set more sIo\vly in cultures 129 I and 244 F, Le., during S-IO days 
(table 1 ) .  ~ l o i ~ p l i o l o g ~ ~  of culture 244 1.' \\-as of a sclerotia-like type from the 
beginning of the cultivation. and the strain produced a number of terminal 
chlarnyclospo~~es subjected to the microcycle (1) .  Cultures 129 I and 1.' produced, 
:is distinct from culture 244 It follo\vi: from thii: comparison 
t h t  the nioi,phologic:il differentiation probably is not associated \vitli the spectrum 
of  d l d o i d s  produced. 

exocellular glucans. 
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FIG. 4. Enzymes n€ the hexose monophosphate shunt in the culture 
129 F. For  the orientation in developmental phases the malate 
dehydrogenase activit? is shown. These da t a  are not taken 
from the experiment described in the  figs. 1, 2 ,  3 .  

TIBLE 1. rilkaloid spectra during submerged cultivation; of C. p i i r p i i r ~ i i  strains.  

I culture 129 F 1 culture 129 I cril t lire 241 F 
I I 
' agro elymo ~ chano agro e l>mo chano agro e l>mo chnno 

2 i i . 8  ~ 2 2 . 2  traces 1 80.1 ~ 19 .1  t r a w s  

8 ~ 8 4 . ( i  15.5 - ~ 21.8 7 1  0 ~ 3 . ;  20.8 i(i 3 " 0  

4 1 80 .1  19 .9  1 - ~ 71.8  ~ 1 4 . i  1 3 . 4  62 .1  35 6 0 3  
G , 84 .0  ' 15 .1  ~ - ~ 52.4 ~ 45 5 2 . 1  4 0 . 5  5 5 . 2  4 3  

10 ' 84 7 15 3 - 10 5 88 4 1 1 11 7 64 ii 3 7  
~ 0 3 I 

I I I 

14 8 - 4 5  9 5 5  

1 5 3  I - c h R nge 

1 0 4  I - 1 3  1 q 8 6  - I  

11 17 1 - 1 no I c hnnge 

12s  I - ~ 

I 

. ibbreviat ions: agro = agriic.lavine 
elymo = elyniorlavinp 
chano = chanoclavine 
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FIG. 5 .  Biomass growth and alkaloid synthesis in the  
elynioclavine type ctrl t tires. The  development a1 
phases are not clearly distinguished with respect 
to  alkaloid synthesis. 

2b. Elieyme upparaim.  
The enzyme apparatus of the cultures producing predominantly elymoclavine 

partially differed from that of the agroclavine-type cultures. This holds true 
particularly for the increased level of glyceraldehyde-3-phosphate dehydrogenase 
(by 1-2 orders of magnitude), \\-hereas the level of lactate dehydrogenase remained 
at  the level of culture 129 1.' (fig. 6).  The increased activity of citrate synthase 
\i-a.q also observed (fig. i). I n  our cultures strain 214 exhibited the highest 
activities of glyceraldehyde-%phosphate dehydrogenase. citrate synthase, and 
malate deliydi~ogenase. Similarly to culture 129 1 ,  the glycolytic and Krebs 
cycle enzymes had a common coLme \\.it11 simultaneous maxima. In  culture 129 I, 
the maxima of malate dehydrogenase \\.ere .slightly delayed wit11 respect to those 

hexokinase in culture 129 I corresponded roughly to that in 
The culture 129 F, exceeding ten time; the hexokinase activity in culture 244 1;. 
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FIG. G .  Glycoly t ic  enzymes of the elynioclavine type 

cultures, 

esocellular o-gluco,4dn.qe ivns produced in phases T and P 2 in culture I29 I :  the 
content of glucuis and enzyme activity ivere constant dui,i:g plinse 1' 2 .  
Culture 2-44 did not contain gluc:in*, the $-glucosidase activity  is vel'). ln iv ,  ~ ~ i i d  

