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ABSTRACT 

L-Arg i n i n e  i s  a m aj o r  a m i n o  acid fou nd i n  g rapes and  w ine  w h ich  is  
degraded by some wine lactic acid bacteria (LAB) .  The m echanism of  this 
degradation and its oenological implications were examined i n  tbis research. 

lt was found that wine LAB able to degrade argi n ine do so by means of the 
arg i n i n e  d e i m i nase pathway, demonst rated by meas u ri ng  the e nzyme 
act iv i t i es  in  ce l l - f ree  ext racts : a rg i n i n e  de i m i n a s e ,  o rn i t h i n e  t rans­
carbamylase and carbamate kinase. These enzymes were present in  most 

h et e rofe rme ntat ive lactobaci l l i  and leuconostocs , but we re absent i n  
homofermentative lactobaci l l i  and pediococci . 

The prese nce of arg i n i ne  i ncreased the activit ies of arg i n i n e  d e i m i nase 
pathway enzymes in heterofermenters, but fai led to induce these enzymes i n  
homofermenters even under conditions o f  low g lucose concentration ( 1  g/L) . 
G lucose did not repress arginine uti lisation  but fructose appeared to do so, 
as fructose and argin ine were metabo lised sequentially, with arg in ine being 
metabolised main ly after util isation of the fructose. 

D etai led studies o n  Leuconostoc oenos OENO, Lactobacillus buchneri 

CUC-3 and Lactobacillus brevis 250 showed that arg in i ne was converted 

stoichiometrically to ammonia and ornith ine as the major end-products and 
that arg in ine catabol ism cou ld supply energy (ATP) to support g rowth .  lt was 
also demonstrated that citru l l ine was excreted during argin ine catabol ism by 

both the lactobaci l l i  and the leuconostoc. Some of the excreted citru l l ine was 

reassimi lated and catabolised after argin ine depletion by the lactobaci l l i ,  but 

not by the leuconostoc. 

The implication of citru l l ine excretion for the wine industry was exp lored by 

studying the format ion of the carci nogen ethyl carbamate (u rethane) in a 

synthetic wine and a wh ite wine,  since citru l l ine is a known precursor  of ethyl 
carbamate. Duri ng growth of Le. oenos OENO and Lb. buchneri CUC-3 i n  
the synthetic wi ne and wine ,  significant amounts of ethyl carbamate were 
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found i n  the two wine types upon heat treatment of samples. The formation  
o f  ethyl carbamate corre lated wel l  with arg in i ne  degradation and citru l l ine 
excret ion.  C itru l l i ne  excret ion during arg in ine degradation is of concern to 
the winemaker, si nce the reaction of citru l l i ne and ethano l  to form ethyl 
carbamate has been shown by other workers to occur even at normal wine 
storage temperatures. Winemakers,  therefore , should avoid usi ng arg in ine­
degrading LAB starter cu ltures for i nducing malolactic fermentation ( MLF). In 
add ition ,  spo ntaneous MLF i n  wi ne by u ndefi ned LAB strai ns shou ld be 

discouraged, as this may lead to formation of ethyl carbamate precursors. 

Ammonia detection with Nessler's reagent provides a simple,  rapid test to 
assess argin ine degradation by wine LAB in a complex medium,  but is useful 
o n ly fo r strai ns showing  strong ammonia fo rmation .  The more sensitive 

enzymatic dete rmination  of ammonia is required for strains showing weak 
ammonia formation. 
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I n  graph C ,  the  bars at 1 74 hours i nd icate the range of 
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dup licate determinat ions .  1 00 
7 .4  Arg in i ne  and L-mal ic acid catabol ism and metabo lite 

format ion during i ncubat ion (22°C) of Lb. buchneri CUC-3 
in a wh ite  wine .  Samples for measu ring ethyl  carbamate 
taken at the i ndicated t imes were treated as in F ig .  7 . 1 . 
The dashed plot of the u nheated samples i n  g raph C 
i nd icates concentrat ions of ethyl carbamate be low 
detectable values.  1 0 1 

9 . 1  G rowth ,  arg i n i ne  catabol ism, p H  and activit ies of the 
arg i n i ne  de im i nase pathway e nzymes du ri ng incubat ion 
(30°C) of Lb. brevis 250 in a complex mediu m.  Arrow 
i nd icates t ime of arg i n i ne  add it ion .  Enzyme  activities 
at each point are the ave rages of dupl icate measurements 
in one  extract of a s ing le cu lture .  1 26 

9 .2  Growth ,  arg i n i ne  catabol ism, pH and activit ies  o f  the  
arg i n i ne  de im i nase pathway e nzymes du ri ng incubat ion 
(30°C) of Lb. buchneri CUC-3 i n  a complex medium. Arrow 
i nd icates t ime of arg i n i ne  additi on .  Enzyme activit ies at 
each poi nt are the averages of dupl icate measurements i n  
one extract o f  a s ing le cu ltu re . 1 27 

9 .3  Growth ,  arg i n i ne  catabol ism, pH and activiti es  o f  the  
arg i n i ne  de im i nase pathway e nzymes duri ng incubat ion 
(30°C) of Le. oenos OENO in a complex medium .  Arrow 
indicates t ime of arg i n i ne  addition .  E nzyme activit ies 
at each point are the ave rages of dup l icate measurements 
in two separate extracts of a s ing le  cu ltu res. 1 28 
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Chapter 1 

Introduction to the Thesis 

Lactic acid bacte ria ( LAB) are iso lated from a variety of sources such as 
beer, wi ne,  cider, dairy products, meat, vegetab les and the i ntestina l  tract. 
The win e  LAB ,  however, diffe r from othe r  LAB i n  that they are acidu ric, 
capable of g rowth at low pH (pH 4 or  below) ; as we l l  as ethanol -tolerant, 
capable of g rowth in the presence of ethanol  (at least 1 0% v/v). As with 
other  LAB, wine LAB are classified as either  homofe rmentative ( including 
p e d i ococc i  a n d  s o m e  l acto baci l l i )  o r  h ete rofe rme ntat ive ( i n c l ud i ng 
Leuconostoc oenos and some lactobaci l l i ) .  Homofermentative win e  LAB 
n o rmal ly  y ie ld two mo les of lact ic acid per  m o le of g lucose fe rmented . 
Heterofermentative strains usual ly produce one mole each of lactic acid and 
carbon dioxide , and varied amounts of ethano l  and acetic acid f ro m  one  
mole o f  g lucose. 

Wine LAB are responsible for the so-called malolactic fermentation (MLF) in  
wine .  This i s  a secondary fermentation that normally occurs at the e nd of 
alco ho l ic ferme ntatio n of g rape juice by yeasts (mai n ly Saccharomyces 

species) . MLF is the conversion of L-malic acid to L- lactic acid and carbon 
dioxide , but sometimes,  associated react ions such as the metabo l ism of 
carbohyd rates and production of flavourfu l substances are i ncluded i n  its 
meaning. There are three beneficial effects of MLF: 

1 )  acid ity reduct ion:  Acidity reduct ion is  due  to the  transfo rmatio n  of 
dicarboxyl ic L-malic acid i nto the weaker monocarboxylic L- lactic acid with 

the release of carbon dioxide. This is particu larly desi rable for coo l c l imate 

areas such as New Zealand, where wines often contain high levels of acids 

and thus taste too tart. This reduction in acidity improves the palatabi l ity of 
these acidic wines. 

2) f lavour modification/complexity: Some flavourful compounds, such as 

diacetyl ,  acetoi n ,  2,3-butanediol  and ethyl lactate,  may be produced during 
MLF. These compounds are bel ieved to add com plexity to the wine  flavour  
or modify it. 

3) increased microbial stabil ity: Wines which have undergone MLF before 
bott l i ng are m icrobio logical ly more stable than those without because of 



2 

nutrient depletion resu lti ng from growth of LAB .  Wines without MLF before 
bottl ing are prone to i n-bott le MLF, resulting i n  the formation of undesirable  
gassi ness and haze. However, microbio logical stabi lity is not abso lute as it 
has been shown that wine LAB can grow in  some wines even after MLF is 
completed (Davis et al. , 1986a,b). 
4) promotion of g rowth of wine LAB: Although the conversion of malic 
acid to latic acid and carbon d iox ide does n ot i nvo lve  substrate- l eve l 

phosphorylation,  malic acid has been shown to stimu late g rowth rate and to 
i ncrease cel l  yields of wine LAB (Pi lone and Kunkee, 1972 ; 1976 ; Kunkee, 
199 1 ;  Loub iere et al. , 1992) . This sti mu lation  has been att ributed to the 
energy generated from the eff lux of lactic acid th rough  the chemiosmotic 
mechan ism (Cox and Hen ick-K i i ng ,  1989 ; 199 0 ;  Poo lman  et al. , 199 1; 
Loub ie re et al. , 1992) as we l l  as the  st imu lat ion  fro m smal l  amou nts of 
pyruvate fo rmed fro m  the secondary enzymatic react ion of the malolactic 
enzyme found i n  some wine LAB strains (Kunkee, 199 1  ) .  

MLF can occur natural ly by  encourag ing  the deve lopment of i nd igenous 
wine LAB. Winemakers have traditional ly used this method to conduct MLF 
and some successes have been  ach ieved. Nonethe less, th is method has 
some disadvantages. One of the serious drawbacks of this approach is that 

t h e  c h a racte r ist ics o f  t h e  i nd i g e n o u s  wi n e  LAB are  o ft e n  u n k n o w n .  
Therefore, this approach renders the process of MLF difficult to control (e .g .  
t iming)  and the results are often unpredictable.  

lt is now a common practice for wi nemakers to i nduce MLF by inocu lating 

fermenting musts or wines with pure starte r cu ltures (single or mixed) .  This 

app roach g ives  t h e  w i n e m ake r bett e r  contro l  of  MLF and e ntai ls  t he  
production of starter cu ltures with known characteristics. Se lection o f  starter 
cu ltures requi res a better understanding of the physiology and metabol ism of 
wine LAB .  However, the fu ndamental physiology and metabol ism of wine 
LAB are sti l l  not wel l  known , despite the research efforts of the past few 

decades. For instance, the energy sou rce(s) in wine for g rowth of wine  LAB 
and the undesi rable compounds that may resu lt du ri ng  MLF are large ly 

unknown. The util isation of carbohydrates in wine (Davis et al. , 1986a,b) and 

i n  a mode l wine system (Liu ,  1990) has been i nvestigated, but there has 
been little work done on the nitrogen  metabolism of wine LAB .  The latter is 
clearly reflected by a lack of information on the metabo l ism of n itrogenous 
compounds in a review on MLF by Henick-Kii ng ( 1993) and also in  a review 
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on Leuconostoc oenos by van Vuuren and Dicks ( 1 993) .  

L-Arg in ine is a major amino acid found i n  g rape juice and wine. lt is known 
that arg in ine can be uti l ised by some wine LAB, but l ittle attention has been 
p a i d  to t h e  m e c h a n i s m ,  t h e  e nz y m e s  i nv o lv e d ,  a n d  t h e  p ra ct i ca l  
impl icatio n (s)  o f  arg in i ne metabo l ism.  Arg inine can be  converted by some 
m icroorg a n i s m s ,  i nc l ud i ng  s o m e  LAB ,  i nto o rn ith i n e ,  carbon  d iox ide ,  
ammonia and adenosine tri phosphate (ATP) . Hence, arg in ine i s  a potential 
source of energy for wine LAB. This has practical impl ications for MLF. One 
problem often encounte red when i nducing MLF is the s low growth of  wine 
LAB starter cu ltures.  This may be due to the harsh environment of  wine  ( low 

p H ,  eth a n o l and s u l p h u r  d iox ide ) .  Lack of e n e rg y  sou rces m ay a lso 
aggravate this problem, because normal dry wines contain on ly 0 . 1  to 0 . 3 % 
residual reducing sugars. 

I n  recent years, attention has been  drawn to the possible i nvolvement of 
MLF i n  the formatio n of ethyl carbamate (a carci noge n) in wi ne ,  but the  

i nformation published so  far i s  not conclusive. One concern associated with 
a rg i n i n e  m etabo l i s m  by w i n e  LAB i s  t h e  pote nt ia l  excret io n of t h e  
i nte rmediates,  citru l l i ne and carbamyl phosphate, which are known to be 
di rect precursors of ethyl carbamate. 

From the above, it is evident that arg in ine metabo lism in wine  LAB and its 
o e n o log ica l  i m p l i cati o ns h ave not b e e n  t h o roug h ly i nvest i gated .  A n  

e lucidation of argin ine metabolism i n  wine LAB not on ly would increase our 

knowledge about these microorgan isms,  but a lso generate i nformat ion 
important to the wine i ndustry. Consequently, this research project looks i nto 
the fol lowing aspects of argin ine metabolism in wine LAB :  1 )  deve lopment of 
assays fo r arg i n i n e-deg rad ing  e nzymes (Chapte r  3 ) ; 2) occu rre nce of 
arg i n i ne-degrading enzymes i n  commercial and laboratory strains of wine 

LAB ( Chapte r  4 ) ; 3 )  t i m e-course  stud i es  o f  a rg i n i ne catabo l i sm  and 

metabo l i te format ion (Chapte r  5 ) ;  4) e n e rg et ics of arg i n i n e  catabol i sm 
(Chapter  6 ) ;  5) i nvolvement o f  intermediates o f  arg in ine catabolism i n  the 
formation of ethyl carbamate (Chapter 7); 6) i nvestigation of a simple test to 
assess arg i n i ne  deg radat ion (Chapter 8) and 7) i nductio n  of arg i n i n e­
degrading enzymes (Chapter 9) .  
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Chapter 2 

Literatu re Review 

2.1 The pathways of arg in ine catabol ism by m icroorganisms 

L-Arg i n i n e  can be catabo l ised by microorgan i sms  via o n e  or  more of t he  
fo l lowin g  m ajor pathways : 1 )  the  arg i nase-u re ase  pathway ; 2) the a rg i n i n e  
transamid inase pathway ; 3 )  t he  argi n i ne  decarboxylase pathway and 4) t he  
a rg i n i n e  d e i m i n a s e  p a t h way ( A bd e l a l ,  1 9 7 9 ) .  I n  add i t i o n ,  c e rt a i n 
m icroo rgan isms catabo l ise arg i n i ne  by pathways of l i mited distributio n  and 
these pathways have been  descri bed e lsewhere (Cun i n  et  al. , 1 986) .  The  
ma in  react ions o f  the fi rst th ree major pathways are described be low, wh i le 
the  comp lete arg in i ne  de im inase pathway is  i l lustrated i n  Figure 2 . 1 .  

arginase urease 
1 )  Arg i n i ne  ------------> orn ith ine + urea ----------> C02 .aNH3 

transamidinase 
2)  Arg i ni ne  -------------------> ornithi ne + g uanid i no-de rivative 

decarboxylase 

3) Arg i ni ne  ------------------> C02 + agmati ne 

Among  t hese pathways the arg i n i ne d e i m i nase pathway (AD I  pathway ) ,  
which formerly was referred to as the arg i n i ne  d i hydrolase pathway, i s  wide ly 
d i st r i b u t e d  i n  p ro c a ry o t i c  o rg a n i s m s .  T h i s  p a t h way i s  p re s e n t i n  
Pseudomonas, Aeromonas, Mycoplasma, Spiroplasma, Spirochaeta, baci l l i ,  
c lostrid ia ,  halobacteria, cyanobacteria and lactic acid bacteria ( reviewed by 
Abde la l ,  1 979 ; and Cun in  et al. , 1 986) .  By way of t he  AD I  pathway ( Fi gu re 
2 . 1 ) ,  o ne mo le  of arg i n i n e  is  converted i nto o n e  mo le e ach of o rn ith i n e ,  
carbon  d ioxide and ATP,  but two moles o f  N H3. This pathway i nvolves th re e  
e nzymes: arg i n i ne de imi nase (AD I ) ,  o rn ith i ne  transcarbamylase (OTC) and 
carbamate kinase (CK) .  



