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INTRODUCTION 

A close relationship between the gentisic series of aromatic compounds and the 
pyrone derivative patulin was indicated by  the RAISTRICK group 1, 2, who discovered 
these substances in the growth filtrates of penicilliu~ patulum. Further evidence 
for an interplay between the aromatics and the C~ pyrone arose when BRACK 3 
discovered that  the equilibrium of formation of gentisyl alcohol and" patulin is a 
function of the trace-metal composition of the medium. Consideration of these facts 
led BIRKENSHAW 4 to propose a mechanism for the biosynthesis of patulin whereby 
gentisaldehyde, after oxidative fission and rearrangement, is transformed into 
patulin. The overall picture, however, was further complicated by  the isolation of 
the C s compound 6-methylsalicylic acid by  EHRENSVXRD 5, and by our identification 8, 7 
in addition to this compound, of 6-formylsalicylic acid, 3-hydroxyphthalic acid, 
pyrogallol, antlaranilic acid, and p-hydroxybenzoic acid in P. patulum growth broths. 

Using both growing and replacement cultures, we have examined with several 
strains of P. patulum the effects of various carbon sources, trace metals, trapping 
agents and inhibitors on patulin and aromatic acid biosynthesis. The production 
of keto-acids during growth, and the conversion of various suspected aromatic 
precursors to patulin in replacements were also studied. I t  is possible to fit all of the 
above-mentioned metabolic products into a working sequence which is consistent 
with present-day biochemical concepts. 

MATERIALS AND METHODS 
Microorganisms 

Four  pa tu l in-producing s t ra ins  of P. urticae, Bainier were used. Strains N R R I ,  2159A, 
N R R L  1952, and N R R L  1953 were obtained f rom the Nor the rn  Regional Research Labora tory ,  
Peoria, Ill. The four th  strain, E T H  815, was  kindly provided by Dr. A. BRACK, Zurich, Switzerland. 
All cul tures were mainta ined on Czapek-Dox (4% dextrose) agar  slants at  3 o°, and were t ransferred 
every t5 days. Tap wate r  was  used th roughout ,  except for those exper iments  with trace metals, 
where  double-distilled wate r  was  employed. Details of large-scale growth of the fungi are given 
in the precert;ng paper  7. 

Replacement experiments 
Mycelial pads  harves ted  at  the 7 - I 2 t h  day of g rowth  (at m a x i m u m  patul in  production) 

* Suppor ted  by  a g ran t  (NSF-G2914) f rom the Nat ional  Science Foundat ion.  

Re#fences p. 260. 
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~tcrc , I ramed free ~f g rowth  m e d i u m  and were t hen  r insed  twice wi th  t ap  wa te r ;  a th i rd  por t ion  
, ,I 5c~,~ inl t)l water  was added,  and  the  f loated pad  was  allowed to s t a n d  for [ h w i thou t  ag i ta t ion .  
11,> " c m l o g c n o u s "  m e d i u m  was dra ined off, t he  pad was again  washed  twice wi th  water ,  and  
hnall3. ( z a p e k  I)ox m e d i u m  con ta in ing  the  appropr ia t e  ca rbon  source  was inf i l t ra ted unde r  
1he m ~ t v l i u m  %terih' t e chn ique  was  not  employed  in the  r ep lacement  exper imen t s .  Dur ing  
~c\ eral sc~,rcs of these  rep lacements ,  c o n t a m i n a t i o n  (lly o ther  Penicillia) was de tec ted  only in a 
Ic\\ isolated ins tances .  ( 'are  was exercised dur ing  the  above  m a n i p u l a t i o n s  to avoid  b reak ing  or 
II'}lllll~ tilt' mvcclial  ma t .  

I'ap~ J ,/H',,mat,~t, raptly 
Setlarati ,m, detect ion,  and  isolat ion of pa tu l in ,  a roma t i c  c o m p o u n d s  and  related metal lo l i tes  

arc descr ibed in the  a c c o m p a n y i n g  pape r  ~. The  ke to-ac ids  were s epa ra t ed  as the i r  2,4-dinitro-  
l~hcnx' lhvdrazones following t he  m e t h o d s  of ('AVALLINI AND FRONTALLI 8, u s ing  known der iva t ives  
,IS lll~ll'l¢.('l'S t)l] t he  chron la togran l .  \Vhere war r an t ed ,  more  r igorous  ident i f icat ion was  m a d e  by 
~,,t h l ,m/;~t~graphy with a u t h e n t i c  samples ,  and  bv reduc t ion  of t he  2 -4 -d in i t ropheny lhydrazones  
t,, t]lcil c,~rrcsponding a m i n o  acids  wi th  h y d r o g e n  over  zo% Pd black on charcoal .  The  con- 
, ,'lilY;Ilium ~f ke to-ac ids  was e s t i m a t e d  spec t ropho tome t r i ca l ly  a f te r  e lnt ion of the  respect ive  
tliuil r , , pheny lhydrazones  from the  paperS, 9. 