the level of Iiesoliinnse varied in nccorduiice \\.it11 eiizynies of the osichtive p:itli- 
\yay- studied (fig. S). The most proiiounced differeiice bet\veen cultures of the 
:tgi~oclavirie and elynioclavine type \vas ob;erved in the oiiset and activity of tlie 
iiiitiul enzymes of the liesose monophosplinte patIi\v:iy (fig. 9). In the cultures 
producing el~moclavine.  glucose-(i-plioxpli:Ite deliydrogenn.<e could he detected 
from the heginning of the cultivation. In  culture 129 I ,  tlie activity of (i-p!iosplio- 
g1ucon:ite deliydi~getiase \\-:i,- relilt ivel). *teady j the activity of gluco,~e-(i-plio-pli:~t~ 
deliydmgeiiare vniied moi'e. in agi'eement \\.itIi t I:e I\reb* cycle enzyme.. 111 
culture 2-14 1.'. $luco.~e-(i-pliorpli:ite de1iydirgeiin.e incre:ired a lmwt  i l l  p:irallel 
wit11 the nl1;:iloid p iduc t ion  to become the highest ;tmong tlie c'. p u r p u r e o  stixiiis 
tested. The (i-plio~plioglucon:\te del:!.di,ogeime :ictivit>. of culture 129 I cor- 
i.e~poiided to  that of culture 129 k'. The acti\-it>. of gIucoie-(j-~,lio..pli:ite cleli!.tl~,o- 
ge1i:l.e in culture 129 1 \\.~i.> five-fold. 
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FIG. 7 .  Krebs cycle enzymes in the  elynioclavine type 
cultures. 

The effect of inorganic phosphate and citrate on the activity of glucose-6- 
phosphate dehydrogenase crude extract \vas also tentatively investigated. The 
enzyme was partially inhibited by both compounds (table 2).  Hen-ever, their 
effect n-as not additive. Both enzymes of the hexose monophosphate path\vny 
were very sensitive to freezing and thaiving. A single freezing arid tha\ving of 
the crude extract resulted in a 99.SYc loss of activity. The activity of glycolytic 
and Krebs cycle enzymes \vas not substantially changed by thiq tl~eatnient j the 
enzyme activities were all detected in freshly prepared cell-free extixcts. 

DISCCSSIOX 
The oxidative pathways of the saccharide metabolism represented by the 

Krebs cycle and hexose monophosphate pathlvay are of utmost impoi,tnnce for 
preservation of the metabolic balance in the axenic cultures of C. p u r p z u e a .  This 
fact is demonstrated by the requirement for the exogenous citrate or another 
intermediate close to  the Iirebs cycle, n.hich is nece.ssary for mniiitainitig the 
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culture growth and alkaloid production. The requirement for an organic acid 
related to the Krebs cycle is a common phenomenon in the genus Claticeps (13, 14), 
apparently due to the fact that parasitically growing ergot is sufficiently supplied 
with the Krebs cycle intermediates contained in the phloem sap of the hoct plant. 
Also the relationship between the activity of the hexose monophosphate pathway 
and the composition of the alkaloid mixture produced suggests a role for oxidative 
metabolism in alkaloid production. 

Cultures of the agroclavine and elymoclavine type are characterized by varia- 
tion of the oxidative pathway enzymes in accordance with the phases of culture 
development. The highest enzyme activities u ere detected in the first production 
phase P 1 and at the beginning of the second production phase P 2. The P 1 
phase has, in general, higher requirements for respiration as a consequence of 
mycelial gron-th and conidiation (14). At present, it is not clear whether the 
decrease of the dehydrogenase levels in phase T is caused by an actual decrease 
of their activities or rather by dilution of the enzymes as a result of the synthesis 
of new enzymes required for the onset of the stationary phase of the culture 
development. The increabe of the oxidative enzyme activities a t  the beginning 
of phase P 2 is probably associated with the completion of differentiation processes, 
including conidation. I n  this phase, degraded glucans serve as the energy source 
of culture 129 F and partially also of culture 129 I. The formation and degrada- 
tion of glucans are positively correlated with the activities of hexokinase and 
p-glucosidase. We consider the low hexokinase activity in culture 244 F sufficient 
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FIG. 9. Enzymes of the hevose monophosphate path- 
way in the  elymoclavine type cultures. 