L-arginine 

arginine 
deiminase 

L-citrulline 

ornithine 
transcarbamylase 

Pi 

NH3 

carbamyl-P + L-ornithine 

carbamate 
kinase 

ADP 

ATP 

Fig .  2 .1  The arg i n i ne  de im inase pathway 
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The AD I  pathway has been shown to exist i n  a number  of lactic acid bacter ia 
( LAB) .  For example, it has been fou nd in strai ns of Streptococcus lactis ( now 
Lactococcus lactis, Sch leifer et al. , 1 987) (Crow and Thomas,  1 982) , a stra in  
of  Lactobacillus sake i so lated fro m  meat (Mante l and Champon ie r, 1 987) 
and  Lactobacillus buchneri NCDO 1 1 0  (Manca de Nadra et al. , 1 988) .  To 
d ate , t he re is no ev idence fo r t he  prese nce of othe r  pathways of a rg i n i ne  
metabo l ism i n  LAB. 

2.2 Arg i nine catabol ism in wine lact ic acid bacteria 

I nfo rmat ion  on arg i n i ne  catabo l ism in w ine  LAB is  scant and controve rs ia l .  
Be rg ey's Manua l  of  Systematic Bacterio logy (Vo l 2 ,  1 986)  states that the 
g e n u s  Leuconostoc, i nc l udi ng L euconostoc oenos, does  n ot hydro lyse 
arg i n i ne .  Th is  contrad icts seve ra l  repo rts showi ng  that some strain s  of Le. 

oenos are , i n  fact, ab le  to deg rade arg i n i ne  ( Ku ensch et al. , 1 97 4; We i l l e r  
and Radler, 1 976 ; Garvie and Farrow, 1 980 ; Li u ,  1 990 ;  and P i lone  et al. , 

1 99 1  ) . Probably t he  ab i l ity of Le. oenos stra ins  to degrade arg i n i n e  varies  
with st ra ins .  That is ,  the  i nabi l ity to do so is  n ot a g e neral charact eristic of  
the genus Leuconostoc. 

The l im ited  i n format ion  avai lab le  i nd icates that ce rtai n  wi n e  LAB do  not 
degrade arg i n i ne  i n  the absence of sugars ,  but do so in the i r  p resence .  For 
i nsta nce , two stra ins  of  Le. oenos and o n e  st rai n of Lb. brevis have been 
repo rted not to uti l i se  arg i n i ne in  a med i u m lacki ng  sugars ,  but  use the 
amino acid when present i n  the mediu m contai n i ng  a range  of sugars ( Li u ,  
1 99 0 ;  u npub l i shed data) . Th is suggests t hat t he  catabol ism o f  arg in i ne  i n  
these win e  LAB requ i res t he  presence o f  a fermentable substrate .  

The conce ntrat ions of o rn ith i ne  and ammon ia  i ncreased consistent ly when 
a rg i n i n e  was deg raded by strai n s  of  Le. o en os and  heterofe rmentat ive 
l actobaci l l i  (Kue nsch et al. , 1 974 ; We i l l e r  and Rad l e r, 1 976 ; D av i s  et al. , 

1 985 ;  Liu ,  1 990) .  Pi lone et al. ( 1 99 1 ) also reported that of al l  the wi n e  LAB 
tested,  most stra ins of Le. oenos and all heterofermentative w ine  lactobaci l l i  
w e re i n de e d  a b l e  to p ro d u c e  a n d  re l e as e  a m m o n i a  f r o m a rg i n i n e  
deg radation .  However, homofe rmentative w ine  LAB do not seem to degrade 
arg i n i ne  (Kuensch et al. , 1 974;  Liu ,  1 990 ; Pi lone et al. 1 99 1  ) . The reason for 
th is i s  not known. 

A lthough the degradation of arg i n i ne  by some wi ne LAB has been o bserved 
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f requent ly, t he  m etabo l ic  p athway has n ot b e e n  c learly estab l i shed .  The 
p resence of  the AD I  pathway i n  win e  LAB has been suggested (We i l l e r  and 
R ad l e r, 1 976 ; Li u, 1 990 ; Pi l o n e  et al. , 1 99 1 ) based o n  t he  formatio n  o f  
o rn i t h i ne  and ammon ia  from arg i n i n e  and t he  p resence of t h i s  pathway i n  
oth e r  LAB (Figu re 2 . 1  ) .  However, Kue n sch  et  al. ( 1 974) proposed that Le. 

oenos metabol i ses arg in i ne  usi ng the u rea  cycle, based on  the  formatio n  of 
o rn i th i n e, ammon ia  and citru l l i n e .  This p roposit i o n  h as been extended by 
Sponho lz et al. ( 1 99 1 ) and Sponho lz ( 1 991 , 1 992) to other  members of  wine  
LAB .  H owever, t h ese  suggest i o n s  fo r t he  poss i b l e  pathway of a rg i n i ne  
catabo l ism are not based on  crit ical evidence of the  presence o f  t he  pathway 
e nzy m e s .  T h e refo re, it i s  essen t i a l  t o  c l a ri fy t h e  p athway of a rg i n i n e  
m et a b o l i s m  i n  w i n e  LA B by  p rov i d i n g v a l i d  e v i d e nce, s u ch a s  t h e  
demonstration o f  the presence o f  the e nzymes i nvolved. 

2.3 Arg in ine catabol ism in  non-wine lact ic  acid bacteria 

2.3.1 Occurrence of the arg in ine deim inase pathway enzymes 

The  occu rrence of t he  AD I pathway e nzymes (AD I, OTC and CK) i n  non­
w i ne  LAB vari es  with spec ies and st rai ns .  S o m e  LAB possess a l l  t h re e  
e nzymes, wh i l e  others co nta in  o n ly o n e  o r  two o r  n o n e  o f  t he  e nzym es .  
Manca de  Nadra et  al. ( 1 982) surveyed seve ral LAB for the presence of the 
f i rst two enzymes (AD I  and OTC) .  They found  t hat Lb.  helveticus stra ins 
NCDO 384 and ATCC 1 5801 and Lb. jensenii ATCC 25258 possess o n ly the 
fi rst enzyme (AD I ), wh i le  several strains of Lb. plantarum were found to lack 
a l l  t h re e  e nzymes.  Crow and Thomas ( 1 982)  d etected no activity of AD I, 
very weak o r  no activ ity of OTC, but the  defi n ite presence of CK  activity i n  
stra ins o f  Lactococcus lactis subsp. cremoris. 

2.3.2 Regulat ion of the arg in ine deiminase pathway enzymes 

The pri mary fu nction of the AD I  pathway is to g e ne rate ene rgy (ATP) and, 
accordi ng to Cun in  et al. ( 1 986) ,  energy deplet io n  i s  an impo rtant s igna l  for 
i nduc ing  the  AD I  pathway e nzymes i n  pseudomonads. Arg in ine  e nhances 
t h e  i n d uct ive  re spo rt' e o f  e nzyme  synt h e s i s  i n  Ps. aeruginosa PAO 
(Mercen ier  et al. , 1 980). Both e nergy depletion  and the presence of a rg i n i ne 
a re re q u i re d  f o r  t h e  c o i n d u ct i o n o f  t h e  A D I  pat h wa y  e nzy m e s  i n  
Streptococcus faecalis ATCC 1 1 700 (Si mo n  et al. , 1 982) .  Repress ion of  the 
p athway occu rs u nder  cond it io ns  which p romote  the e ne rgy status of  the 
cel l .  For example, the presence of a fermentable substrate (a carbohydrate) 
or aerobic and anae robic respiration, can cause such a repress ion (Cun i n  et 
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al. , 1 986) .  Repressio n  of the AD I  pathway e nzymes  also seem s  to be 
s imultaneous, as demonstrated in Streptococcus sanguis (Ferro et al. , 1 983) 
and Str. mitis (H i raoka et al. , 1 986). 

The synthes is  of the A D I  pathway e nzymes i n  hete rofermentative LAB 
seems to differ from that in homofermentative LAB. The synthesis of these 
enzymes i n  heterofe rmentative Lb. buchneri NCDO 1 1 0 apparently is not 
repressed by g lucose (5 g/L) (Manca de Nadra et al. , 1 986a) . This contrasts 
with the repression of enzyme synthesis by g lucose (5 g/L) i n  homoferment­
at ive Lb. leichmannii ATCC 4797 (Manca de  Nadra et al., 1 986b) .  The 

rep ression of arg in ine hydro lysis i n  homofermentative lactobaci l l i by high 
g lucose concentrations also has been noted e lsewhere. Sharp et al. ( 1 966) 
reported that when g lucose concentrations were high (20 g/L) , homoferment­

ative lactobaci l l i  d id not hyd ro lyse arg i n i ne ,  whe reas almost a l l  hetero­
fermentative lactobaci l l i  produced ammonia from arg in ine. As the g lucose 
concentrat ion was lowered, some ho mofe rmentative types were able to 
hydrolyse argin ine.  

The nature of the fermentable sugar also appears to affect the synthesis of 
the AD I pathway e nzymes. Crow and Tho m as ( 1 982) reported that in  
Lactococcus lactis subsp. lactis, the specific activities of ADI and OTC were 
higher when galactose rather than g lucose or lactose was the growth sugar, 
but CK was unaltered. A simi lar trend was found for al l  three enzymes i n  Lb. 

buchneri NCDO 1 1 0 ( Manca de Nadra et al. , 1 986a) . I n  Lb. leichmannii 

ATCC 4797, howeve r, the speci fic activit ies  o f  A D I  and OTC ( C K  not 

mentioned) were two or threefold lower when galactose, rather  than g lucose 
and lactose, was the carbohydrate sou rce (Manca de Nadra et al. , 1 986b) . 

2.3.3 Energetics of arg inine catabolism and molar growth yield 

One mole of ATP is generated per mole of arg in ine catabolised by way of 

the ADI pathway. Therefore , the organism may be able to uti lise the energy 
derived from the degradation of argin ine for g rowth when all three enzymes 
in the ADI pathway are functional. 

Some LAB are known to uti lise argin ine as an energy source in the presence 
of fe rmentable carbohydrates. These i nclude Str. faecalis ( Bauchop and 
E lsden, 1 960; Deibel ,  1 964), L. lactis (Crow and Thomas, 1 982) and a Lb. 

plantarum strain from fish (Jonsson et al. , 1 983) . Some reports also show 
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t hat a rg i n i n e  a lone does not support t h e  g rowth of  t hese m icroorg an isms 
and that a fermentable  carbohydrate i s  requ i red for "sparking" the uti l i sation 
of a rg i n i ne  (Bauchop and Elsden ,  1 960 ; Jonsson et al. , 1 983) .  Th is  ag rees 
wi th  the  fi nd ing for severa l  wi ne  LAB mentioned i n  Sect ion 2 .2 .  

The  mo lar  g rowth y ie ld  (Y m) and the Y ATP value are common ly used to 
p red ict t h e  amou nts o f  ATP p roduced w h e n  a speci f ic  e n e rgy s o u rce is 
ut i l ised (ATP mo les= Y m! Y  ATP) ,  o r  to evaluate ene rgy-y ie ld ing pathways i n  
a microo rganism (Senez,  1 962) .  Molar growth y ie ld i s  defi ned a s  t he  g rams 
(dry we ig ht) of ce l ls  p roduced per mo le  of an  e n e rgy  sou rce cons u m ed .  
Y ATP is the  molar g rowth yie ld pe r  mo l e  of  ATP, and  is  a b io logical constant 
fo r ve ry d i ffere nt microorgan isms (Sen ez ,  1 962 ) .  The  g e ne ra l ly accepted 
va l u e  o f  Y ATP i s  1 0 . 5  ± 2 ( Bauchop  and  E lsde n ,  1 96 0 ;  S e n e z ,  1 96 2 ;  
Gottschalk ,  1 986) .  For example ,  a Y  ATP(arg )  of 8 .6  i s  reported for a stra i n of 
Lb. plantarum from f ish (Jonsson et al. , 1 983) ,  in addition  to the Y ATP(arg ) 
of 1 0 . 5  ± 2 reported for Str. faecal is (Bauchop and Elsden ,  1 960) .  

Contrary to the reports ment ioned above ,  the gene ra l ly accepted value of  
Y ATP ( 1  0 . 5 ) h as b e e n  c la i med  to be e rro neous ly  low by Moustafa and 
Col l i ns ( 1 968) .  These authors presented an ave rage va lue of Y ATP of 1 7  for 
carbohydrates i n  certai n lactic acid bacteria  with a Y  ATP(arg )  value of  1 7.8 .  
Th is  compares favourably with the Y ATP(arg )  value of 1 6  i n  L. lactis (Crow 
and Thomas ,  1 982) . The occurrence of anomalous Y m and Y ATP valu es i n  
othe r  m icroorganisms has bee n  d iscussed e lsewhere (Forrest and Walker, 
1 97 1  ) .  Despite these i rregu lar data, t he  va lue of 1 0 .5  of Y ATP for g rowth 
with a l l  t he  monomers avai lable for biosynthesis is n ow general ly accepted 
(Gottschalk, 1 986) . 

The d iscrepancies of Y ATP values can be accounted for by various factors .  
T h e s e  i nc l u d e  med i u m  co mpos it i o n  (co m p l e x  or  syn th et ic ) , u n kn own  
metabo l ic  pathways, co ncentrat ions o f  e nergy sources,  auto lysis, cu ltu ring 
methods (batch or conti nuous cu ltu re ; aerobic o r  anaerobic) , and methods of 
ca lc u lat i ng  Y ATP va l ues  (with or wit h o ut co rrect i ng  fo r u nused e n e rgy 
sources) .  Another factor may be energy uncoup li ng ;  that is ,  ATP formed may 
not n ecessari ly be coup led to g rowth .  An i neffect ive coup l ing betwee n  the  
ene rgy-y ie ldi ng catabo l ism and the  ene rgy-uti l is i ng anabo l ism may resu lt i n  
e n e rg y  (AT P )  be i n g  wasted  as  h e at .  Co n d it i o n s  l e ad i n g  to  e n erg y  
u ncoup l i ng  i nclude n utr ient  l im itati ons ,  excess e n e rgy  sou rces and  h ig h  
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temperatu re (Stouthamer, 1 969; Fo rrest and Walker, 1 97 1  ) .  