~juanli/a/ive amdysis o/ phenols 
(a) Growth experimeuls. Following paper  c h r o m a t o g r a p h y  of smal l  a l iquots  of the  f e rmen ta -  

ti,,n mix ture ,  the  c h r o m a t o g r a m  was air-dried and  then  e x a m i n e d  with a U . V .  Mineral i te  to de tec t  
patul in  and  O-methvlsal icvl ic  acid. K n o w n s  were usua l ly  run  a longside  on guide  por t ions  of t he  
chr~,matogram.  The  spo t s  were marked ,  cu t  out ,  e lu ted  with w a r m  alcohol, m a d e  up to specific 
\ l lhlnles,  ~-Illd the  concen t r a t ion  of each was de t e rmined  by  a m e a s u r e m e n t  a t  the  wave l eng th  
,,1 m a x i m u m  absorp t ion  in the  B e c k m a n  spec t ropho tome te r .  Thus ,  t he  a m o u n t s  of 6 -me thy l -  
~alicx lit" acid and  of pa tu l in  were ca lcula ted  directly,  s ince thei r  mola r  ex t inc t ion  coefficients a t  
3o7 m/, and  -'70 mlt, respect ively ,  are known.  The  " o t h e r  pheno l s "  were t hen  de t e rmined  by 
mcasur inR optical  dens i ty  a t  -'42 m / ,  on an  a l iquo t  of t he  f e rmen ta t i on  mix tu re .  I n  these  experi-  
mcnt~, s ince gc n t i s a l dehyde  was usua l ly  found  in g rea tes t  concen t r a t ion  a m o n g  the  phenolic  
c , ,mp , ,unds  pr, Muced, the  " o t h e r  pheno l s "  were ca lcula ted  in t e r m s  of gen t i s a ldehyde  by sub-  
tractinI~ tile' sum of the  molar  con t r i lmt ions  of pa tu l in  and  of 6-methylsa l iey l ic  acid a t  th is  wave-  
h m g t h  \Vhen known m i x t u r e s  of all of these  s u b s t a n c e s  were checked  by  the  above  procedure,  
rcpl,Mucil)le and  q u a n t i t a t i v e  recoveries  were obta ined .  

(b) l¢eplacemenl experiments. Here, to ta l  phenols  were e s t ima t ed  as 6-methyl -sa l icyl ic  acid. 
The ~ptical  dens i ty  of a su i tab le  di lut ion of the  fil trate was de t e rmined  at  276 mll  and  a t  242 mlt. 
I s i n ~  \ l~:R(n¢o'r's m e t h o d  TM, the  concen t r a t i on  of pa tu l in  and  of total  phenols  was t h e n  calcula ted 
b\ >,,1\ in~4 the  atlt/rop.riate s i m u l t a n e o u s  equa t ions .  

R E S U L T S  

(;ro'.,lh am! pa tMM /ormatiou. on various carbon sources 

A n  e x p e r i m e n t  to  d e t e r m i n e  w h i c h  o f  t w e n t y - s i x  c a r b o n  s o u r c e s  w o u l d  b e  b e s t  

for  t h e  p r t , d u c l i o n  o f  p a t u l i n  w a s  c a r r i e d  o u t  u s i n g  s t r a i n  2 1 5 9  A .  T h e  r e s u l t s  a r e  

s u m m a r i z e d  in T a b l e  I. I t  c a n  b e  s e e n  t h a t  o f  t h e  h e x o s e s ,  a n d  i n d e e d  o f  a l l  t h e  

~ u l , ~ l r : m , s  l c s l c d ,  g l u c o s e  w a s  t h e  b e s t  p r e c u r s o r  o f  p a t u l i n  i n  g r o w i n g  c u l t u r e s .  

. \ f t c r  a h m g c r  a d a p t i v e  lag ,  f r u c t o s e  w a s  u t i l i z e d  a l m o s t  a s  w e l l  fo r  b o t h  p a t u l i n  

s v n t l w s i s  a n d  fl~r g r o w t h  o n  a d r y  w e i g h t  b a s i s .  N o t  a l l  s u b s t a n c e s  w h i c h  g a v e  h i g h  

y i e l d s  of  m v c c l i u m  w e r e  u s e d  fo r  c o n c o m i t a n t  p a t u l i n  p r o d u c t i o n ,  e.g., 1 . - a r a b i n o s e ,  

> - r i b o s c ,  1 > l a c t o s e ,  a n d  l > c e l l o b i o s e .  A n  i n t e r e s t i n g  p r e f e r e n c e  fo r  g r o w t h  o n  L- 

a r a b i n o s c  a s  o p p o s e d  to  t he  l > s t e r e o i s o m e r  b v  t h e  m o l d  was  o b s e r v e d .  

