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INTRODUCTION

COMPUTERIZED p r o c e s s  c o n t r o l  o f  t h e  d r y  s a u s a g e  f e r m e n t a t i o n  p r o c e s s  p r e s e n t s  s e v e r a l  i n'  
t r i g u i n g  p r o b l e m s .  The m o st  p r o m i n e n t  a s p e c t s  t o  b e  t a k e n  i n t o  c o n s i d e r a t i o n  a r e  t h e  r e c i p e ' 
t e m p e r a t u r e ,  r e l a t i v e  h u m i d i t y  and t h e  n a t u r e  and u s e  o f  t h e  s t a r t e r  c u l t u r e .  The fe r m e n -  
t a t i o n  t a k e s  p l a c e  i n  a c l o s e d  c o n t a i n e r  w h ic h  l e a v e s  s m a l l  o r  no p o s s i b i l i t i e s  f o r  m o n i t o r ­
i n g  o f  i m p o r t a n t  p a r a m e t e r s  l i k e  b a c t e r i a l  c o u n t s  and w a t e r  a c t i v i t y .  On t h e  o t h e r  h a n d , 
o n l y  means o f  i n f l u e n c i n g  t h e  f e r m e n t a t i o n  seem t o  b e  t h r o u g h  c o n t r o l  o f  t e m p e r a t u r e  an 
r e l a t i v e  h u m i d i t y .

We h a v e  b e e n  s t u d y i n g  v a r i o u s  a s p e c t s  o f  d r y  s a u s a g e  f e r m e n t a t i o n  i n  o r d e r  t o  r e a c h  a m athe­
m a t i c a l  m odel t h a t  c a n  b e  u s e d  i n  c o m p u t e r i z e d  c o n t r o l  o f  t h e  f e r m e n t a t i o n  p r o c e s s .  So f a 
t h e  w o r k  h a s  b e e n  r e s t r i c t e d  t o  t h e  s t a g e  w h ere  pH r e a c h e s  i t s  minimum. The d r y i n g  p r o c e s  
w i l l  l a t e r  b e  i n c l u d e d  i n  t h e  m o d e l .

In  t h e  p r e s e n t  s t u d y ,  we h a v e  i n v e s t i g a t e d  t h e  i n t e r r e l a t i o n s h i p  b e t w e e n  b a c t e r i a l  counts»  
c a r b o h y d r a t e  c o n s u m p t io n ,  l a c t i c  a c i d  p r o d u c t i o n  and d e v e lo p m e n t  o f  pH.

MATERIALS AND METHODS

SAUSAGES u s e d  f o r  t h e  e x p e r i m e n t s  w e r e  made a c c o r d i n g  t o  on e o f  t h e  s t a n d a r d  r e c i p e s  u s e d  i n 
t h e  N o r w e g ia n  m ea t  i n d u s t r y ,  w i t h  0.6%  c a r b o h y d r a t e  a s  g l u c o s e  (0 .4 % ) and d e x t r i n  (0 .2%)' 
The m in c e d  m ea t  was s t u f f e d  i n  70 mm f i b r o u s  c a s i n g s  and made t o  a d im e n s io n  o f  12  cm l e n g 1̂  
(400 g ) .  The s t a r t e r  c u l t u r e  u s e d  was a h o m o f e r m e n t a t i v e  l a c t o b a c i l l u s  i s o l a t e d  form  DuP , j6 
f e r m e n t  66 ( R u d o l f  M ü l l e r  & C o . ,  G i e s s e n ,  W .G erm any),  grow n  f o r  20 h o u r s  on MRS medium (  ̂
Man e t  a l . , 1 9 6 0 ) ,  and s u s p e n d e d  i n  p e p t o n e  w a t e r  t o  g i v e  4 ‘ 1 0 6 b a c t e r i a  p e r  gram o f  m in ce 
m e a t .  The s a u s a g e s  w e r e  r i p e n e d  a t  2 5 °C  and 90% R.H .
S a m p le s  w e r e  t a k e n  a t  12  h r  i n t e r v a l s  and a n a l y z e d  on d r y  w e i g h t  b a s i s  f o r  v i a b l e  c o u n t  » 
c a r b o h y d r a t e ,  and D- and L - l a c t i c  a c i d .  L o s s  i n  w e i g h t  and pH w e r e  a l s o  r e c o r d e d .