The ene rgy ro le  o f  arg i n i ne  catabo l ism i n  w i ne  LAB has  n ot bee n  stud ied ,  
n o r  has  t h e  cou p l i n g  o f  e n e rg y  (ATP) to  g rowt h .  Stra i n s  o f  w i n e  LAB 
possessing  the complete enzyme system of the  arg in i ne  deim i nase p athway 
wou ld have the advantage of gain i ng ene rgy from arg i n i ne  degradat ion over 
othe r  stra ins contain ing  on ly part of the enzyme system.  However, t h i s  may 
not necessari ly be the case if energy u ncoup l i ng  occu rs .  One of the a ims  of 
th is research is to ascertain whethe r ATP avai lable from the deg radat ion of 
a rg i n i n e  is i ndeed used fo r g rowth of wi n e  LAB .  Th is  can be achieved by 
determ i n i ng mo lar g rowth y ie ld  data fo r arg i n i n e  consumpt ion .  Cond it i ons  
that may result i n  energy uncoup l ing shou ld a l so  be i nvestigated,  b ecause 
such i nfo rmat ion wou ld be useful in encou rag i ng  or  d iscou raging  g rowth  of  
starter cu ltu res contai n i ng the ADI  pathway enzymes. 

2.3.4 Arg in ine transport and geneti cs of the a rg in ine deiminase 
pathway system 

Litt l e  is known about  t h e  arg i n i n e  t ra n s p o rt syste m i n  m ic ro o rg an i sms  
contai n i ng t he  AD I  pathway, i nc luding LAB ,  e xcept i n  L.  lactis subsp  lactis 

M L3. I n  membrane ves ic les of  ga lactose/arg i n i n e-g rown cel ls of th i s  LAB 
stra i n ,  which is known to possess the AD I  pathway, arg i ni ne  is  t ransported 
i nto t he  ce l l  via an anti po rt syste m wit h o rn it h i n e  ( D riessen  et al., 1 987; 
Pool  man et al. , 1 987;  Kon i ngs  et al. , i 9 9 1  ) . This  process does not requ i re 
metabo l ic energy and is apparently i nducib le by arg i n i ne .  lt is possib le  t hat 
t h e  a rg i n i n e -o rn i t h i n e  exchange  system a lso ope rates i n  w i ne  LAB ,  but 
further  research is needed to confirm th is .  

L. lactis subsp.  lactis strains  are known to metabol ise arg i n i ne ,  wh i le  L. lactis 

subsp .  cremoris strai ns do not no rmal ly metabol ise th is  amino acid (Crow 
and  Thomas ,  1 982) . However, L. lactis (Arg +) and L. cremoris (Arg-) can 
appare nt ly change from be i ng  Arg + to A rg - a nd vice versa. H e ap et al. 

( 1 978) observed the  i n stab i l ity of t h ree  L .  lactis iso lates (Arg +) wh ich  o n  
subcu ltu re gave rise t o  argi n i ne-negative (Arg- ) variants. Converse ly ,  C row 
and Thomas ( 1 982) obtai ned a mutant of L.  cremoris 1 66 which hydro lysed 
arg i n i ne .  In add it io n ,  Coventry et al. ( 1 9 84)  d escribed a num be r  of phage­
res istant d e rivatives of L. cremoris strai n s  t h at d iffe red from the i r pa re nt 
st ra ins  (Arg- ) i n  be ing able to hydrolyse a rg i n i ne .  Fu rt he rmore ,  Davey and 
H eap ( 1 993)  noted the  appearance of  the  arg i n i ne  phenotype (Arg +) i n  L .  

lactis subsp .  cremoris 2204 fo l lowi ng phag e  transduct ion (th is  phag e  was 
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i nd uced f ro m  a n  a rg i n i n e -pos it ive L .  laetis s u bsp .  laetis 2204 L ) .  Th i s  
s u g g e st s  t h e  i nv o lve m e nt o f  p h ag e  i n  t h e  t ra n sfo rmat i o n  o f  a rg i n i n e  
phenotype ,  but the exact ro le  of the phage  i n  t he  phenotypic change rem ains  
to  b e  dete rm i n ed .  The re i s ,  h owev e r, n o  ev i d e nce avai l ab le  a s  to the  
invo lvement o f  p lasmid(s) i n  t h i s  phenotypic change.  

T h e  g e n et i cs o f  t h e  A D I  path way syst e m  i s  re l at i ve l y  w e l l  k n ow n  i n  
Pseudomonas aeruginosa. I n  th is  bacteri um ,  the A D I  pathway is encoded by 
a c h romosomal  fou r-gene  c luster: areA (AD I ) ,  area (catabo l ic OTC ) ,  areC 

(CK) and areD ( argi n i ne  u ptake ) ,  and m utat ions  i n  any of the genes  affect 
t he  u t i l i sati on  of arg i n i n e  (Merce n i e r  et al. , 1 982 ; vander  Wauven et al. , 

1 984;  LOth i  et al. , 1 986) .  lt i s  l i kely that a s im i lar  st ructural gene c luster  may 
be fou nd i n  othe r  microorgan isms possess ing  the  ADI pathway, s i nce the 
e nz y m e s  o f  t h e  p at h way are co i nd uc i b l e  a s  w e l l  as  s i m u ltan e o u s ly 
repressib le ,  as ment ioned i n  Sect ion 2 .3 .2 .  G enetic i nformation wou ld  b e  of 
use  i n  exp la i n i n g  t he  lack of some of t h e  pat hway e nzymes ,  wh ich  was 
discussed in Section 2 .3. 1 .  

2.4 Formation of ethyl carbamate i n  wine 

Ethy l  carbamate (urethane) is a carci nogen ic compound (Mi rv ish ,  1 968) and 
most fermented foods and beve rages,  i nc lud ing wine ,  contain trace amounts 
of ethy l  carbamate (Oug h ,  1 976) .  The present  i nterest in ethyl carbamate 
com menced with the discovery of ethyl  carbam ate at concentrations  g re atly 
exceeding that which occu rs natural ly and the estab l ishment of g uide l i nes to 
l im it th i s  carci n oge n in alcoho l i c  beve rages ( Le e ,  1 988) .  Therefo re , it i s  
i mp o rtant  to keep  t h e  e t hy l  carbam ate  co nce ntrat ion  i n  wi ne  as l ow  as 
possible.  

The  fo rmat i on  o f  e thy l  carbam ate is a s pon ta n eous  c h e m ica l  react i o n 
i nvolving ethano l  and a compound contai n ing  a carbamyl g roup (N-carbamyl 
compound) under acidic conditions (pH 4 or be low) (Ough et al. , 1 988) .  The 
N -carbamyl compounds that are precu rso rs of ethy l  carbamate i nc lude u rea, 
citru l l i ne ,  carbamyl phosphate , al lanto in ,  N-carbamyl-alpha-amino acids and 
N -carbamyl-beta-amino  acids. A number of factors affect the react ion ,  s uch 
as the concentrat ions of  reactants, temperatu re and pH .  The amount of  ethyl 
carbamate produced is propo rt iona l  to t he  co nce ntrat ion of the reactants. 
The  ethano lys is of carbamyl phosphate to form ethyl carbamate p roceeds 
rap id ly at room temperatu re (25°C) , wh i le heati ng is requ i red for the rapid 
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ethanolysis of u rea (50°C) and citru l l ine (60 to 80°C) to form this carcinogen 
(Ough et al., 1 988) . The ethanolysis of urea and citru l l ine can also proceed 
at low t o  norma l  sto rage  temperatu res,  though at a m uch s l ower  rate 

(Tegmo-Larsson and Spittler, 1 990;  Stevens and Ough, 1 993) . 

C u rrent  i n fo rmat i o n  o n  the o rig i n  o f  ethy l  carbamate i n  wi n e  i s  st i l l  
i nconclusive, particularly with regard to the i nfluence that wine LAB have on 
its formation .  Most work done is  focused o n  the involvement of urea. The 
ethanolysis of u rea is a major source of ethyl carbamate i n  wine (Montei ro et 

al., 1 989 ; Monteiro and Bisson, 1 99 1 ; Ough et al., 1 990, 1 99 1 ; Ough, 1 99 1  ). 
U re a  i s  the p roduct o f  arg i n i n e  m etab o l i s m  i n  yeasts , and yeasts of 
Saccharomyces cerevisiae are known to possess argi nase , which cleaves 
arg in ine i nto ornithine and urea (Abde lal, 1 979) . Some urea is excreted out 
of the yeast cel l ,  then partial ly reacts with ethanol to form ethyl carbamate, 
although s o m e  of the excreted u rea can be reabso rbed. P u ri ne s  and 
pyrim idines are also potential sources of urea, but these compounds are not 
present in sufficient quantity in grape juice to be a significant source of u rea 
i n  a lcoho l i c  ferm e ntat i on  (Montei ro et al. , 1 98 9 ) .  B esides u rea ,  sma l l  
amou nts o f  cit ru l l i ne  natural ly present i n  g rape ju ice and wi ne may also 

contribute to ethyl carbamate formation (Ough et al. , 1 988; Teg mo-Larsson 
and Henick-Ki ing, 1 990b). 

Contrary to the above discussion,  the ro le of yeast growth and metabol ism in 
forming ethyl carbamate has been questioned. Tegmo-Larsson and Henick­
Ki ing ( 1 990a) claimed that yeast growth and fermentation  seemed to have 

no  i nf luence o n  ethyl carbamate concentrat ion i n  wi n e ,  except for  the 
i ncreased ethanol  content, since non-fermented juices fortified with ethanol  
p roduced as much ethy l carbamate as fermented ju ices . Also , no  ethyl 
carbamate precu rso rs were produced fro m yeast during extended lees 
(settled yeast cel ls) contact after fermentation .  The discrepancy between the 
work of Tegmo-Larsson and Henick-Ki ing ( 1 990a) and that of other workers 
(Montei ro et al., 1 989 ; Monteiro and Bisson ,  1 99 1 ; Ough et al., 1 990, 1 99 1 ; 
Ough, 1 99 1 ) cou ld be due to the strain of yeast used, the concentration of 
arg in ine present and the fermentation conditions. 

Yeasts are not the on ly microorganisms present i n  wine,  as LAB flora may 
deve lop at the end of yeast alcoholic fermentation .  Few studies are avai lable 
on the i nf luence of wine LAB on ethyl carbamate formation in wi ne. Some 
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res e a rc h e rs re p o rt t h at e t h y l  carba mate fo rmat i on  i s  n ot affected by 
malo lactic  fermentat ion broug ht about by wine  LAB (Tegmo-Larsson  et  al. , 

1 98 9 ; Tegmo-Larsson  and  H e n ick- K i i n g ,  1 99 0 a ) .  Othe rs c la im t h at the  
potential of ethyl carbamate format ion is  h igher  i n  w ine that has u nderg o ne 
malo lactic fermentat ion and th is has been attributed to the excretion  of  u rea 
fo rmed from arg i n i n e  metabo l i sm by w i ne  LAB by way of the u re a  cycle 
( S p o n h o l z  et al. , 1 9 9 1 ; S po n h o lz ,  1 99 1 , 1 9 9 2 ) .  H owever ,  t h e re is no 
b iochemical evidence for  the prese nce of  arg i nase, the key enzyme for t he 
convers ion of arg i n i ne  to u rea, i n  wi ne LAB,  if the  u rea cycle were i nvo lved 
(see Fig u re 5 .9  for the u rea cycle pathway) .  

Evidence for the production of  ornit h i ne  and ammon ia  from arg in ine  by some 
LAB led to the suggestion that wine  LAB may catabo l ise arg in ine  by way of 
t he  arg i n i ne  deim i nase pathway (We i l e r  and Rad le r, 1 976 ; Liu ,  1 990 )  and,  
therefo re , may produce ethyl carbamate precursors ,  citru l l i ne and carbamyl 
phosphate ( Li u ,  1 990) . Th is suggest i on  is supported by the evidence that 
m icroorgan isms defective i n  o r  lacki ng the  A D I  pathway enzyme OTC do 
e xc rete citru l l i ne .  Th is  has been  demonstrated i n  strai ns of Lactobacillus. 

L euconostoc, Streptococcus and  Pseudomonas ( Kaki moto et al. , 1 97 1 ; 
Yamamoto et al. , 1 974) and i n  m utants of Pseudomonas aeruginosa ( H aas 
et al. , 1 979) .  Excret ion of citru l l i ne  also has been  found in a Lb. sake m eat 
i so late contai n i ng the  e nzymes A D I  and OTC ( Ma nte l and Champo m i er, 
1 987) ,  a lt hough  t h e  p rese nce of CK was not m e nt ioned by t he  autho rs .  
Moreover, o ther  m icroo rgan isms with the  complete enzyme system of the 
a rg i n i n e  d e i m i nase  pathway a l so  have  been shown to excrete c i t ru l l i ne 
d u ri n g  arg i n i ne  catabo l i sm ; fo r i n stance , Mycoplasma sp. (Sch i m.·ke and 
Bari l e ,  1 963 ) .  l t  i s  poss i b le t hat wi n e  LA B m ay excrete c i t ru l l i n e  (and  
carbamyl phosphate)  from the deg radat ion o f  arg i n i ne  if they degrade th is 
a m i n o  acid by means  of the AD I pathway. I f  t h i s  i s  possib le ,  it beco m es 
ext remely important to confi rm the presence of the AD I  pathway i n  win e  LAB 
used as starte r cu lt u res  for co nducti ng ma lo lact i c  fermentatio n  i n  w i ne ,  
because o f  t he  potential for t he  formation  o f  ethyl carbamate precursors .  

Th e o ri g i n  o f  ethy l  carbamate p recu rsors i n  w i n e  i s  more com p lex  t han  
previously envisaged.  The re is sti l l  a lack o f  i nformation on  the formatio n  of 
ethyl carbamate with respect to precursor format ion by wi ne LAB.  The refore ,  
one  o f  the objectives o f  this project is  t o  investigate the relationship between  
ethyl carbamate fo rmation and  arg i n i ne catabo l ism by  wine LAB. 



Chapter 3 

Verification of Assay Systems for Arg in ine  Deiminase 
Pathway Enzymes i n  Selected Wine  Lactic Acid Bacteria 

3.1 Introduct ion 

14 

A s s ay s  fo r t h e  a rg i n i n e  d e i m i n as e  (A D I ) pa thway e nzymes ,  a rg i n i n e  
de im i nase (AD I ) ,  o rn it h i ne  transcarbamylase (OTC) and carbamate ki nase 
(CK) , a re avai lab le for some microorgan i s ms .  These assays may n ot be 
appropriate,  however, for t he  t hree enzymes from wi ne  lactic acid b acteria 
(LAB) .  This is  because these enzyme assays were deve loped under  specific 
cond it io n s  us ing  one  part icu lar species of microo rgan ism.  lt is incorrect to 
a ss u m e  t h at s u c h  a n  assay can  be u se d ,  per  se, to analyse fo r t h at 
e nzymat ic activity i n  a d i ffe re nt m icroorg an i sm ,  s i nce e nzyme p rope rt ies 
such as pH opt ima and kinetic parameters vary appreciably from species to 
species (Dobrogosz, 1 981  ) .  