T h e  d a t a  o f  T a b l e  I p a r a l l e l  in  g e n e r a l  t h e  e x p e r i m e n t s  o f  EHRI~NSV.'{.RD '~, w h o  

m e a s u r e d  p h e n o l  f o r m a t i o n  in  t e r m s  of  g e n t i s y l  a l c o h o l  f r o m  v a r i o u s  c a r b o n  s o u r c e s  

\x i th  I'. pa lMum,  s t r a i n  E T H  815 .  O n e  n o t a b l e  e x c e p t i o n  is  t h e  c a s e  o f  D - r i b o s e ,  

xxlficll w ;>  rcl,,}rlc~l l(~ 1,c at p o o r  s o n r c c  of p h e n o l s ,  w h i l e  g i x i n g  g o o d  g r o w t h  a. I n  o u r  

e x t ) e r i m e n t s ,  l o n g - t e r m  a d a p t a t i o n  to  t h i s  s u b s t r a t e  r e s u l t e d  i n  e x c e l l e n t  p a t u l i n  

f o r m a t i o n .  T a r t a r i c  a c i d ,  w h i c h  g a v e  m o d e r a t e  g r o w t h  a n d  p o o r  y i e l d s  o f  p a t u l i n ,  

lee/ercn(es p. 26,,. 
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was transformed into a host of carbonyl compounds (vide in/ra). In addition to the 
compounds cited in "Fable I, the following compounds, each tested singly, would 
not support growth: Na citrate, Na acetate, a-ketoglutaric, pyruvic, and phenyl- 
pyruvic acids, ethanol, ethylacetate, ethylacetoacetate, acetone, and tyrosine. As 
will be seen later, several of these compounds were used as precursors for patulin 
and  for a roma t i c  acids  b y  ful ly  formed myce l ia l  mats .  

T A B L E  I 

PATULIN PRODUCTION FROM VARIOUS CARBON SOURCES liY STRAIN 215~).\ 

S u b s t r a t e s  w e r e  4 %  c o n c n ,  in  C z a p e k - l ) o x  m i n i m a l  m e d i u m . . \  un i fo rna  i n o c u l u m  of  c o n i d i a  in  
s t e r i l e  w a t e r  w a s  a d d e d  to  e a c h  o f  t h e  125" m l  E r l e n m e y e r  f l a s k s  w i t h  4 ° m l  of  t e s t  s o h l t i o n .  T h e  
f l a s k s  w e r e  i n c u b a t e d  a t  3 o°.  P a t u l i n  c o n c e n t r a t i o n s  w e r e  d e t e r m i n e d  s t ) e c t r o p h o t o m e t r i c a l l y  
on  d i l u t i o n s  of  t h e  f e r n l e n t a t i o n  m e d i u m .  D r y  w e i g h t  d e t e r m i n a t i o n s  w e r e  m a d e  on  t h e  well-  

w a s h e d  m y c e l i a l  p a d s  h a r v e s t e d  on  t h e  16 th  d a y .  

mmoles/l el Patulin on Dry 
Compound weight ore 

41h day 8th day z2lh day 16th day 

D - G h l c o s e  3.12 i o . i o  8.16 5.75 255 
D - F r u c t o s e  o . o t  1.45 7.20 3 .oo 243 
r ) - M a n n o s e  0 .00 0. l o 5.38 t. 70 31S 
L - S o r b o s e  o .oo 1.42 1.1 o o.o 4 J 08 
D - M a n n i t o l  o .oo 1.38 7.80 6.1 o 269 
L- R h a n a n o s e  o .oo 0.07 0 .06 1.28 2 t 3 

L - A r a b i n o s e  o.oo 0.07 4 .00 7.52 320 
D - . \ r a b i n o s e  o .oo 0.00 o .oo  0 .00 1 o 
D-Ri l )ose  o .oo o.oo 2.96 1.5.2o 32¶) 
l } - X v l o s c  o .oo o .oo 5.04 1.98 224 

r ) -Ma l to se  o .oo 7._,6 8.3z 4.4 ° 255 
o-1 . a c t o s e  o. i 8 0.02 0.03 0.04 45 ° 
J)-( ' e l lob iose  o .oo  1.22 0 .06 3.62 315 

i - l " r v t h r i t o l  0.0o o .oo o .oo o .oo [o 
DI.- ' l 'art  r a t e  o.o I 0.98 1.64 2.98 214 
( ; I v c e r o l  o.oo 0 .46  2. l o 5.oo 264 