VIABLE COUNTS w e r e  d e t e r m i n e d  b y  p l a t e  c o u n t i n g  on b l o o d  a g a r  (2 5 °C  i n  48 h r s ) .

CARBOHYDRATE was a s s a y e d  a s  g l u c o s e  u s i n g  t h e  B o e h r i n g e r  Mannheim f o o d  a n a l y s i s  k i t ,  c a t ' 
n o .  1 3 9 1 0 6 .

LACTIC ACID (D- and L - ) was m e a s u r e d  e n z y m a t i c a l l y  b y  t h e  u s e  o f  t h e  B o e h r i n g e r  Mannhei^ 
f o o d  a n a l y s i s  k i t  ( c a t .  n o .  139084 f o r  L - l a c t i c  a c i d ,  t h e  L - l a c t a t e  d e h y d r o g e n a s e  b e i n g  r  
p l a c e d  b y  D - l a c t a t e  d e h y d r o g e n a s e  when D - l a c t i c  a c i d  was a s s a y e d ) .

pH was d e t e r m i n e d  i n  a s u s p e n s i o n  o f  5 g  o f  s a u s a g e  m a t e r i a l  i n  30 ml o f  d i s t .  w a t e r .  ^
pH was a l s o  m e a s u r e d  " c o n t i n o u s l y "  d u r i n g  t h e  f e r m e n t a t i o n  p r o c e s s  b y  an i n s e r t e d  In ^ ue 
g l a s s  e l e c t r o d e  b a s e d  on a " s w i t c h  o n / o f f "  p r o g ra m  w i t h  1  h r  i n t e r v a l s  t o  a v o i d  e r r o r s  
t o  c h a n g e s  i n  t h e  p o t e n t i a l  o v e r  t h e  g l a s s  e l e c t r o d e  membran.

THE MATHEMATICAL MODEL u s e d  f o r  t h e  s i m u l a t i o n  p u r p o s e  i s  b a s e d  on  f o u r  s t a t e  variableS 
b a c t e r i a l  g r o w t h ,  c a r b o h y d r a t e ,  l a c t i c  a c i d  and pH. , ço
In  o r d e r  t o  d e s c r i b e  t h e  d y n a m ic  p r o c e s s  f o r  t h e s e ,  t h e  f o l l o w i n g  m o d e ls  h a v e  b e e n  fo u n d  
g i v e  t h e  b e s t  d e s c r i p t i o n  o f  o u r  p r o d u c t i o n  c o n d i t i o n s :

a .  M o d e l l i n g  o f  b a c t e r i a l  g r o w t h  ( C o n s t a n t i n i d e s  e t  a l . , 19 7 0 )

b .

d x - j/ d t  x x Mmax x + k s / x  ̂ + x 2/ k s

w h e r e ;  n = m a x .,  s p e c i f i c  g r o w t h  c o e f f i c i e n t ,  k ^ s a t u r a t i o n  c o n s t a n t ,  k ^ = i n h i h i t:'' 
c o n s t a n t ; m^ = n u m b e r  o f  b a c t e r i a ,  and x 2 = c a r b o h y d r a l? e  c o n c e n t r a t i o n .

M o d e l l i n g  o f  c a r b o h y d r a t e  c o n c e n t r a t i o n  ( g l u c o s e )  ( A n d r e y e v a  and B i r y u k o v ,  1 9 7 3 )

d s / d t  = S = x_ = - 1 / Y  • S • C
e f f i '

w h e r e :  S = s u b s t r a t e  c o n c e n t r a t i o n ,  C = d ry  w e i g h t  o f  b io m a s s ,  | j = s p e c i f i c  g r o w t h  
c i e n t ;  Y = y i e l d  c o e f f i c i e n t .
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M o d e l l i n g  o f  l a c t i c  a c i d  c o n c e n t r a ­
t i o n  (H an sen  and T s a o ,  1 9 7 2 )

d x 3/ d t  = x 3 = 

wh e r e :  b^= r a t e  c o n s t a n t .