For the  purpose of th is  project, i t  was necessary to establ ish enzym e  assay 
cond it ions  appropriate fo r the win e  LAB be ing  i nvest igated. Therefore, the 
effect of facto rs such as substrate and e nzym e  concentrat ion and pH on 
e nzyme activity was i nvestigated i n  extracts of the wine LAB strai ns used i n  
the present study. lt is essential that the concentrat ions o f  substrates  used 
are satu rati ng ,  that the enzyme act ivity is l i nearly dependent on  the amount 
of  e nzyme added and that the e nzyme assays are conducted at the i r  pH 
o pt i m a .  The  g o a l  h e re was  to  e st ab l i s h  sta n d ard assay co n d i t i o ns 
appropri ate for wi ne LAB ,  so that these assays cou ld be used routi n e ly for 
subsequent expe riments. 

3.2 Materials and methods 

3.2.1 Lact ic  acid bacterial stra ins 

Stra ins  of wine LAB used i n  th is i nvestigat ion i nc luded stra ins MCW, OENO 
and  Er1 a o f  Leuconostoc oenos, Lactobacillus brevis 250 and Lactobacillus 

buchneri C U C-3 .  A l l  strai ns  a re h ete ro fe rme ntative and were ammon ia  
positive when  tested us ing Nessler's reage nt (see Section  8 .2) .  The o rig i nal 
sources of these strains are l isted in Tab le 4. 1 ,  Chapter 4. 
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3.2.2 Med ium preparation ,  cultur ing and harvest ing of wine LAB 

The basal medium (pH 5 .5) for cu ltur ing win e  LAB consisted of the fo l lowing 
com po n e nts in  de i on ised ( D I )  wate r per  l i t re: t ryptone ,  5 g ;  peptone ,  5 g;  
yeast ext ract , 5 g ;  Tween 80 (5% aqueous so lut ion ) ,  1 mL;  MgS04.7H20,  
0 . 2  g ;  M n C I2 . 4 H20 ,  0 . 0 5  g and  c lari f i ed  vegetab le  ju ice ,  200  ml. T h e  
c l a r i f i ed  j u i ce was  p re p a red  f ro m  C a m p b e l l ' s  V B  V e g et a b l e  Ju i ce  TM 

(Campbe l l ' s  Soups ,  Austra l ia) with no added sugar. The ju ice was fi ltered 
th rough Whatman No . 1 f i lter paper and d iatomaceous earth fi lte r a id (Witco 
Co rp . ,  Ke n ite D i at o m ite  3 0 0 0 ) .  Th i s  m ed i u m  co n ta i n ed t h re e  p o ss i b l e  
sou rces o f  L-arg in i ne  (yeast ext ract , tryptone  and peptone)  at a basal leve l  
of  approxi mately 0 .5 g/L and was fu rther  supplemented with L-arg i n i ne  and 
0 -g lucose  to a fi n al concentration  of about 5 g/L each .  So lut ions of  a rg i n i ne  
and  g lucose (pH  5 .5 ,  1 0  g/L each) were fi rst ase ptical ly membrane -f i lt e red 
(0 .45 11m po re-size ) ,  then added to equal vo lumes of the autoclaved basal  
medi um (2-fold conce ntrated ) .  The supp lemented medium was refe rre d  to 
as To mato Ju i ce  B roth -Arg i n i n e-G l ucose (T J BA G ) .  Before i no c u l at i ng  
T J BAG,  w ine  LAB were precu ltured i n  vegetab le ju ice or  apple j u i ce M RS 
medium (VJ MRS o r  AJM RS, pH 5.5) usi ng D ifco Lactobac i l l i M RS B roth o r  
Oxoid M .  R .S .  Broth supplemented with clari fi ed vegetable ju ice (prepared as 
a b o v e )  o r  app l e  j u i ce ( 2 0 0  m LIL) .  A p p l e  j u i ce  was p re pa red  f ro m a 
concen t rate (F re s h - u p  ™, t h e  New Ze a land  A pp l e  and  P ea r  Market i ng 
Board) by d i lut ing to normal strength with D l  water. 

Active ly g rowing wi ne LAB i n  VJMRS or  AJM RS were used to i nocu late ( 1  % ,  
v/v )  TJ B A G  m e d i a ,  w h i c h  we re t h e n  i n cu bated a t  3oec. C e l l s  w e re 
harvested betwee n  the late exponenti al phase and early stat ionary phase ,  
as i nd icated by o bse rv ing the i n it ia l  sett l i ng of ce l ls .  Ce l l  h arve st i ng  was 
ach ieved by centrifugation  at 7000 X g for 1 0  min at sec i n  a Sorval l  RC-58 
refri ge rated ce nt ri fu g e .  The harvested ce l l s  (fro m 300 mL cu ltu re )  were 
d ivided i nto three portions ,  each contai n ing approx imately 300 mg wet ce l ls .  
The wet ce l ls were washed by resuspend ing i n  0 . 0 1  M potass ium phosphate 
buffe r (pH 7 .0 )  and ce ntrifug i ng  at 7000 x g for 1 0 m in at sec. Th i s  was 
repeated two more t imes,  then the washed ce l l  pe l lets were stored frozen 
( - 1 3eC) u nt i l  used fo r assay. The phosphate buffe r (0 . 0 1  M) was pre pared  by 
d isso lv ing 0 . 87 1  g K2Po4 i n  500 mL D l  wate r, t hen  adjusti ng to p H  7 with 
30% H3P04. 
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3.2.3 Preparat ion of cel l -free extracts 

F r o z e n  c e l l  p e l l e t s  ( ab o u t  3 0 0  m g  w e t  w e i g h t )  w e re t h aw e d  a n d  
resuspended i n  5 m l  of 0 . 0 1  M potassi um p hosphate buffer (pH 7 .0) .  Ce l l  
d is i ntegratio n  was ach ieved by two passages th rough  a Fre nch pressu re ce l l  
(Am i nco ,  Mary land ,  U SA)  at a p ressu re o f  7 , 6 0 0  PS I .  Ce l l  d e b ri s  was 
re m oved  b y  cen t ri f u g at i o n  at 1 4 , 5 0 0  x g fo r 1 0  m i n  at 5°C a n d  t h e  
supernatant extract was used to assay for t h e  t h ree enzymes o f  the a rgi n i ne  
de im inase pathway (AO I ,  OTC and CK).  Enzyme assays were carri ed  out on  
the  day of extract preparation .  

3.2.4 Analyt ical methods 

This sect ion describes common analytical methods emp loyed i n  these and 
subsequent experiments. Other  specific methods are g iven in Chapte rs 4 ,  6 ,  
7 ,  8 and 9. 

3.2.4.1 Determination  of prote in concentrat io n  

P rot e i n  co nce ntrat i o n  was dete rmi ned us i ng t h e  dye b i ndi ng m ethod of 
Sedmak and Grossberg ( 1 977) . This method is  sensitive , fast, and at least 
as accu rate  as t he  Lowry method  (Sco p e s ,  1 9 87) .  lt i s  based o n  t h e  
conve rsion o f  Coomassie bri l l iant b lue G250 i n  <;lilute acid from a brown ish­
o range  co l o u r  to an i n te n s e  b l u e  co l ou r  u po n  t h e  b i nd i ng of the dye to 
prote ins.  

The Coomassie b lue G250 dye (BOH)  was prepared as a 0 .06% solut ion i n  
3 %  (w/v) perchloric acid and f i ltered through Whatman No. 1 fi lte r  paper. The 
assay i nvo lved mix ing 1 . 0 ml samp le ,  1 . 5 ml de io n ized water ( 0 1  water) 
and 2.5 m l  dye solut ion and measu ri ng the abso rbance at 595 n m  at room 
temperature ,  us ing a Bausch and Lamb Spectro n ic-20 Spectrophotometer. A 
mixture of 2 .5  ml each of dye solut ion and 0 1  water was used as a b lank  to 
zero the i nstrument. A standard solut ion (20 �g/ml) of bovine  serum a lbum in  
( Fract ion V,  Sig ma) was used to  pre pare the standard cu rve . This was made 
with 0 .5-2. 5  ml of protei n  standard solut ion and 01 water to make up to 2 .5 
m l  and dye solut ion (2.5 ml) .  

3.2.4.2 Determination  o f  arg in ine concentrat io n  

Arg i n i ne was dete rmined colorimetrical ly based o n  t h e  Sakaguchi react ion 
using the method of G i lboe and Wi l l iams ( 1 956 ) .  
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Reagents 
1 )  U rea (40%) : 200 g u rea dissolved in a smal l  amount of 0 1  water f i rst and 
made u p  to  500 m l  with 0 1  water. 

2 )  8-Hydroxylqu ino li n e  (0 . 02%) : 0 . 2  g 8-Hydroxylqu i no li ne  dissolved i n  1 00 
m l  ethanol  (95%) f i rst and made u p  to 1 000 m l  with 0 1  water. 

3) Sodiu m  hydroxide ( 1  0%) : 50 g N aOH i n  500 m l  0 1  water. 

4) Sod ium hydroxide (5%) :  25 g N aOH i n  500 m l  0 1  water. 

5) Sodium hypobrom ite ( 1  %) : 0 .68 ml l iquid brom ine  i n  200 ml 5% NaOH.  

6 )  A rg i n i n e  standard stock so lut io n  (500 J.Lg/m l) : 60 .50 mg arg i n i ne . HC I  
(Sigma) i n  1 00 ml 0 1  water. 

7 )  Arg i n i ne standard working so lutio n  ( 1 0 J.Lg/ml) : 50-fold d i lution  of a rg i n i ne  
standard stock solut ion i n  0 1  water. 

P rocedure 
To a 5 m l  sample , 1 m l  0 . 02% 8-hydroxy lqu ino l i ne  and 1 ml 1 0% NaOH 
were added.  The so lut io n was mixed thorough ly and placed i n  an ice bath 
for 2 m i n .  Th e n  0 . 2  m l  1 %  sod i u m  hypobro mi te  was added  rap i d l y  to 
deve lop colou r. After  m ix ing  and wit h i n  1 5  seconds ,  1 ml 40% u rea  was 
added to destroy excess hypobro m ite and prevent co lour fad ing .  O n e  m i n  
aft e r  add i n g  hypobro m it e ,  5 m l  i ce-co ld water  was added , t he  so lut io n  
m ixed and the absorbance read with in  5 m i n  at 500 nm usi ng a Bausch and 
La m b  S pect ro n ic-20 Spectro p h oto meter .  A m i xtu re of  5 ml wat e r  and 
reagen ts was u sed as the b l an k to z e ro t h e  i n st ru m e nt .  The  a rg i n i n e  
standard cu rve was prepared with the arg in ine  standard working solut io n  
( 1 -4 ml) ,  with 0 1  water to make up  to 5 ml. 

3 .2.4.3 Determination  of c itru l l ine concentrat ion 

Citru l l i ne  was determined using the method of  Arch ibald ( 1 944) .  Th is  method 
is based  on t h e  fo rmat i o n  o f  a co l ou red  react i o n  p roduct with d iacetyl 
monox ime in acid so luti on .  

R eagents 
1 )  Su l phu ric-phosphoric acid m ixtu re :  1 vo lume of concentrated su lphuric 
acid p lus 3 vo lumes of concentrated phosphoric  acid (85%). 

2) O iacetyl man oxime (3%) :  3 g diacetyl monoxime in 1 00 ml 01 water. 

3) C itru l l i ne stock standard ( 1  00 mg/L) : 1 0 .0  mg citru l l i ne (Sigma) i n  1 00 ml 
01  water. Stored frozen .  
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4) Citru l l i ne  working standard (1 0 11-g/ml) : 1 ml stock standard i n  1 0  m l  D l  
water. 

P rocedu re 
To a 1 m l  sample ,  3 m l  D l  water, 2 m l  acid m ixtu re and 0 .25 ml d iacetyl 
m o n ox i m e  reag e nt w e re add e d .  A b l a n k  co nta i n i ng  4 ml wat e r  p l u s  
reagents was u sed t o  zero t h e  i n st ru m e nt .  T h e  test t ubes were cap p ed ,  
m ixed t ho ro ug h ly and heated i n  a covered bo i l i ng  water  bath fo r 3 0  m i n  
(Spector  and Jones ,  1 963) .  After coo l i ng  for about 1 0  m i n ,  t h e  abso rbance 
was read at 490 n m .  The standard cu rve was p re pared with the citru l l i ne  
worki ng standard (0.5-4.0 m l) ,  with D l  water to make up  to  4 .0  m l. 

A h eat ing period of 30 min  was emp loyed instead of the 1 0  m i n  sugge sted 
by Arch i ba ld ( 1 944) . This is necessary for fu l l  co lour  deve lopment ,  s i nce 
co lour  deve lopment is  sti l l  p roceedi ng at a l i near rate afte r 1 0  m in  (Specto r 
and  J o n es ,  1 963) . Both L- and D -cit ru l l i n e  i s o m e rs react with d i acety l  
monox ime whi le arg i n i ne  does not g ive a colour  react ion (Og insky, 1 957) .  
H owev e r ,  u re a  re acts w i t h  d i ace ty l  m o n o x i m e  to  p ro d u c e  a co l o u r  
(Arc h i b a l d ,  1 944 ) .  The  poss ib i l i ty of u re a  i n t e rfe re nce i n  t he  c i t ru l l i n e  
analysis i s  considered i n  Section 5 .4, Chapter 5.  

3.2.4.4 Determination of o rn ith ine concentrat ion 

The concentration  of orn ith i ne  was dete rmined using an amino acid analyzer 
(Pharmacia LKB alpha plus) . These determinations were carried out by the  
D epartment o f  C h e mistry and  B iochem i stry, M assey U niversity. I n  some 
experi me nts cit ru l l i ne  was a lso dete rm in ed us ing the am ino  acid analyzer. 
Ami no acids were separated by ion-exchange and estimated by post-co l umn  
derivatizat ion with n i nhydri n .  

3.2.4.5 Analysis of  ammon ia, u rea, L-mal i c  acid, g lucose and fructose 

These compounds were analysed enzymatical ly usi ng e nzyme kits supp l ied 
by Boehringer  Mannhe im ,  Germany. 

3.2.4.6 Measurements of cell mass 

Bacterial ce l l  mass was measu red as optical density (OD) at 600 nm us i n g  a 
Bausch and Lo mb  Spectron ic-20 Spectrophotometer. When OD read ings 
we re above 0 . 6 ,  samples were d i l u ted wi th  the same but  u n i nocu l ated 
media. 
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3 .2.4.7 Measurement of pH 

pH was measu red us ing an Orion  Research pH meter (D ig ital lonalyzer/50 1 )  
cal ibrated against pH 7 .0 and 4.0 buffers. 