The general  pa t t e rn  found for all subs t ra tes  which suppor ted  growth was a 
sharp  increase ill lmtul in conccl~tration from the 4th to the i e th  day ,  followed by  
a gradual  decline at this point.  As de te rmined  in a more careful analys is  of this s i tua-  
t ion (Fig. r), this  ix due to the fact tha t  the glucose was lwact ical ly  exhaus ted  from 
the medium on the 9th day ,  and af ter  a lag per iod the mold entered into a s tage of 
d iauxic  growth at  the expense of patul in ,  l ) iminut ion  of pa tu l in  concent ra t ion  of the  
med ium on or about  the  Ioth  day  of growth  was or iginal ly  observed by  BR:XC1¢ 3 
and  again  1) 3- SIM()N.\RT AND ] . . \ ' I t t O U W I ¢ I t  11, who recent ly  found tha t  the ant ib io t ic  
is also a p roduc t  of the metahol ism of P. griseo/ulvum Dierckx.  

Effecl o~ c.alciztm carhomdc 

\Vith the add i t ion  of ('a('O:~ to growing cul tures  of all four s t ra ins  of P. ]galltlm/t, 
the  most s t r ik ing  cffect was seen with s train 2 1 5 ( ) A  , where tim concentra t ion  of 
pa tu l in  was reduced 1o one- th i rd  of the normal  amount ,  and where gcntisic acid, 
usual ly  de tec ted  only in trace amoml l s  on lntt)cr chronmtograms,  was found in 

R e / e r e . c e s  p. 26o.  
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approximately o,5 mmole/1 concentration (Table II). Although no quantitative data 
are presented for "pre-patulin", this substance was also present in considerable 
amount, and its isolation from CaCO a flasks has been describedL The initial repression 
of patulin synthesis in strain 815 appeared to be overcome by the i2th day of growth. 

$ s z q t, l~ ,5 

DAYS 

T A B L E  [ I  

E F F E C T  O F  C A L C I U M  C A R B O N A T E  ON T H E  P R O D U C T I O N  O F  P A T U L I N  A N D  

A R O M A T I C S  I N  T W O  S T R A I N S  O F  P .  pat~All~W~ 

S t a t i o n a r y  cu l tures  a t  room t e m p e r a t u r e  us ing 2.8 1 Fe rnbach  flasks con t a in ing  500 ml  of Czapek-  
Dox  4 % glucose medium.  W h e r e  ind ica ted ,  i o  g of s ter i le  CaCO a was  added  before inocula t ion .  

All  c onc e n t r a t i ons  g iven  are  in  mmoles/1. 

Fig. i .  P a t u l i n  p roduc t ion  vs. glucose u t i l i za t ion  by  
P. palulum s t r a in  2159A. Glucose d e t e r m i n a t i o n s  were 
d e t e r m i n e d  po la r ime t r i ca l ly ,  whi le  p a t u l i n  was  es t i -  
m a t e d  s p e c t r o p h o t o m e t r i c a l l y  on d i lu t ions  of the  fer- 
m e n t a t i o n  mix tu re .  - • - -  Q - ,  glucose concen t ra t ion  ; 

- O - 0 - ,  p a t u l i n  concen t ra t ion .  

Strain Metabolite analysed Condition 
Time in days 

4 6 8 IO I2 I6 

P a t u l i n  + CaCO a 3.8 
( 'on t ro l  7. I 

2159A {6-Methy l sa l i cy l i c  acid 2_ CaCO a 1.2 

! Contro l  o. 1 

\ G e n t i s i c  acid + CaCO a t r ace  
Control  t r ace  

815 P a t u l i n  + CaCOa 3-3 
Contro l  5.7 

6.1 7.0 5.8 5.6 
18.6 17.8 17. 7 I6.2 

I. 3 1.4 1.5 1.3 
0. 4 0. 5 0.6 0.8 

o . i  o . i  0. 3 0. 4 0.6 
. t r ace  - -  t race  

3.4 4.6 8.2 15.o ~4.6 
17.6 15.6 i5 .o  15.5 14.2 

The presence of CaCOa did not inhibit the synthesis of mycelial protoplasm, on a 
dry weight basis. I t  was noted that strain 1953 failed to form its usual blue-green 
pigment under these conditions. Strain 1952 , in addition to following the pattern 
set forth in Table II,  accumulated a previously unknown aromatic substance, the 
nature of which has not yet been elucidated. Suppression of patulin biosynthesis 
due to CaCOa was also noticed with P. griseo/ulvum n. Our explanation of this 
phenomenon is that the aromatic acids and the open chain molecular species of 
patulin ("pre-patulin") are trapped as their calcium salts, and are thus made un- 
available to the enzymes which would normally convert them to pat.ulin. 

Growth of P. palulum 2~59A was neither inhibited by the presence of 0.02% 
2-deoxyglucose nor by lO -6 M Na monofluoroacetate. The presence of 0.5 % dehydro- 
acetic acid inhibited growth completely. 