M d H a I 1 i nrr Af nl]

10° pH

pH = - log [H 0+ ]
formed to 3
pH = y = - log k3 (x3

and k2 are rate
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where p i -i>7 a r e  c o n s t a n t  t e r m s ,  
yl. ■*-s  c o n t r o l  v a r i a b l e  ( t e m p e r a t u r e )  and 

l s  o u t p u t  v a r i a b l e  (p H ).
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F i g .  1
V i a b l e  c o u n t s  ( o - o ) ,  pH ( • - • ) ,  c a r b o h y d r a t e  
( □ - □ ) ,  and l a c t i c  a c i d  (■ -■ ) l e v e l s  d u r i n g  
t h e  f e r m e n t a t i o n  p r o c e s s  a s  d e s c r i b e d  i n  
M a t e r i a l s  and M e th o d s .

V  w e r e  fo u n d  b y  s t u d y i n g  t h e  f o u r  s t a t e  v a r i a b l e s  ( x .  , x . ,  x 3 and y )  from  14  p r o d u c t i o n  
Pef i m e n t s  and r e p r e s e n t  a v e r a g e  f i g u r e s  f o r  t h e  e x p e r i m e n t s .  J

^SULTs

C^OHYDRATE c o n s u m p t io n ,  l a c t i c  a c i d  p r o d u c t i o n ,  and pH d e v e lo p m e n t ,  t o g e t h e r  w i t h  v i a b l e  
a t s  i n  a t y p i c a l  p r o d u c t i o n  e x p e r i m e n t  a r e  shown i n  F i g .  1 .

Vhji
t h e  pH i s  i n t e r c o r r e l a t e d  t o  c a r b o h y d r a t e  c o n s u m p t io n  and l a c t i c  a c i d  f o r m a t i o n ,  no 

e l a t i o n  h a s  b e e n  fo u n d  b e t w e e n  t h e  t h r e e  p a r a m e t e r s  and v i a b l e  c o u n t s  ( F i g .  2 ) .
4
5k , ab s c e n c e  o f  c o r r e l a t i o n  b e t w e e n  v i a b l e  c o u n t s  and t h e  o t h e r  p a r a m e t e r s  c a n  i n  p a r t  b e  
ijj a i n e d  b y  t h e  a b i l i t y  o f  n o n - d i v i d i n g  c e l l s  t o  m e t a b o l i z e  c a r b o h y d r a t e s .  T h i s  was shown 
by ah e x p e r i m e n t  w h e r e  w a sh e d  l a c t o b a c i l l i  i n  b u f f e r ,  pH 7 . 0 ,  f a i l e d  t o  p r o p a g a t e ,  a s  ju d g e d  
4bg be a b s o r b a n c y  a t  620 run, w h i l e  l a c t i c  a c i d  w as p r o d u c e d  when g l u c o s e  was p r e s e n t .  In  t h e  

Cen c e  o f  g l u c o s e  no d e t e c t a b l e  am ounts o f  l a c t i c  a c i d  was p r o d u c e d  ( F i g .  3 ) .
4  . .
tb6 r i t  b e t w e e n  e x p e r i m e n t s  and  t h e  m odel c a n  b e  im p r o v e d  b y  u s i n g  e q u a t i o n  ( i ) - ( i v )  w i t h  
The s ° c a l l e d  Kalman f i l t e r  ( T z a f e s t a s  and N i g h t i n g a l e ,  1 9 6 8 ) .
tbe Pa r a m e t e r s  P . - P _  w e r e  e s t i m a t e d  f o r  14  p r o d u c t i o n  e x p e r i m e n t s  and t h e  a v e r a g e  r e s u l t s  o f  

e e x p e r i m e n t s  a r e  shown i n  F i g .  4 .