3.2.5 Assay for arg in ine deiminase 

Arg i n i ne  deim inase (AD I) catalyses the hydro lysis of  arg i n i ne  to citru l l i ne  and 
a m m o n i a. Thus ,  the act iv i ty of  AD I can be  assayed by meas u re m e nt of  
e i ther  end product, c itru l l i ne  or  ammo nia .  Fo r th is  p roject, AD I activity was 
m e as u re d  by de te rm i n i n g  t h e  rate of c i t ru l l i n e  fo rm at i o n ,  s i n ce t h e  
determ i nat ion of citru l l i ne  by the procedure o f  Arch ibald ( 1 944) as m odif ied 
by Spector and Jones ( 1 963) is i nexpensive, sensitive ,  and re latively s imple .  
The m easu re ment of ADI  act iv ity adopted he re is based o n  the method of 
Og insky ( 1 955) with modificat ions.  

Reagents 
1 )  0 .2  M L-arg in ine  (pH 5.8) : 1 .742 g L-arg i n i ne  (free base, Sigma) i n  50 ml 
D l  water, adjusted to  pH 5 .8  with cone. HCI .  

2 )  0 .2  M phosphate buffe r (pH 5 .8) : 3 .484 g K2H P04 i n  1 00 m l  D l  water, 
adjusted to pH 5.8 with 30% H3P04. 

3 )  Enzyme extract : prepared fresh ; und i luted o r  d i luted with 0 . 0 1  M p H  7 
p hosphate buffer. 
Arg i n i ne  and buffe r so lutions were stored at 4°C and used with in  two weeks. 

Procedure 
T h e  stan d a rd assay m ixtu re (tota l  6 . 1  m l) cons i sted  of 4 . 0  m l  0 . 2  M 
potass ium phosphate buffer (pH 5 .8) ,  1 . 6 ml 0 .2  M L-arg i n i ne  (pH 5 .8 )  and 
0 . 5  m l  u nd i luted or d i luted ext ract . The enzymatic react ion (carried  out i n  
dup l icate) was started by t h e  addit ion o f  e nzyme extract t o  a pre incubated 
(approx imately 1 0 m in )  react ion  mixture contai n i n g  phosphate buffer and 
arg i n i ne  he ld i n  a water bath at  37°C. At 1 0  m i n  o r  1 5  min i nte rvals, a 1 .4 ml 
a l iquot of the react ion mixture was re moved and added to 0 . 1  m l  ice-cold 
7 0 %  p e rc h l o r i c  ac id  and  m i xed  to s top  t h e  react i o n .  O n e  m l  of t h e  
supe rnatant (top layer) o f  t h e  mixture was t h e n  analysed for citru l l i ne .  One 
un it of enzymic activity was defi ned as that amount of enzyme catalys ing the 
f o r m at i o n  o f  o n e  ).lm o l e  o f  c i t ru l l i n e  p e r  m i n .  S pec i f ic  act iv it i e s  we re 
expressed as un its per mg extract prote i n  (U/mg) .  
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3.2.6 Assay fo r  o rn ith ine transcarbamylase 

The in vivo physiological ro le of catabo l ic o rn ith i ne  t ranscarbamylase (OTC) 
is to cata lyse t he  conve rsi on  of citru l l i n e  ( resu lt i ng  from the  hyd ro lysis of 
a rg i n i n e  by  A D I )  to  o r n i t h i n e  and  carbamy l  p h os p h ate .  H oweve r ,  t h e  
equ i l i briu m  i s  much i n  favour o f  the format ion o f  citru l l i ne in vitro (Sta lon et 

al. , 1 967) . Hence, the activity of OTC is most easi ly measu red by t h e  rate of 
citru l l i n e  synthes is  f rom o rn ith i ne  and carbamyl  phosphate .  A lt hough  two 
s e p a rat e OTC e n zy m e s  ( o n e  c at ab o l i c  a n d  o n e a n a b o l i c )  e x i st i n  
Pseudomonas (Stalon  et al. , 1 967) ,  appare ntly on ly one OTC e nzyme with 
two funct ions (anabol ic and catabol ic) i s  p resent in Lb. buchneri NCDO 1 1 0 
(Manca de Nadra et al. , 1 981  ) .  To date" there is no  evidence for the p resence 
of two separate OTC enzymes in any LAB. With physio logical ly reve rs ib le  
e nzymes ,  e nzymic act iv it ies  a re often  s im i la r  in  both forward and reverse 
d i re ct i o ns  (Scopes ,  1 987 ) .  Therefo re ,  for th is  p roject, OTC act iv ity was 
measu red in the d i rection  of citru l l i ne  synthesis from orn ith ine  and carbamyl 
phosphate . The procedure described below is a modificat ion of the m ethod 
of J ones ( 1 962) .  

Reagents 
1 )  1 M Tris .HCI  (pH 8 .2) : 7.88 g Tris . HCI (Boeh ringer  Mannhe im)  i n  50 ml 
D l  water, adjusted to pH 8.2 with KOH pel lets and 30% KOH.  

2 )  0 . 2  M L-o rnith ine . HCI  (pH 8.2) : 1 .686 g L-orn ith ine .HCI  (Sigma) i n  50  ml 
D l  water, adjusted to pH 8.2 with 30% KOH .  

3 )  0 . 2  M ca rbamy l  p h o s p h ate : 0 . 1 22  g d i - l i t h i u m  carbamy l  p h os p h ate 
(S igma) i n  4 ml D l  water; prepared fresh .  

4 )  E nzym e  extract : p repared fresh ; u nd i luted or appropriately d i luted with 
0 . 0 1  M pH 7 phosphate buffer. 
Buffer and o rn ith ine  so lutions were sto red at 4°C and used with i n  two weeks. 

P rocedure 
The standard assay mixture (5 .0 ml) consisted of 2 .3 ml 1 M Tris . HC I  (pH 
8 . 2 ) ,  1 . 2 ml 0 . 2  M L -o r n i t h i n e . H C I  ( p H  8 . 2 ) ,  1 . 0 ml 0 . 2  M c a rbamy l  
phosphate and  0 . 5  ml d i l uted ext ract . The  react ion  was i n it iated with the 
addit io n  of carbamyl phosphate, fo l lowed by addi ng enzyme extract to the 
p re - i ncu b ated (3rC) m i xt u re of  Tr is . H C I  and L-o rnith i ne .HC I .  At 3 -m in  
i ntervals, a 1 .2 ml al iquot o f  t he  react ion mixture was removed and added to 
0 . 1 ml ice cold 70% perch loric acid and mixed to stop the react ion .  O n e  ml 
of the supernatant (top layer) of the m ixtu re was analysed for citru l l i n e .  One  
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u n it of  enzyme activity was defi ned as that amount of enzyme catalysi ng  the 
f o r m at i o n  o f  o n e  ).lm o l e  o f  c i t ru l l i n e  p e r  m i n .  S pec i fi c  activ i t i e s  w e re 
expressed as units per mg extract prote i n  (U/mg) .  

Contro l  assay for OTC 
S ma l l  a m o u nts of c i t ru l l i n e  can be syn thes i sed  n on -enzymat ica l ly  f ro m 
o rn i t h i ne  and  carbamyl  phosphate at 37°C (Jones ,  1 962) .  An OTC assay 
mixtu re without enzyme extract rep resents th is n on-enzymatic synthesis of 
citru l l i ne .  lt was experi me ntally demonstrated du ri ng  th is i nvest igat ion t hat 
t he  non-enzymatic synthesis of citru l l i ne  was d i rectly proport ional  to h eating 
t ime and substrate concentrations .  Citru l l i ne  synthes ised non-enzymatica l ly 
can resu lt i n  i nterference i n  the assay of OTC us i ng  t h e  standard assay 
m i xt u re u nder  co ndit io ns  of pro lo nged h e at i ng  (> 1 2  m i n )  o r  when  us i ng 
h ig h e r  s u bstrate co nce ntrat i o n s  (60  m M  o r  h i g h e r  fo r e ach  s u b st rate ) .  
Vari at i on  o f  p H  in  t he  range of 7 . 6 -9 . 1  d id  n ot affect t he  non -enzymat ic 
synth es is  of  citru l l i ne  (data not shown) .  Very l itt l e  citru l l i ne  is synt hesised 
non -enzymatical ly u nder  the standard assay cond it i ons  described above. 
B l a n ks l ack ing  enzyme extracts we re o fte n i nc l u d ed ,  particu larly w h e n  
e nzyme act iv i t ies we re weak.  T h e  a m o u n t  o f  cit ru l l i n e  synthes ised n o n ­
e nz y m at ica l ly  was subt racted  f ro m  t h e  tota l  a m o u nt o f  c i t ru l l i n e .  Th i s  
correct ion was, however, re latively smal l .  

3.2.7 Assay for carbamate k inase 

Carbamate k inase (CK) catalyses t he  reve rs ib le  convers ion  of  carbamyl  
phosphate and ADP to ATP,  NH3 and C02 . The equ i l i brium favou rs ATP 
synthesis and, therefo re ,  it is easi er  to measure CK activity by fo l lowi ng C02 
o r  ammon ia  production or the disappearance of carbamyl phosphate i n  the 
presence of ADP and Mg++ (Jones ,  1 962) . Howeve r, carbamyl phosphate 
solut ions are not stable (approximate half- l ife i s  50 min at 37°C and 1 8  hours 
at 0 °C) ; and  are read i ly decomposed chem ica l ly ,  g e n e rati ng cyanate and 
phosphate (Jones, 1 962) . Cyanate is fu rther chemical ly broken  down to C02 
a n d  N H 3 ( M e rck  I n d e x ,  9 t h  e d i t i o n ) .  C o n s e q u e n t l y ,  t h e  c h e m i c a l  
deco m posit io n  of carbamyl phosphate wou ld lead t o  serious e rro rs i n  the 
measu rement of  CK activity by fol lowi ng C02 or  ammon ia  formation .  

For  t h i s  p roject ,  CK activity was measu red i n  the fo l lowi ng coupled assay 
system which determined the rate of ATP production : 



carbamate 
1 .  Carbamyi-P + ADP ----------------> C02 + N H3 + ATP 

kinase 

hexokinase 
2 .  ATP+ Glucose ----------------> G lucose-6-P + ADP 

2 2  

glucose-6-P 

3.  G lucose-6-P + NADP+ --------------> 6-P-G iucono lactone  + NADPH + H+. 
dehydrogenase 

I n  t h e  p rese nce of excess coup l i ng e nzymes ,  hexoki nase and g lucose-6-
d e hyd ro g e n ase ,  CK act iv ity can be fo l lowed spectrophoto metrica l ly by 
dete rm i n ing the rate of NADPH production .  This method is based on that of 
Crow and Thomas ( 1 982) with modifications .  

Reagents 
1 )  0 . 2  M Tris . HCL (pH 7 .9 ) :  1 . 58 g Tri s .HCI (Boeh ringer  Mannheim) i n  50 ml 
D l  water. 

2) 0 . 2  M ADP : 0 .47 1 g ADP.Na2 (Boehri nger  Mann he im)  i n  5 ml D l  water. 

3 )  0 . 2  M Carbamy l  phosphate : 0 . 1 2 2 g d i - l i t h i u m  carbamy l  p h o s p h at e  
(Sigma)  i n  4 ml D l  water; prepared fresh .  

4) 0 .2 M MgCI2 : 0 .404 g MgCI2 .6H20 i n  1 0  ml Dl  wate r. 

5)  0 . 5  M G lucose : 1 .802 g D-glucose i n  20 ml D l  wate r. 

6) 0 . 1  M NADP+: 83.4 mg NADP+. Na2 (Boehri nger  Mann he im) i n  1 ml D l  
water. 

7) H K/G6P- D H :  1 ml so lution contai n i ng 2 mg (272 un its) hexokinase (HK) 
a n d  1 m g  ( 1 36  u n i t s )  g l uco s e - 6 - P  d e h y d ro g e n ase ( G 6 P- D H )  f ro m 
Boehri nger Mannhe im.  Sto red at 4°C. 

8 )  E nzyme extract : prepared fresh ; u nd i luted or appropriately d i luted with 
0 . 0 1  M phosphate buffe r. 
Reagents were stored frozen (-1 3°C) ,  un less specifi ed . 

Procedure 
The standard assay mixture consisted of 2 .0  ml 0 .2  M Tris .HCI  (pH 7.9) ,  0 .2  
ml 0 . 2  M carbamyl phosphate, 0 . 1  ml 0 .2 M ATP , 0 . 1 ml 0 .2  M MgCI2 , 0 .2  
ml 0 .5 M g lucose, 20 �-tL 0 . 1  M NADP+, 1 0  �-tL HK/G6P-DH mixture and 0 . 1  
ml ce l l-free extract . The assay mixtu re (wit hout carbamyl phosphate and 
e nzyme extract) was equ i l i brated at room temperatu re for at least 1 0  m i n  
a n d  f u rt h e r  e q u i l i b rated i n  t h e  cuvette co m p a rt m e nt ( 1  0 m i n )  o f  t h e  
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spectrophotometer at 3rC after adding carbamyl phosphate. The enzym atic 
reactio n  was i n it iated with the additio n  of 0 . 1  m L  of extract. The changes i n  
t h e  a bsorbance (340 n m) we re mon itored cont i n u ous ly a t  3rC u s i n g  a 
G i lford 260 Spectrophotometer. One u n it of e nzymic activity was defined as 
t hat amount of e nzym e  catalys ing  t he  format ion  of one J..Lmole of ATP per 
m in , s i nce the amount of  ATP p roduced is equal to the  amou nt of NADPH 
formed on  a mo lar basis .  Specific activit ies were expressed as  un its per  mg 
extract protei n  (U/mg) .  

Contro l  assay for CK 
Myoki n ase  (adeny late ki nase )  catalyses  the fo rmat ion  o f  ATP from A D P  
(2ADP ---> ATP + AMP) .  The refo re , t h e  activity o f  th is  enzyme,  if p resent ,  
may i nterfere with the CK assay in which ATP formation is measured. A CK 
assay m ixtu re lack i n g  carbamy i -P  rep re s e nts t h e  apparen t  act iv i ty  of 
myo ki n ase .  Exper i ence  with t h e  CK assay showed that i nterfere nce by 
myoki n ase activ ity was o n ly s ign if icant at h i g h  concentrat ions  of ce l l-free 
extracts . When h ig h d i lut io ns of extracts were requ i red (50-fo ld or  h ig h e r) ,  
myokin ase activity was s o  weak that i t  contributed on ly a negl ig ib le rate of 
ATP formation .  When u nd i luted or low d i lutions of extracts were used (<50-
fo ld) , however, the activ ity of myoki nase cou ld i nterfere sign ificantly with the 
CK assay. Therefore ,  when und i luted o r  low d i lutions of  extracts were used,  
CK act iv ity was calcu lated by su bt ract i ng  myoki n ase activity from total 
activity. 