Re/erences p. 260. 
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Sequence o/appearance o! metabolites 

The appearance of patulin, 6-methylsalicylic acid, and other phenolic constit- 
uents (the latter measured in terms of gentisaldehyde) was examined in all four 
strains of P. patulum grown on glucose at room temperature. There were no large 
differences between these cultures insofar as the overall pat tern is concerned, but 
several significant conclusions can be drawn from these data (Table III). The most 
important  is the fact that  there was a universal appearance of 6-methylsalicylate 
and of "gentisaldehyde" on the third day, much before any patulin was detected by 
paper chromatographic or spectrophotometric means. Thereaf te r ,  while patulin 
concentrations rose sharply, those of 6-methylsalicylic acid remained roughly 
constant, and the amounts of the other phenols underwent a gradual and slow rise. 
These findings can be taken to indicate that  there is a genuine biogenetic relationship 
between these substances, and they further imply that  the aromatic C 8 acid is a 
precursor of C 7 patulin via the C~ phenols. The second point is the pronounced rise 
in pH of these cultures as growth proceeded. This, too, had been noted before with 
P. patulum 3 and again with P. griseo[ulvum n. The hypothesis is offered here that  this 
is due, at least in part,  to the utilization of nitrate nitrogen for protein synthesis, 
leaving Na ions, which become NaOH, in the fermentation mixture. 

Effect o/ trace-metal concentration 

By far the most significant observation s of earlier experiments on patulin 
biosynthesis was the trace-metal effect on distribution of metabolic products. We have 
repeated this type of experiment with the mutant  strain 2159 A, which is the best 
patulin producer, and which was thought likely to mirror in most exaggerated 
fashion the results of trace metal  imbalance. The procedures of BRACK ~ were followed. 
Czapek-Dox medium contains NaNO3, 3 g, KH2PO4, I g, KC1, 0.5 g, MgSO4" 
7H~O, 0.5 g, FeSO4"7H~O, IO mg*, doubly distilled water, i 1, and glucose 4 ° g. 
The initial pH of this mixture .was 4.4. Results of growth on normal Czapek-Dox 
medium were compared to experiments in which the concentration of iron had been 
decreased tenfold, and to low iron media where zinc and manganese ions, respectively, 
were added to lO -6 M final concentration. These data are summarized in Table IV, 
where differences of environment show up best by  comparing the figures for the 
8th day of growthl As found by BRACK 3, with low iron concentration, patulin syn- 
thesis gave way to increased amounts of the gentisaldehyde phenols. The presence 
of zinc was especially effective in raising the phenolic and 6-methylsalicylate con- 
centrations. With strain 815, EHRENSV.~RD 5 has reported that  IO -s M zinc influenced 
the shift towards 6-methylsalicylate more than did a concentration of IO * M. 
Manganese in the medium, as observed earlier, caused some diminution of patulin 
concentration, and raised the phenolic content. This effect was gradually overcome as 
t ime of incubation progressed, and by  the I2th  day the pat ter  n for manganese 
approached that  for normal growth conditions. This points up the fact that  it is 
important  not only to observe difference due to trace metals under comparable 
conditions at a given time interval, but that  the changing pat tern as the fermentation 
is allowed to proceed must also be taken into account. 

The presence of gentisyl alcohol per se has never been noted in these experiments 

• This concentra t ion  of iron is 3.6" lO .5 molar. A mispr in t  in the original publicat ion stated it 
as 3.6. io  -a molar. 

Re/erences p. 26o. 
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with strain 21.59A, although it was exhaustively sought for by paper chromato- 
graphic analysis, using synthetic material as a marker. This is strange in light of 
the facts that this substance was first found in the growth medium of a patulin 
forming Penici l l iuml,  ~ and that it was isolated in g/1 amounts by BRACK 3 from 
strain 815 under iron deficiency. 

An obvious explanation for the accumulation of the gentisic and related phenols 
in the iron-deficient cultures can be offered, based upon the fact that homogentisic 
acid oxidase 1~ and protocatechuic acid oxidase 13 are known to be iron-containing 
enzymes. By analogy, it is to be expected, if splitting open of the aromatic ring of 
one of the gentisic series is an obligatory step prior to rearrangement and closure 
to patulin, that, under conditions of low iron, the phenolic compounds would 
accumulate. EHRENSV.~RD 5 has already speculated on the effect of zinc ions as the 
metal prosthetic group of deearboxylase enzymes in P. patulum. If zinc functions 
as a co-decarboxylase, one woul.d have expected higher yields of patulin in its 
presence, rather than the pile-up of C 7 phenols which resulted. 