GlScu s s i0 N

^ s u c c e s s f u l  c o m p u t e r i z e d  p r o c e s s  c o n t r o l  o f  d r y  s a u s a g e  f e r m e n t a t i o n  r e q u i r e s  a t h o u r o u g h  
i f  p e<i g e  o f  t h e  m i c r o b i o l o g i c a l  and b i o c h e m i c a l  f a c t o r s  g o v e r n i n g  t h e  p r o c e s s .  In  g e n e r a l  
& 4 an b e  s t a t e d  t h a t  a r a p i d  f a l l  i n  pH t o  4 . 8 - 5 . 0  p r o m o t e s  t h e  d e s i r e d  c h a r a c t e r i s t i c s  o f  

c t  c o l o u r  and t e x t u r e .  The pH i s  d e p e n d e n t  on t h e  f o r m a t i o n  o f  a c i d s  d u r i n g  fe r m e n ­
t e 011 an<* t h e  i n t e r a c t i o n  o f  t h e s e  a c i d s  w i t h  m ea t  p r o t e i n s  ( A n d e r s e n  & Ten C a t e  1 9 6 5 ) .  We 
t i c c ° n f i r m e d  t h e  o b s e r v a t i o n  made b y  D em eyer & V a n d e k e r c k h o v e  ( 1 9 7 9 )  t h a t  t h e  pH i s  s i g n i -  
t  ^ - l y  c o r r e l a t e d  t o  l a c t a t e  c o n c e n t r a t i o n .  I n  a d d i t i o n ,  we h a v e  fo u n d  c o r r e l a t i o n  b e t w e e n
'■ tî t)Cat b o h y d r a t e  and t o t a l  l a c t a t e  c o n c e n t r a t i o n s ,  and i t  seem s t o  e x i s t  a s i m p l e  r e l a t i o n ­
' s ^  b e t w e e n  t h e s e  t h r e e  p a r a m e t e r s .  In  s p i t e  o f  t h e  f a c t  t h a t  m o st  o f  t h e  d r a m a t i c  c h a n g e s  

^ Uri n g  t h e  f e r m e n t a t i o n  p r o s e s s  i n  d r y  s a u s a g e s  a r e  due t o  t h e  p r o p a g a t i o n  o f  l a c t i c  
‘ty(j t af >act: e r i a > no c o n n e c t i o n  w h a t s o e v e r  c o u l d  b e  draw n  b e t w e e n  v i a b l e  c o u n t s  and t h e  c a r b o -  
4 ftiath ° r  l a c t : *-c  a c i d  c o n c e n t r a t i o n s .  T h e r e f o r e ,  v i a b l e  c o u n t s  h a v e  t o  b e  l e s s  r e g a r d e d  i n  

n e m a t i c a l  m od el d e s c r i b i n g  t h e  f e r m e n t a t i o n  p r o c e s s .  The g r o w t h  c u r v e  f o l l o w s  t h e  g e n e -
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rally observed pattern: an exponential growth phase followed by the stationary phase, and 
the death phase. From our studies it can be concluded that cells, not able of division, are 
capable of converting glucose to lactic acid, even though the turnover rate might be differ­
ent from the one in dividing cells.

The correlations between the experiments and the simulated models are acceptable with regard 
to the pH, lactic acid and carbohydrate. There is, however, no correlation between viable 
counts and the other variables (Fig. 4).
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f i g • 2 ntsRelationship between pH and viable c °. jp 
(A), carbohydrate (B) and lactic acid (c/jc>n 
a typical fermentation process. Fermenta 
start t = 0 days.
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Hours

Fig. 3
Metabolizing ability of non­
dividing lactobacilli. 
Absorbancy measurements at 
620 nm with glucose (•-•) and 
without glucose (control) (o-o). 
Total lactic acid production in 
the presence (■-■) and absence 
(□-□) of glucose. All experi­
ments performed at 25°C, pH 7.0.

(model) parameters during the fermen- 

• 10~3 , P5 = 0,7, P6 = 1,37 • 10"B, P? = -1,06.
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