3.3 Results and discuss ion at 3o"c 
Pre l i m i na ry tr ia ls i nd icated that wi ne LAB g rown i n  T J BAG broth_khowed 
measu rable activities of the arg in ine  de imi nase pathway enzymes, usi ng the 
u n m od if ied  assay p roced u res  of Og i nsky ( 1 9 55) , Jones  ( 1 962) and Crow 
and Thomas ( 1 982.) . Fu rther experiments were t hen  conducted to establ ish 
enzyme assay conditions  appropriate tor the wine LAB .  

3.3.1 Enzyme concentrat ion and react ion rate 

For an e nzyme assay, the product format ion shou ld be l i near over the t im e  
chosen fo r t h e  assay, s o  that t h e  react ion rate can b e  measu red accu rate ly. 
To ach i eve  t h i s ,  it is cruc ia l  t hat t h e  amo u nt of e nzyme used (enzy m e  
co ncen t rat i o n )  i s  rate - l i m it i n g  ( i. e. t h at t h e  rate o f  react i on  i s  l i n e ar ly 
dependent on enzyme concentration ) .  The refore , experiments were carried 
out to ensure that the amount of enzyme i n  the ce l l-tree extracts used was 
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rate-l imiti ng .  This  was achieved by varyi ng the amount of  enzyme extracts 
added to the assay m ixture, then  comparing the corresponding react ion 
rates (slopes of  plots of product formation against time, 1-lmo les/m in ) .  

Tab le 3 . 1 shows the re lat ionship between the enzyme concentrat ions and 
ratios of reaction rates for AD I, OTC and CK. Doubl ing (2 : 1 )  the amount of 
enzyme extract in the assay mixture increased the reaction rates about 
2-fold, the i ncrease varying from 1 .85 to 2 .21 -fold. A 1 .67-fo ld i ncrease in the 
amount of e nzyme for ADI  and OTC also i ncreased the reactio n  rates and 
gave ratios of reaction rates fro m  1 .56 to 1 .8 1 . These resu lts suggest that 
the react i o n  rates of these enzymes were i n de ed pro po rt i o n a l  to the 
amounts of enzyme extract used. In  other words, the amount of extract used 
was rate- l imit ing. This procedure was used frequent ly in  subsequent assays 

and other  experiments to check whether the enzyme concentrations  used 
i ndeed were rate- l imiting. 

Table 3.1 Relationship between enzyme concentrations and reaction 
ratesab 

Enzyme/Strain Enzyme Ratio Ratio of Reaction Rate 
Determined Expected 

ADI 
Le. oenos OENO 2:1  2. 1 9, 2 .21  2 . 00 
Lb. brevi 250 2 : 1  2 .0 1 ' 2 .08 2 .00 
Lb. buehneri CUC-3 5 :3 1 .75, 1 .81 1 .67 

OTC 
Le. oenos MCW 2 : 1  2 . 1 3, 1 .85 2 .00  
Le. oenos OENO 2:1  2. 1 2, 2. 1 6  2 .00  
Lb. brevis 250 5 :3 1 .56, 1 .64 1 .67  

CK 
Le. oenos MCW 2 : 1  1 .86, 1 .99 2 .00  
Le. oenos OENO 2 : 1  1 .95, 2.00 2 .00 
Lb. brevis 250 2 : 1  1 .87, 1 .96 2 .00  
Lb. buehneri CUC-3 2 : 1  2.06, 2 .03 2 .00  

aThe duplicate measurements were made using one or two extracts. 
bAssay conditions are as described in Sections 3.2.5-3.2.6.  
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3.3.2 Substrate concentrat ion and enzyme activit ies 

To conduct accurate enzyme assays, it is essential that saturat ing substrate 
con centrat ions are used. This  is because when substrate concentrat ions  are 
saturat ing ,  enzyme activit ies ( react ion rates) wi l l  not be i nf luenced by smal l  
vari at i o n of  conce ntratio n ,  nor  by co nsu m pt ion  o f  s ubst rates d u ri ng t h e  
assays. The fo l lowi ng experiments were carried out t o  ensure that satu rati ng 
subst rate concentrati ons  we re u sed in assays of A D I ,  OTC and CK. This 
was ach ieved by varyi ng the concentration  of one  substrate whi le keepi ng 
the conce ntrati o n  of ot h e r  subst rates  constant ,  t hen  measu ri ng  e nzyme 
act iv i t i es .  The resu lts are p rese nted in  F ig u re s  3 . 1 -3 .4 .  l t  was n ot t h e  
i nt e nt i o n o f  t h es e  e x p e ri m e nts  to  de te rm i n e  t h e  Km v a l u e s  fo r t h e s e  
enzymes ,  although it has been suggested that a substrate concentrat ion of 
at least 1 0  t imes the Km value shou ld be used (Scopes, 1 987). 

Cel l -free extracts from fou r  d iffe rent strai ns  of wi ne LAB which a.r�" used 
e xte n s ive ly in su bseq u e nt expe ri m e nts we re used as the source o f  t he  
arg i n i n e  de im inase pathway enzymes i n  th i s  study .  The buffe r p H  l eve ls 
used for measuring the activit ies of the th ree e nzymes of the AD I  pathway 
fou n d  i n  Figu res 3 . 1 -3 .4 were not a lways t he  same as those found  in the 
study of dete rm i n i ng  opt i m u m  p H  fo r enzym e  act iv ity (Sectio n  3 .3 .3 ) ,  but 
were based on pre l im i nary resu lts and values reported in the l ite rature .  The 
optim u m  pH values were more precisely determined after th is study. 

Fig u re 3. 1 shows the re latio nsh ip  between arg i n i ne  concentrations and A D I  
act iv i t ies  i n  ce l l - free ext racts fro m fou r  diffe rent st rai ns of wine LAB .  This  
f igu re s h ows t hat i ncreas i ng the substrate co nce ntrat ion ove r at  l east a 
two-fo ld range did not cause any s ign ificant change i n  the activit ies of AD I i n  
ce l l-free extracts of the fou r  st ra ins of wi ne LAB.  A n  arg in ine  concentrat ion of 
52 m M  was used as a standard concent rat ion  fo r assay of AD I  act iv ity i n  
e xt racts f ro m  a l a rg e  n u m b e r  of  w i n e  LA B ( C h apt e r  4 ) . T h e  h i g h e r  
concentration  of arg i n i ne  was chosen si nce a h i gh  substrate concentrati on  
can a l lev iate  t he  i n h i b i to ry effect caused by the accumu lat ing  products 
(Scopes ,  1 987) .  I n  this assay, the accu mu lati ng p roducts are citru l l i n e  and 
ammonia. 
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Fig u re 3 .2  shows the re lat ionsh ip between orn ith ine  concentrat ion and OTC 
a ct i v i t y .  T h i s  f i g u re s h ows t h at t h e  act iv i ty of OTC f ro m  st ra i n  MCW 
i ncreased by  36% as  ornith ine concentrat ion was i ncreased from 1 5  mM to  
2 0  m M .  A lso ,  t he  activ ity o f  OTC from strain OENO almost doubled (90% 
i ncre ase)  when  orn it h i ne  concentration  was i ncreased from 1 5  m M  to  25  
m M .  This  i ndicates that 1 5  m M  of  o rn ith i ne  was not saturati ng for OTC fro m  
both stra ins .  OTC activit ies reached a p lateau between 20-30 m M  for strai n 
MCW and  between 25-40 m M  fo r strai n OENO. A smal l  i ncrease ( 1 4%) i n  
the activity of OTC from strain CUC-3 also occu rred from 32 mM t o  6 0  m M  
o f  o rn ith i ne .  This  smal l  i ncrease cou ld b e  due to non-enzymatic synt hes is  of 
c i t ru l l i n e  f ro m  o rn it h i n e  and  carbamy l  p hosp hat e ,  s i nce  n on-enzymat ic 
synt hes is  i ncreases with i ncreasing orn i th i ne  concentration  (Sectio n  3 .2 . 6 ) .  
With stra in  250 , the activity o f  OTC i ncreased by 2 1 % from 32  mM to  48 m M  
and  showed o n ly a ve ry smal l  i ncrease from 48 m M  to 6 0  mm o rn it h i n e .  
Taking  i nto account al l  the resu lts, an  orn ith i ne  concentration  of 48 m M  was 
used for rout ine OTC assay. 

F i g u re 3 . 3  s h o w s  t h e  re l at i o n s h i p  b e twe e n  c a rb a m y l  p h o s p h at e  
concen t rat i o n  and OTC act iv i ty .  Th e act iv ity of OTC fro m  st rai n O E N O  
i nc reased  b y  43% a s  t h e  c o n ce n trat i o n o f  carbamy l  p h os p h ate  was 
i nc re ased  f ro m  1 5  to 30  m M .  30  mM of  carba m y l  p h o s p h ate  was  a 
apparently saturating concentration ,  s ince OTC activ ity did not i ncrease with 
fu rt her increase i n  substrate concentrat ion to 40 mM .  Carbamyl Phosph ate 
at 30-40 mM was also satu rat ing fo r OTC from stra in  MCW. For stra ins  250 
and C U C-3,  OTC activ it ies were re lative ly  s im i lar  f rom 32 mM to 6 0  m M  
carbamyl  phosphate .  Taki ng i nto cons ideratio n  these resu lts, a carbamyl 
phosphate concentration of 40 mM was adopted for rout ine assays. 

T h e  re l at i o n s h i p  b etwe e n  s u b st rate conce n t rat i o n  and C K  act iv i ty  i s  
presented i n  Figure 3.4 .  This figure i 'ldicates that doub l ing the concentrat ion  
of  ADP caused 1 7-30% i n h 1 0 1t i o n  of t he  activ ity of CK  from strains  MCW, 
O E N O  and 250, re lative to the activiti es obtai ned using the standard ADP 
conce ntrat ion  (7 .3  mM) .  H owever, ha lv i n g  the standard concentrat i on  of 
ADP did not change the activity of CK from strai n CUC-3. This suggests t hat 
the concentrat ion of ADP used i n  the standard assay mixtu re (7.3 mM)  was 
satu rat i ng .  The act iv it ies of CK from st rai ns MCW, OENO and 250 vari ed 
on ly s l ig htly upon doubl ing the concentrat ions of other  substrates, i nd icat ing 
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that these concentrations were satu rating as wel l .  The activity of the two 
coupl ing enzymes (HK and G6P-DH) was also shown to be not rate-l imiting,  
s ince doubling the level of these enzymes i n  the assay mixture did not cause 
a n y  s i g n i f i can t  i nc re ase  i n  the rate of react io n .  Ove ra l l ,  s u bst rate 
concentrations in the standard assay mixture were considered adequate. 

3.3.3 pH and activity of ADI, OTC and CK 

The optimum pH of an enzyme activity is regarded as the pH value (or range 
of pH values) where a maximum reaction rate is obtained. Although data on 
the pH optima for ADI ,  OTC and CK from other sources are avai lable, these 
pH optima may not necessari ly be applicable to AD I, OTC and CK fro m  wine 
LAB .  l t  is  i mportant to conduct enzyme assays at their pH optima so that 
maximal activit ies can be expressed. Therefore, experiments were carried 
out to determine the pH optima of ADI ,  OTC and CK from wine LAB. Results 
are presented i n  Fig u res 3.5-3 .7. Measurements at each pH value were 
made i n  dup l icate fro m one  extract u n less otherwise stated. Satu rating 
substrate concentrations were employed for al l  measurements : argin ine,  26 
to 52 m M ;  ornithi ne .HC I , 30 to 60 mM and carbamyl phosphate, 32 to 60 

mM. The standard substrate concentrations (Section 3.2.7) were used for 
CK assay in this study. Potassium phosphate ( 1 31 mM) ,  Tris .HCI (460 mM) 

and Tris. HCI ( 1 47 m M) were used as the buffe rs i n  the assay mixtu res for 
ADI ,  OTC and CK (Sections 3.2.5-3.2.7) ,  respectively. The pH range used 
was based on values reported in the literature.  

Figu re 3 .5 shows the re latio nship  betwee n  p H  and activit ies of A D I  i n  
extracts of three d iffere nt strai ns o f  wi ne  LAB .  The activity o f  AD I  was 

maximal at pH 5.8 for all three strains. Therefore,  pH 5.8 was chosen as the 
value fo r subsequent AD I  assays. Various pH values were used fo r AD I 
assay i n  previously publ ished studies. These pH values i nclude 6 .0 for Lb. 

buchneri NCD01 1 0 and Lb. leichmannii ATCC 4797 (Manca de Nadra et al., 

1 986a,b) ; 6 .7 for strains of Streptococcus lactis (Lactococcus lactis) (Crow 
and �homas, 1 982) and 5.5 for Pseudomonas aeruginosa (Mercenier et al., 

1 980} 
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F ig u re 3.6 g ives the re lat ionsh ip  between pH and act iv it ies of OTC in  
extracts of  fou r  d iffe rent st rains  of  wine LAB. Th is  f igu re shows that t he 
activ ity o f  OTC was m ax i mal at pH 8.0 fo r t h e  two Leuconostoc oenos 

st ra i n s ,  wh i l e  t h e  act ivity of OTC was m ax i ma l  at p H  8.5 fo r t he two 
l actobaci l l i .  Accordi ng to the  l ite rat u re ,  pH 8. 5 is com mo n l y  u s e d  for 
assaying activities of OTC from various o rganisms. Examples i nclude Lb. 

buchneri NCD01 1 0  and Lb. leichmannii ATCC 4797 (Manca de Nadra et al. 

1 986a,b) ,  strains of Str. lactis (Crow and Thomas, 1 982) and Ps. aeruginosa 

(Mercenier et al. 1 980). For convenience, pH 8.2 was chosen for assaying 
activiti es of OTC fro m  all wi ne LAB in subsequent studies. Th i s  can be 
justified , because OTC activity at pH 8.2 is not marked ly different from that 
at pH 8.5 for lactobaci l l i  and at pH 8.0 for leuconostocs. 