Keto-acids 

P. patulum grown on glucose forms the following acidic carbonyl compounds 
in the medium: a-ketoglutaric, oxaloacetic, and pyruvic acids, "pre-patulin," and 
traces of glyoxal and of glyoxylic acid. Several other neutral carbonyls were also 
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Fig. 2. Analysis of 4 keto-acids in the mediunl of 
strain 2159A grown on Czapek-Dox at 3 °o . 
Pyruvic acid, O -  O;  "pre-patulin," O - - Q  ; 
a-keto-glutaric acid, ~--[~;  and oxaloacetic 

acid, • - -  • .  

detected but were not further investigated. As indicated earlier, growth on DL- 
tartaric acid produced a spectrum of keto-acids similar to those reported by KUN 
.\ND HERNANDEZ ~4 for the action of liver homogenate on this substrate. High con- 
centrations of pyruvic, a-ketoglutaric, oxalacetic, and glyoxylic acids were noted, 
and the presence of considerable quantities of diketosuccinic acid (checked by 
co-chromatography with known material) was also noted. The finding of glyoxylate, 
both in glucose and in tartrate-grown cultures, along with the usual acids of the 
tricarboxylic acid cycle, is indicative that the "glyoxylate bypass ''15, recently 
advanced as an alternative pathway of terminal oxidation for fungi and bacteria, 
is probably operative in the Penicillia. 

In order to gain an insight into the relationship between metabolites of the 
TCA cycle, and patulin biosynthesis, if any, the timewise production of three of these 
substances plus that for "pre-patulin" is shown in Fig. 2. These data are from the 
same cultures used in tollowing the timewise course of glucose disappearance with 

Re/erences p. 260. 
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patulin formation (Fig. I). Examinat ion of these Figures shows that  there appears 
to be a close parallel between the shape of the curve, and, indeed, between quantities 
in terms of mmoles/1 of the presumptive open chain molecular species of patulin, 
"pre-patulin",  and the cyclized antibiotic itself. Further experimental work on the 
nature of this relationship is in progress. 

Replacement expetiments 
Our attention was next drawn to the replacement culture technique with fully 

grown mycelial pads, as an approach for obtaining more information on the sequence 
of metabolites leading to patulin. I t  was qualitatively noticed that  glucose-grown 
pads replaced with glucose formed 6-methylsalicylate as the first detectable aromatic 
metabolite, again even before patulin could be found. Subsequent to this, 6-formyl- 
salicylic acid and gentisic acids, in turn, made their appearance and finally patulin 
was seen. These findings were made by  hourly chromatography of the culture filtrate 
from flasks kept at 25 °. In Table V are presented quanti tat ive data for patulin 
and total phenols (measured in terms of 6-methylsalicylic acid) on a day-by-day 
basis in replacement flasks kept at approximately 3 °o . As glucose concentration was 
raised from I to 4%, patulin formation continued to increase for a longer period of 
time. The total amount  formed in these replacements in three days on 4% glucose 
approached quantities found after 8 to 12 days of growth with this substrate. This 
suggests that,  in many  instances, future isotopic incorporation experiments may  
best be done in replacements rather  than during growth. Mycelial pads which were 
grown on a mixture of acetate and glucose, when replaced with glucose, formed a 
higher ratio of 6-methylsalicylate to patulin than did the glucose-grown pads. 
Presumably, then, these mycela were "pre-adapted" to form 6-methylsalicylate 
from C 2 fragments. Glucose-grown pads on a mixture ot sodium acetate and glucose 
also exhibited a higher ratio of the C 7 acid to patulin. Sodium acetate itself when 
used as a substrate with glucose-grown pads gave 6-methylsalicylate exclusively 
within one day. This experiment argues for the "head to tail" condensation theory 
of BIRCH TM, which postulates condensation of activated acetate directly to aromatic 
compounds. As sodium acetate was used for synthesis of 6-methylsalicylic acid, the 
pH of the medium went up sharply, as would be expected from the fact that  four 
molecules of this aliphatic acid must be used for the synthesis of one of the aromatic 
by  this mechanism. Replacements with glucose as carbon source containing IO 6 M 
zinc also had a relatively high pH, with a concurrent decrease in patulin and a higher 
phenolic content. 