TABLE 2. The  effect of citrate and 'or  
phosphate (mM) on the glucose-0- 

phosphate dehydrogenase activity (5). 

Cit ra te  

- 
0.18 
1.125 
2.00 

0 85 
2.50 

1 

Phosphate i Activity 

O . i O  80 
1.80 1 63 

1 80 61 
1.80 1 50 

[VOL. 44, so. 2 
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for feeding sugar catabolism pathways. Higher activities found in cultures 129 I 
and 129 F are necessary for polysaccharide synthesis. 

The elymoclavine-producing cultures xere  characterized by the permanent 
presence and higher activity of the hexose monophosphate pathu-ay generating 
the S A D P H  necessary for hydroxylation and oxygenase reactions. The increase 
of activity in the SSDPH-forming pathway was accompanied also by higher 
activity of Krebs cycle enzymes. The sensitivity of glucose-6-phosphate dehydro- 
genase to citrate and phosphate inhibition might be of regulatory importance. 
However, without further studies this finding can serve only as a clue for avoiding 
experimental errors. 

The activity of lactate dehydrogenase as compared with the activity of 
glyceraldehj-de-%phosphate dehydrogenase was very low. This pattern may 
indicate a harmony of elymoclavine synthesis with intensive oxidative metabolism, 
faster f l o ~  of glycolytic intermediates to the Krebs cycle, and higher SADPH 
formation. On the other side, no direct relationship between culture differentiation 
and morphology and the composition of the alkaloid mixture produced can be 
established in our strains. 
Receized January 16 1980 

1. 
2. 
3. 

4. 
5. 
6. 

3 
I .  
8. 
9. 

10. 

11. 

12. 
13. 

14. 

LITERA4TURE CITED 
S. Paioutovb, Z .  fiehAEek, Y. 
S. Paioutovb, Y. Pokornp, Z. 
C.  Spalla, Genetic problems of production of ergot alkaloids in saprophytic and parasitic 
conditions. I n  “Genetics of Industrial Microorganisms”, Z .  Vanek, Z. Hogtalek and J. 
Cudlin, eds., Elsevier, Amsterdam., 1973, pp. 393-4003, 
-4. Scott and T. Abramsky, J f e f h .  Enzymol., 41B, 227 (1975). 
4. Scott, J f e t h .  Enzymol., 41B, 177 (1975). 
T.  Bucher, W. Luh, D. Pe t te  nfache und zusammengesetzte optische Teste mit Pyridin- 
nukleot iden. ‘Hoppe-Se yle hierfelder: Handbuch der physiologisch- und pathologisch- 
chemischen Analyse” 1-01, il, Springer Yerlag, Berlin, Heidelberg, Kew York, 1964, 
p. 292. 
J. R .  Stern, R. Shapiro, E. E .  Stadtmann, J .  Biol. Chem. ,  193, 703 (1951). 
S. Englard and L. Siegel, J i e t h .  Enzymol., 13, 99 (1969). 
P .  11. Dey and J. B. Pridham, Biochem.  J . ,  113, 49 (1969). 
0. H .  Lon-ry, 1;. J. Rosebrough, A. L. Far r  and R.  J .  Randall, J .  Biol. Chem. ,  193, 265 
(1951). 
J E. Robbers, L .  W. Robertson, K. ?*I. Hornemann, A. Jindra and H. G. Floss, J .  Bac- 
tefiol . ,  112, 791 (1972). 
11. Wurst, 11. Fiieger and Z. fiehbEek, J .  Chromatogr. ,  150, 477 (1978). 
F. Arcamone, G. Cassinelli, G. Feroni, S. Penco, P. Penella and C. Pol, Cun. J .  Microbial., 
16, 923 (1970). 
-4. 111. Smici,  T. Mnghe t t i ,  T. Scotti,  C. Spalla and L.  Tognoli, A p p l .  A f w o b i o l . ,  18, 
464 (1969). 

okornp, Folia.  Afzcrobiol.  (Prague), 23, 376 (1978). 
ehAEek, Can. J .  Jfzcrobzol. ,  23, 1182 (1977). 