Figu re 3. 7 shows the relationship between pH and activities of CK in  extracts 
of fou r  d iffe rent stra ins of wine LAB. lt shou ld be poi nted out that o n ly a 
s ing le measurement at each pH value was made from one extract for CK 

from st ra in  O E N O. As i nd icated in th is f igu re ,  CK activit ies reached a 
maximum at pH 7.9 for both Leuconostoc oenos strains and Lb. brevis 250. 
The act iv ity of C K  f ro m  Lb. buchneri C U C-3  was maxi ma l  at p H  7.6 .  
However, CK activity of this latter strain at p H  7.9 i s  not sign ificantly different 
from that at pH 7.6. Therefore, for convenience, pH 7.9 was chosen to assay 
CK in  subsequent experiments. Various pH values have been used for CK 
assay i n  previous studies of different o rganisms, such as pH 8.5 for strains 
of Str. lactis (Crow and Thomas, 1 982), pH 5.0 for Lb. buchneri NCDO 1 1 0 

(Manca dt Nadra, et al. 1 986a) and pH 6. 1 5  for Ps. aeruginosa (Merce nier 
et al. 1 9801. 
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3 .3.4 Storage stab i l ity of cel l-free extracts and whole cel ls, and effects 
of freez ing o n  enzyme activities 

Tab l e  3 . 2  presents  t he  stabi l ity of ce l l -free  e xt racts f ro m  t h ree d i fferent 
stra ins  of wine  LAB duri ng sto rage under  different condit ions. Considerab le  
loss of  AD I  and CK activit ies occu rred u po n  sto rage at - 1 3°C for 20 hours ,  
w h i l e  t h e re was no  m e as u ra b l e  l oss o f  OTC act iv ity u nder  the  s a m e  
cond it ions.  Loss o f  C K  activity was even greater upon storage at 4°C for 2 0  
hours .  However, loss o f  enzyme activities was i ns ign ificant at ooc ( i n an ice 
bat h )  for 3 hou rs .  OTC is  appare nt ly t he  most stable enzyme. I n  p ractice, 
e nzyme assays were completed with in  2 hours after  ce l l  d is i nteg rat io n  and 
extracts were kept i n  an ice bath during the assays. 

Table 3.2 Storage stabi lity of ce l l-free extractsa 

% Retention of Activityb 

Strain ADI  OTC 

ooc -1 3°C 4°C -1 3°C 
3 hrs 20 hrs 20 hrs 20 hrs 

Lb. brevis 250 82 1 00 1 00 
Le. oenos MCW 64 1 00 
Le. oenos Er1 a 98 84 

astability was expressed as percentage retention of specific activities 
of fresh extracts. 

b Averages of duplicate determinations from one extract. 

ooc 
3 hrs 

96 

96 

CK 

4°C - 1 3°C 
20 h rs 20 hrs 

77 
55 72 
74 84 

Tab le  3.3 shows the  effect of freezing of whole cel ls on  the activit ies of  AD I ,  
OTC and CK from Le. oenos MCW. There were essentia l ly no diffe rences 
between  the specific activities of these enzymes from fresh and froze n  cel ls 
(-70°C ove rnight) .  

The stabi l ity of the th ree enzymes duri ng long-term storage of frozen whole 
cel ls is shown in Table 3.4.  Specific acitivit ies of AD I ,  OTC and CK were i n  
essence unchanged after 7-97 days o f  storage o f  whole cel ls at -70°C. Th is 
i nd icates that these enzymes were stable i n  whole ce l ls  fo r at least 3 months 
u nd e r  s u c h  s tora g e  c o n d i t i o n s .  I n  p ract i ce ,  a l l  e nzym e  assays we re 
conducted with in  3 months after ce l l  harvesting .  



Table 3.3 Effect of ove rnight freezi ng of whole cel ls (-70°C) 
on activit ies of AD I , OTC and CK from Le. oenos MCW 

Specific Activit iesa .:...:...i n::....;E=xc..:..:tc:....;ra=c;...;;.ts;;;.....;:;.o.;_f _____ _ 
Fresh Cel ls Frozen Ce l ls Enzyme 

Sample 1 Sample 2 Sample 1 Sample 2 

AD I  
OTC 
CK 

1 1  
33 
1 7  

1 0  
30 
1 2  

9 
29 
1 7  

1 0  
33 
1 2  

8Each value was the average of dupl icate determi nat ions from one 
extract ; samples 1 and 2 were from ce l ls  harvested at  d iffe rent 
t imes.  

Table 3.4 Storage stabi lity of whole ce l ls at -70°C 

Specific Activitiesa 

Enzyme Le. oenos MCW Lb. buehneri CUC-3 Le. oenos OENO 

Day 0 Day 97 Day 0 Day 7 Day 0 Day 7 Day 27 

AD I  1 0  9 .5  6 1  65 8 9 9 
OTC 3 1  37 1 97 1 95 33 28 34 
C K  1 7  20 42 44 1 7  1 9  1 8  
8Averages of dupl icate dete rminations from one extract. 
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Fina l ly, it shou ld be stressed that the i nvestigations  described i n  th is  chapte r  
w e re n ot i n t ended  as  ri g o ro u s  e nz y m o l o g ica l  stud i es  o f  t h e  a rg i n i n e  
de im i nase pathway e nzymes.  They were carri ed out for practical reasons 
o n ly to  defi ne  su itab le conditi o ns  fo r enzyme assay in  cel l-free extracts of  
wine LAB .  Therefore ,  other  factors that may affect enzyme activity were not 
i ncluded in th is study, such as activators, i n h ibitors and ionic strength .  



Chapter 4 

Occurrence of Arg in ine Deiminase Pathway Enzymes 
in Wine Lactic Acid Bacteria 

4.1 Introduct io n  
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P rev i ous  work (Chapte r  3 )  v e ri f i ed  t h e  p rese nce of arg i n i n e  d e i m i n ase  
p at h way e n zy m e s  i n  s e l e c t e d  w i n e  l act i c  ac id  bact e r i a  ( LA B )  a n d  
establ ished standard assay conditions for these enzymes. However, l itt l e  i s  
known abo ut the occu rre nce of t hese enzymes and thei r activit ies i n  other  
wine LAB.  For example,  i t  is not known if a l l  w ine  LAB possess the comp lete 
e nzyme syste m ,  or  whethe r  some possess o n ly part of t h e  syst e m .  The 
range  of variat ion i n  activit ies o f  these e nzymes from different wi n e  LAB i s  
a l so  u n known . Such i nformati o n  may n ot o n ly have  taxonom ic u t i l i ty, but 
also practical s ign ificance. The refore , a su rvey was carried out to def ine the  
occu rre nce  and  re l at i ve  act i v i t i e s  of  t he  arg i n i n e  de i m i n ase  p at hway 
e nzymes  i n  ce l l - f ree ext racts f ro m  a larg e  n u m be r  o f  com merc i a l  a n d  
laboratory wine LAB.  

4.2 Materials and Methods 

4.2.1 Lacti c  acid bacterial stra ins 

W i n e LA B u s ed i n  t h i s  s u rv e y  re p re s e n t  m e m b e rs o f  t h e  g e n e ra 
Leuconostoc, Lactobacillus and Pediococcus. These bacteria were f ro m  the 
Food and Fe rmentation Labo ratory Cu lture Col lectio n  of  t he  Department  of 
Microbiology and Genetics, Massey University . The o rig inal sources of these 
LAB are l isted in Table 4. 1 .  

4.2.2 Cultur ing and harvesting  of wine LAB 

In o rder to make comparisons betwee n  differe nt wi ne  LAB ,  ce l ls s h o u ld be 
harvested when activities of AD I ,  OTC and CK are maxi mal (opt imal ha rvest 
t i m e ) .  Th u s ,  p re l i m i nary t ri a l s  were co nducted to determi ne  t he  o pt ima l  
harvest t ime .  Th is  was achieved by cu lturi ng se lected wine LAB i n  TJBAG 
med ium (Sect ion 3.2.2) .  Wine  LAB were f irst subcultu red in pH 5 .5 VJMRS 
b roth (Sect ion  3 . 2 . 2 ) ,  t hen  were i n ocu lated ( 1  % v/v) i nto p H  5 . 5  T JBAG 
medium. Cu ltu res were i ncubated statically at 30°C. Samples were taken 
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Table 4.1 Wine lactic acid bacteria and their  orig inal sources 

Strain Source a Referenceb Comment 

HETEROFERMENTERS 
Leuconostoc oenos 

2035 LM 2 Commercial ly mixed freeze-dried 
2001 LM 2 As Above 
2043 LM 2 As Above 
2008 LM As Above 
MBO LL Commercially freeze-dried 
MB1  LL As Above 
MB2 LL As Above 
MB3 LL As Above 
DS IR-A J P  Commercially l iquid culture 
DS IR-8 J P  As Above 
DSIR-C J P  As Above 
Er1 a MD 5,6 Commercially freeze-dried 
Ey2d MD 5,6 As Above 
1 22 CD 4 A laboratory cu lture 
252 CD 4 As Above 
MCW MS Commercially freeze-dried 
OENO MT Commercially frozen cu lture 
INO 10 Commercially freeze-dried 
VFO CP As Above 

· ML34 RK 8 Commercial ly l iquid culture 
PSU-1 RB 1 As Above 
L 1 81 B R  9 A laboratory cu lture. 

Lb. hilgardii 
MHP LL Commercially freeze-dried 

Lb. buchneri 
CUC-3 RK 7 A laboratory cu ltu re 

Lb. brevis 
250 CD 4 As Above 
ML30 RK 7 As Above 
EQ RK 3 A commercial cu lture 

HOMOFERMENTERS 
Lb. plantarum 

CH2 CP Commercially freeze-dried 
49 CD 4 A laboratory culture 

Lb. delbrueckii 
CUC- 1  RK 7 As Above 



Table 4.1 (Cont'd) 

Strain Sourcea Referenceb Comment 

Pediococcus sp. 
44.40 BL 
C5 RK 
CUC-4 RK 

Pd. parvulus 
93 
272 

CD 
CD 

1 0  
7 
7 

4 
4 

Commercially freeze-dried 
A laboratory cu lture 
As Above 

As Above 
As Above 

asources: BL, Bio logicals, Berkeley, Calif. , USA; BR,  B. Rankine,  Austral .  
Wine Res. Inst. ,  South Australia; CP, C.  Prahl ,  Chr. Hansen's 
Laboratorium A/S, H<j>rsholm, Denmark; CD, C. Davis, U ni .  of New South 
Wales, Austral ia; 10, Institute Oenologique de Champagne, Eperney, 
France ; JP, J. Pate! ,  Hort. and Food Res. Inst. ,  Palmerston North, New 
Zealand; LL, Lacto-Labo, Dange, France ; LM, Lal lemand, Montreal, 
Canada; MB, M. Bannister, Vinquiry, Healdsburg ,  Calif . ,  USA ;  MD, M. 
Daesche l ,  Dept of Food Sci. and Tech. , Oregon State Un i . ,  USA ;  ML, 
Microl ife Technics, Sarasota, Florida, USA; RB, R. Beelman , Penn. State 
Un i . ,  USA; RK, R. Kunkee, Dept of Vitic. and Enol . ,  Un i .  of Calif. , Davis,  
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b
USA. 
References : 1 ,  Beelman et al., 1 977; 2,  Champagne et al. , 1 989 ; 3 ,  Davis 
et al., 1 985; 4, Davis et al. , 1 986a,b ;  5, Henick-Ki ing et al., 1 989 ; 6 ,  lzuagbe 
et al., 1 985; 7, Pi lone et al. , 1 966; 8 ,  Pi lone and Kunkee, 1 972 ; 9, P i lone et 
al. , 1 974; 1 0, Si lver and Leighton, 1 981 . 

at various t ime i ntervals during i ncubation fo r measurement of ce l l  mass 
(optical density, OD) ,  g lucose and activities of ADI ,  OTC and CK. Cu ltures 
for measurement of enzyme activities were centrifuged and stored at -70°C 

as described in Section 3.3.4. Samples for g lucose analysis were stored at 

- 1 3°C. 

For the survey of the argin ine deiminase pathway enzymes, wine LAB were 
cu lt u red as descri bed above .  Cu ltu res were g rown to the late log/early 

stationary phase before harvesting, as the prel iminary trials had shown that 
these growth phases were optimal for enzyme activity. 

4.2.3 Measurement of enzyme activity 

Activit ies of A D I ,  OTC and CK were meas u red us ing ce l l-free extracts 
according to the procedures described in Sections 3.2.3 and 3.2.5-3.2 .7 .  
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The activity o f  acetate kinase (AK) was measured using essential ly t h e  same 
assay co ndit io ns  as for CK (Sectio n  3 .2 .  7 ) ,  except for the replacem e nt o f  
carbamyl phosphate with 1 4.65 mM acetyl phosphate.  Thus ,  0 . 2  ml of 0 .2 M 
acetyl phosphate (potassium- l ith ium salt ,  Boehri nger  Mann he im) was added 
to the standard assay m ixtu re ,  i n stead of carbamyl phosphate. The u nit of  
AK activity was the same as CK (!lmoles ATP/min/mg protei n ) .  One  u n it of 
AK was d efi ned as t hat amou nt of enzyme catalysing the format ion o f  one  
11mo le o f  ATP pe r  m i n  ( i. e. t he  same as  that used for t he  CK).  

4.2.4 Other analyses 

Methods for the measurements of ce l l  mass (OD) ,  pH ,  protei n ,  g lucose and 
citru l l i ne  have been descri bed in  Section  3 .2 .4.  

4.3 Results 

4.3.1 Determinat ion of optimal harvest t ime 

Fig u re s  4 . 1 -4 .4  show t h e  t i me-course of  g rowth ,  g lucose ut i l isatio n  and  
activities o f  AD I ,  OTC and  CK o f  seve ral wine  LAB. These figu res show that 
genera l ly the activities of AD I ,  OTC and CK were h igh between the late  log . 
and early stationary phases. Enzyme activit ies were low duri ng early g rowth ,  
especial ly fo r the leuconostocs. The  activit i es te nded to  decl i ne  du ri n g  the 
stat ionary phase,  though some enzyme activit ies remained at  or  close to the 
max imal  l eve ls .  Therefore ,  it was dec ided that ce l ls  shou ld be harve sted 
between late log and early statio nary phase as mon itored by OD changes .  
A lthough g lucose leve l was low at the e nd of  log phase , th is was not  a lways 
a good indicator  of g rowth and optimal ce l l  harvest time,  particu larly in strai n  
CUC-3 (Figure 4 .4) .  
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Fig. 4.1  Time-course of activit ies of a rg i n i ne  de im i n ase  pathway e nzymes 
d u ri ng i n cu bat i o n  (30°C)  of Le. o en os E r 1  a in TJBAG b ro th .  S p ec i fi c 
activities are i n  U/mg. 
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d u ri n g  i n c ubat i on  (30°C)  o f  Le. o enos MCW i n  T J BAG b rot h .  S pec i f i c  
activities are i n  U/mg. 
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Fig. 4.3 Time-cou rse o f  activit ies  o f  a rg i n i n e  de im i nase pathway e nzymes 
d u ri n g  i ncu bat i on  (30°C)  o f  Le. o enos O E N O  i n  T J BAG broth .  Specif ic 
activit ies are i n  U/mg. 
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4.3.2 Occurrence of arginine deiminase pathway enzymes in  wine LAB 

Tab le 4 . 2  shows the specif ic activit ies  of arg i n i n e  de i m i n ase pathway 
e nzymes i n  a wide range of com m e rcial and laboratory wine LAB .  The 
corresponding relative activities are presented in Table 4.3.  