The time course of formation of patulin from aromatic substances and from 
several aliphatic esters in replacements of 2159 A is plotted in Fig. 3. Because of the 
relative scarcity of 6-methylsalicylate, this substance was added in o.oi °/o concentra- 
tion, while the other suspected precursors were tested at o.1%. "Endogenous" 
formation was ruled out by running a control mycelial pad in minimal medium and 
subtracting the contributions of this source from the values plotted in Fig. 3. This 
experiment demonstrated that  6-methylsalicylate and gentisate were transformed 
into patulin. A conclusion as to which of these substrates is a more direct precursor 
cannot be drawn since permeabili ty factors which attend the entrance of substrates 
into the mycelium are largely unknown. Gentisaldehyde too was transformed into 
patulin; in this instance there was also concomitant formation o.f a large amount 

Re/erences p. 26o. 
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of dark oxidation products, which did not arise when gentisate was used as substrate. 
The esters tested also served as precursors, and ethylacetoacetate seemed to be the 
best aliphatic substance yet found for patulin formation by these procedures. 
Ethanol, acetate plus ethanol, acetone, and pyruvate gave essentially negative 

Fig. 3- Patul in  format ion in replacement  exper iments  
wi th  s train 2159A. The following were tested as 
subs t ra tes :  ethylacetoacetate,  O - -  O ; ethylacetate,  
LI--LJ;  gentisic acid, • -Ill ; gentisaldehyde, ~k- ~k; 

and 6-methylsalicylic acid, O - - O .  i i 
2 ~ 4 -6- 

DAYS 

2.0 

z 
1.6 

a. 
1.2 

E 0.8 

0.4 

results for patulin biosynthesis in replacement cultures examined up to 72 h. Either 
the esters are more permeable to the mycelial wall, or else the mold has mechanisms 
which more readily utilize the energy of the ester bond for the formation of active 
C2 units. Also tested as possible substrates for patulin synthesis with essentially 
negative results were: ribose, pyrogallol, phenylt)yruvate , tyrosine, a-ketoglutarate, 
dehydroacetic acid, and glyoxylic acid. It will be recalled that only after very long 
term adaptation did growth and patulin synthesis occur on ribose. Shikimic acid in 
replacement gave rise to p-hydroxybenzoate in the medium. No other metabolite 
besides this single product was detected by paper chronmtography. 

Effect o/inhibitors in replacements 

Since CRAMER AND WOODW.KRD 17 demonstrated the inhibition of glucose fer- 
mentation by intact cells of yeast with 2-deoxyglucose, and WICK et al. 18 have 
concluded that the site of this metabolic block in the rat is on the enzyme t)hospho - 
glucoisomerase, this analogue was among the first tested for its effect on patulin 
synthesis. When added in 0.02% concentration to 1% glucose, deoxyglucose caused 
no change in the amount or in the rate of patulin formation. In another series, 
1% 2-deoxyglucose as substrate was converted both to patulin and 6-methylsalieylic 
acid. These metabolites were found to be present in amounts comparable to exper- 
iments where I O//o glucose was substrate. This result indicates not only. that 2-deoxv- 
glucose fails as an inhibitory agent in this system, but suggests that the half of the 
molecule resembling glucose was probably broken down to trios(', an(l to active 
acetate. Low concentrations of Na monofluoroacetate (IO 6.1[) were without 
inhibitory action either on patulin formation from glucose or on ()-methylsalicylate 
production from acetate. As shown previously by EHRF, XSV.'~,R~) a, 0.04°, 2,4-t)ental~e- 
(lione (acetylacetone) stopl)(xl aromatic and t)atulin synthesis comph'tcly fr()m 
glucose, and 0.04% dchy(lroacetic caused an accumulation of ()-nn~th\'lsalicvlate. 

]de/erencex p. 20o. 
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DISCUSSION 

If  one examines the chemical structures of the compounds which have been isolated 
from P. patulum strain 2159 A, and considers the sequence of appearance of these 
metabolites during growth of all of the strains tested, a tentative biochemical pa thway 
for their interrelationship can be set forth. This pa thway receives further support  
from an analysis of the results of the replacement experiments, wherein it was shown 
not only that  the C s and C 7 aromatics gave rise to patulin, but that  6-methylsalicylate 
was transformed into 6-formylsalicylate, and thence to gentisic acid. These data,  
when coupled to BIRKENSHAW'S suggestion 4, that  oxidative cleavage of the aromatic  
ring of gentisaldehyde and rearrangement to patulin is the next step, can now be 
used to explain the conversion of hexose to the pyrone antibiotic. The additional 
findings in replacements that  shikimic acid goes to p-hydroxybenzoate rather than 
to the gentisate series or t o  patulin; that  acetate is a direct precursor of 6,methylL 
salicylate; and the discovery of pyrogallol in the growth filtrate, indicate moreover 
that  two pathways toward aromatization coexist in this microorganism. These 
relationships are summarized in Fig. 4. 

Here, glucose is pictured as undergoing two dissimilations, one through the 
well-proven 19 sequence of reactions to sedoheptulose diphosphate and thence to 
stfikimate (VIII) ;  and also to active acetate which would then condense to 6-methyl- 
salicylic acid (I), as proposed by  BIRCH and co-workers 16. A two-step oxidation of 
6-methylsalicylate to 6-formylsalicylate (II) is then envisaged. Precedence for a 
preferential oxidation at the methyl  group of a hydroxylated aromatic structure, 
leaving the ring intact, was demonstrated by  DAGLEY AND PATEL la, who found in 
Pseudomonas that  4-methylcatechol and xylenol are oxidized via their formyl analogs 
to protocatechuic and 4-hydroxy, 2-methylbenzoic acids, respectively. Enzymic 

CH3 CHO COOH 

~ H It- 

OH ~ "OH " ~ / ~ ' \  OH 
"Fro 

GLUCOSE - I- 

7 (2 S,ep~ 

ACETATE I Tr I[O] 

COOH CHO r CHO ] 

~o~ HO./~-.~ CO IH O~/Z/\ ~c°°HI 

1 . 2 \ =  / , . 2 o ,  . -n. J 

v - r  '-trrr 

COOH r COOH ] 

L -C02 HO OH 
HO OH ~ H OH 

OH I OH J 

AROMATIG AMINO ACIDS, Phenylolanine, Tyrosine, Anthronilic Acid 

Fig. 4. P roposed  in te r re la t ionsh ip  be tween  a roma t i c  c o m p o u n d s  and  pa tn l in  in P. #alulum. 
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nuclear hydroxylation of 6-formylsalicylic acid (II), possibly by  an enzyme of the 
phenolase type 2° to the hypothetical 2,5-dihydroxyphthaldehydic acid (III), followed 
by straight decarboxylation of the latter will yield gentisaldehyde (IV). I t  is note- 
worthy that  a compound closely related to (III), 3,5-dihydroxyphthalic acid, was 
isolated from P. brevi-compactum ~1. This substance differs from (III) only in the 
orientation of its hydroxyl groups, and in its higher oxidation state. Furthermore,  
compound (III)  is not unlike the orsellinic acid units of which the lichen aromatic 
dimers are presumed to be made 22. We explain the finding of 3-hydroxyphthalate  
(IIa) m the medium as the result of a simple biological oxidation of 6-formylsalicylate. 
I t  is placed on a side pa thway in the chain of events leading to patulin (VII), since 
any conversion of 3-hydroxyphthalate  to the gentisic series must involve a de- 
carboxylation step, and the two requisite intermediary phenolic acids which might 
have arisen have not been detected in the medium. Oxidation of gentisaldehyde to 
gentisic acid (V), followed by  splitting of the aromatic ring mediated by  a presumptive 
iron-requiring enzyme will give rise to the open-chain aliphatic "pre-patulin" (VI). 
Whether fission of the aromatic ring occurs with gentisaldehyde or with gentisic acid 
is not yet known. The facts that  gentisate yields patulin in replacement, and that  
its empirical formula is the same as for patulin, makes it appear a more likely 
precursor. The possibility of a combined oxidative fission at the aldehyde stage, as 
first outlined by  BII~I{EI~SHAW 4, m a y  still prove to be the actual mechanism of this 
interconversion. 

Some added support for this scheme comes from the work of SIMONART AND 
LATHOUWER 11 with P. griseo/ulvum. Upon recently re-examining the filtrates from 
this microorganism, these authors have found that  patulin is also made. ANSLOW 
AND RAISTRICK 23 originally discovered 6-methylsalicylate as the major compound 
formed by  this mold. From the metabolic sequence presented in Fig. 4, it might 
have been predicted that  patulin should have been detectable, since an implied 
corollary to this pa thway is that  any mold capable of synthesizing 6-methylsalicylate 
or gentisate 24 will gradually sequentially induce enzymes to transform these substances 
to patulin. I t  also appears from the data presented here that  patulin itself eventually 
becomes converted to as yet unknown substances, which are probably related to 
terminal respiratory pathways of the mold. 

I t  is not possible to account for the formation of pyrogallol by BIRCH'S "head to 
tail" acetate theory, since this mechanism always leads to materials with meta- 
orientated hydroxyls, and, at best, would involve a large number of hypothetical 
steps from 6-methylsalicylate if it were initially formed. Rather, pyrogallol (X) is 
taken at arising from shikimic acid via gallic acid (IX). BRIJCKER 25 has already 
shown with Phycomyces blakesleeanus that  gallate can arise from sugars or from 
tyrosine. If  such is the case with P. patulum, then it is conceivable that  both aroma- 
tization mechanisms are functioning simultaneously. The recent findings of the 
NEISH group 26, of GEISSMAN AND SWAIN ~7, and of GRISEBACH 28, that  in the quercetin 
molecule ring A comes from acetate condensation and ring B arises via the shikimate 
route, have shown that  such a situation can exist even within a single molecule. 
Whether  an analogous situation actually exists among the Penicillia is being inves- 
tigated by the isotopic-tracer technique and the use of cell-free enzyme systems. 

l-¢¢]ereT1ces 15. 260.  
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