As shown in Tab le 4 .2 ,  the activit ies of the arg i n i ne  de im i nase pathway 
e nzymes varied considerably among species and strai ns of wine LAB .  A 
high proport ion (77%) of leuconostocs and almost al l of the 
hete rofe rmentative lactobac i l l i  tested possessed the complete e nzyme 
system .  However, activities of the three enzymes were not found in any of 
the h o m oferme ntat ive  l acto bac i l l i  a n d  ped iococc i  u nd e r  the c u rre nt 
extraction and assay conditions.  Among the heterofermentative wine LAB, 
some strains such as MB3, ML34, PSU-1 and ML30 were deficient of one or 
two of the three enzymes and i n  al l of these cases, the specific activity of the 
enzymes that were detected was very low re lative to the levels fou n d  i n  
other strains. Some strains such as L 1 81 and MBO did not have any of  the 
three enzymes. 

For the leuconostocs and heterofermentat ive lactobaci l l i  possess ing the 
co m p lete e n zy me syste m ,  act iv it i es  of the th re e e nzymes  f ro m the 
l acto baci l l i  we re g e n e ra l l y  h ighe r than those f ro m  the leuco n o stocs , 
especially i n  the case of ADI  and OTC. Nevertheless, for those LAB having 
the three enzymes, the enzyme activit ies were general ly s imi lar with in  the 
hete rofe rmentative lactobaci l l i ,  as were the enzyme activities withi n the 
leuconostocs . This  i s  also shown by the re lative activit i es of the three 
enzymes in Table 4.3.  There were some exceptions, however, such as strain 

INO in which the activities of the three enzymes were significantly lower than 
in other strai ns , and strain VFO in which the AD I activity was considerably 
lower than i n  other strains. 
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Table 4.2 Occurrence of argin ine deiminase pathway enzymes 
in wine lactic acid bacteria 

Specific Activities 

Strains AOI(x1 00) OTC CK na 

M EAN so M EAN so M EAN so 

HETEROFERMENTERS 
L euconostoc oenos 

2035 1 3.2 1 .0 5 1 .2 4.9 1 9 .3 1 .7 4 
2001 1 3.7 0.4 42.5 6.0 22.6 1 .5 6 
MB1 1 2.6 1 .3 35.3 2.4 27.3 1 .2 6 
2008 1 2 .0 0.2 40.5 2 .9 1 8 . 6  3 . 2  4 
2043 1 1 .7 2.6 47.0 8.1  1 5.4 3 . 7  6 
M B2 1 2.5 1 .5 32.3 2.7 1 8 .3 2 . 3  4 
OSI R-A 1 1 .2 1 .0 35.5 2.8 21 . 5  2 . 1  4 
1 22 1 0.5 0.7 34.9 0.5 1 9.2  0 .4  4 
MCW 1 0.0 1 .2 30.1  4.1  1 7. 1  0 .7  4 
Ey2d 1 0 .6 0.5 33.2 2.4 1 5 . 6  2 .9 4 
OENO 8.8 0.4 32.2 3.1 1 8 . 1  1 .4 6 
OSIR-B 8.4 0.2 31 . 0  1 .0 20.4 3 .4 4 
OSI R-C 8.9 0.4 30.7 1 .3 1 8 .9 2 . 1  4 
Er1 a 8.8 0.7 30.2 3 .3 1 8 . 1  1 .6 6 
252 9.1  0.5 28.8 1 .2 1 5 .0 2.3 6 
INO 2.4 0.5 5 . 1  0.8 4.6 0 . 6  4 
VFO 4.4 1 .2 29.0 2 .2 1 6. 1  2 . 2  4 
M B3 0 0 .2 0 .09 0 4 
ML34 0 0 0.8 0 . 1 1 4 
PSU-1 0 0 0 . 2  0 .07 4 
L 1 8 1  0 0 0 4 
MBO 0 0 0 4 

Lactobacillus spp. 
Lb. hilgardii M H P  9 2  1 6  1 77 7 27.6 1 .4 6 
Lb. buchneri CUC-3 67 1 2  2 1 7  1 5  41 .5 2 .4  6 
Lb. brevis 250 76 7.6 229 1 8  20.8 2 .9 6 
Lb. brevis EO 89 5.4 2 1 5  1 4  30.8 1 .8 4 
Lb. brevis ML30 0 2.2 0.3 3 .4 0 . 2  6 

HOMOFERMENTERS 
Lactobacillus spp. 

Lb. plantarum CH2 0 0 0 4 
Lb. plantarum 49 0 0 0 4 
Lb. delbrueckii CUG-1 0 0 0 4 

Pediococcus spp. 
44.40 0 0 0 4 
CS 0 0 0 4 
CUC-4 0 0 0 4 
93 0 0 0 4 
272 0 0 0 4 

an =  total number of measurements for the 3 enzymes using at least two separate extracts. 
Measurements were made in duplicate or triplicate for each extract. 



Table 4.3 Relative specific activities of arg in ine deiminase 
pathway enzymes in wine lactic acid bacteria 

Strains ADI OTC CK 

Le. oenos 

2035 1 .0 388 1 46 

2001 1 .0 3 1 0  1 65 

MB1 1 .0 280 2 1 7  

2008 1 .0 338 1 55 

2043 1 .0 402 1 32 

M B2 1 .0 258 1 46 

DSI R-A 1 .0 3 1 7 1 92 

1 22 1 .0 332 1 83 

MCW 1 .0 301 1 71 

Ey2d 1 .0 3 1 3 1 47 

OENO 1 . 0 366 206 

DSI R-B 1 .0 369 243 

DSIR-C 1 .0 331 21 5 

Er1 a 1 . 0 343 206 

252 1 .0 3 1 6 1 65 

INO 1 .0 21 3 1 92 

VFO 1 .0 659 3 66 

Lb. hi/gardii 

M H P  1 .0 1 92 30 

Lb. buchneri 

CUC-3 1 .0 324 62 

Lb. brevis 

250 1 .0 301 27 

EO 1 .0 242 35 

ADI 

0 .003 

0.003 

0.004 

0.003 

0.002 

0.004 

0.003 

0.003 

0.003 

0.003 

0 .003 

0.003 

0.003 

0 .003 

0.003 

0.005 

0.002 

0.005 

0 .003 

0.003 

0.004 

OTC CK 

1 .0 0 .377 

1 .0 0.532 

1 .0 0 .773 

1 .0 0.459 

1 .0 0.328 

1 .0 0.567 

1 .0 0 . 606 

1 .0 0 .550 

1 .0 0.568 

1 .0 0 .470 

1 .0 0.562 

1 .0 0 . 658 

1 .0 0.647 

1 . 0 0.599 

1 .0 0.521 

1 .0 0.902 

1 . 0 0.555 

1 .0 0. 1 56 

1 .0 0 . 1 91 

1 .0 0.091 

1 .0 0 . 1 43 

ADI 

0 .007 

0.006 

0 .005 

0.006 

0 .008 

0.007 

0 . 005 

0 .005 

0.006 

0 .007 

0. 005 

0.004 

0 .005 

0. 005 

0.006 

0.005 

0.003 

0 . 033 

0.01 6 

0.037 

0 . 029 
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OTC CK 

2 .6 5 3  1 .0 

1 .88 1 1 .0 

1 .293 1 .0 

2 . 1 7 7  1 .0 

3 .052 1 .0 

1 .765 1 .0 

1 .65 1 1 . 0 

1 .8 1 8 1 .0 

1 . 760 1 .0 

2. 1 28 1 .0 

1 .779 1 .0 

1 .520 1 .0 

1 .545 1 .0 

1 .669 1 .0 

1 .920 1 .0 

1 . 1 09 1 .0 

1 .80 1 1 .0 

6.41 3 1 .0 

5 .229 1 .0 

1 1 .0 1 .0 

6.981 1 .0 

4.3.3 Distinction of activities of acetate kinase and carbamate kinase 

lt has been reported that the enzyme acetate ki nase (AK) from Escherichia 

coli (Thorne and Jones ,  1 96 3 ;  Yashphe and Gorin i ,  1 965) and Serratia 

marcescens (Crane and Abdelal ,  1 980) can catalyse the reaction between 
ADP and carbamyl phosphate to produce ATP .  Since carbamate k inase 
(CK) activity was assayed in the present study by fol lowing the rate of ATP 

formation,  it is possible that some of the CK activity was due to AK present 
in the crude extracts. Therefore,  the re lative activit ies of CK (assayed as 
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described i n  Sect ion 3. 2 .7) and A K  (see Section 4 .2 .3 )  were determ i n ed i n  
crude extracts o f  seve ra l  d iffe rent wi ne LAB .  The resu lts a re shown i n  Table 
4.4. No  correlatio n was found between  the activities  of AK and CK i n  t he  six 
stra i n s  exami ned .  The stra i n  M BO had re lat ive ly h i gh  AK act iv i ty but n o  
detectable CK activity, i ndicati ng that AK i n  th is stra in  i s  u nable t o  catalyse 
the react ion betwee n  carbamyl phosphate and ADP. lt seems very u nl i ke ly 
t hat the specif icity of  CK wou ld  d iffe r substant ia l ly  betwee n  stra ins of  Le. 

oenos. Therefore , t he  resu lt with the MBO stra in  suggests that CK activit ies 
measured in extracts of Le. oenos and probably othe r  wine LAB are n ot due  
to  AK .  I n  any cas e , t h e  affi n i ty o f  A K  f ro m  oth e r  bacte ria l  s o u rces fo r  
carbamyl phosphate are low (Thorne and  Jones ,  1 963;  C rane and  ,Abdela l ,  
1 980 )  and,  t hus ,  i nterference due to AK in the CK assays in  the cu rre nt 
study i s  un l i kely to be s ign ificant. 

Table 4.4 A comparison of activities of carbamate ki nases and 
acetate k inases from wi ne LAB 

Stra ins  

Le. oenos 
ML34 
Er1  a 
PSU-1  
MBO 
OENO 

Lb. buchneri 
CUC-3 

Specific Activit iesa 

Carbamate Ki nase Acetate K inase 

0 .8  0 .5  
1 8 . 1  6 . 1  
0 . 2  1 .5 
0 1 3. 1  

1 8. 1  30. 1 

41 .5  4 .4  

aoata for CK were from Table 4. 2 ;  AK activit ies were measured i n  dup l icate 
usi ng the same ext ract as fo r measurements of CK activity. 

4.4 D iscussion 

T h i s  s u rvey has i nvest igated t h e  occu rrence o f  t h e  arg i n i n e  de i m i n ase 
pathway enzymes (AD I ,  OTC and CK) i n  a wide range of homoferme ntative 
and h eterofe rmentative wine  LAB . The resu lts showed large d iffere nces i n  
activities of the three enzymes among different g roups o f  wi ne LAB .  

The  ab i l i ty o f  Leuconostoc to hyd ro lyse arg i n i n e  h as been  a matt e r  o f  
controve rsy . I n  Berg ey's Manua l  o f  System atic Bacterio logy Vo l 2 ,  Garv ie 
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( 1 986 )  states t h at t h e  g e n u s  L euconostoc does  n ot hydro lyse a rg i n i ne .  
H owever, seve ral reports are avai lable showi ng t h e  deg radat ion o f  a rg i n i n e  
by  stra i ns  of  Le. oenos (Kuen sch et al. , 1 974 ; Wei l l e r  and Rad l e r, 1 97 6 ;  
Garv ie  and Farrow, 1 980 ; Liu ,  1 99 0 ;  P i  lone et al. , 1 99 1  ) ,  though t he re are 
stra i n s  u nab le  to hydro lyse arg i n i n e  such as M L34 (P i lo n e  and K u nkee ,  
1 972 ) .  The  hyd ro lys i s  of  a rg i n i n e  i s  u sua l ly d e mo n st rated  by  a m m o n i a  
product ion us ing Nessler's reagent (Garvie ,  1 967) . Th is  test, howeve r, h as 
b e e n  s hown to be i n s e n s i t ive ( P i l o n e  et al. , 1 99 1  ) ,  wh ich  may part i a l ly 
expla in the d iscrepancies i n  the reported abi l ity of leuconostocs to hydro lyse 
arg i n i ne .  The resu lts of  th i s  survey can exp lai n t hese d iscre pancies at t he  
e nzy m e  l eve l .  St ra i n s  capa b l e  of  hyd ro lys i n g  a rg i n i n e  and  p ro d u c i n g  
ammon ia  p resumab ly have the fu ncti ona l  complete enzyme system ,  o r  at 
least the fi rst enzyme,  AD I  (Figu re 2. 1 ). On the contrary,  stra ins i ncapab le  of 
arg i n i ne  hydro lysis at least lack AD I  and may also be deficient or defective i n  
OTC o r  C K  o r  both ,  s o  t hat no  ammo nia can be produced.  For i n stance,  
stra i n  M L34 i s  lack i ng AD I and OTC (Tab le  4 .2) , and i s  reported to  be 
i ncapable of producing ammon ia from arg in ine  (P i lone and Kunkee, 1 972) .  

l t  i s  not known whether arg i n i ne  catabol ism i n  wine  LAB i s  p lasmid-bo rn e  o r  
ch romosomal ly  encoded. Althoug h p lasm ids have been found i n  st rai n s  of 
Le. oenos (Janse et al. , 1 987 ; Ke l ly et al. , 1 993) , the metabol ic ro le o f  these 
plasmids is not known. Therefo re ,  the reason (s) for the lack of  AD I ,  OTC and 
CK in  some stra ins is not  clear. 

A rg i n i n e  hydro lys is  is  a co m m o n  c h a racte r ist ic  of  h et e rofe rm e n tat i ve  
lactob aci l l i  and is  t houg ht to  be an i mportant sou rce o f  e ne rgy fo r  t h e m  
(Kand le r and Weiss, 1 986) .  This common characteristic i s  supported b y  the 
w ide  occu rre nce of the arg i n i ne d e i m i nase pathway e nzymes and t h e i r  
re lative h igh  activit ies i n  t h e  heterofermentative lactobaci l l i  revealed i n  t h is 
survey (Table 4 .2) .  lt is i ncorrect , however, to assume that arg i n i ne  can be  
u sed as an ene rgy source based so le ly  o n  the  demonstrat ion of a rg i n i n e  
hyd ro lys is a n d  ammon ia  producti o n .  Th i s  i s  because some strai ns h av i ng  
o n ly the  f i rst e nzy me (AD I ) ,  o r  AD I  and OTC, o r  AD I  and CK,  can a l so  
hyd ro lyse arg i n i ne (see d iscuss ion  be low) .  I n  these cases ,  ene rgy (ATP) 
cannot be generated , since OTC and/o r CK, or both ,  i s  lacking .  Fu rthe r work 
was co nd ucted to dete rm i n e  i f  e n e rgy (ATP) cou l d  b e  p roduced f ro m  
arg i n i n e  degradat ion and coup led to bacteria l  g rowth .  The resu lts o f  t h i s  
work are presented i n  Chapter 6.  
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l t  s e e m s  that the h o m oferme ntat ive wi n e  l actobaci l l i  and ped iococci 
examined do not contain any of the arg in ine deiminase pathway enzymes 
under the present experi mental conditions and, thus, are un like ly to degrade 
arg in ine .  This m ay, i n  part, explain the inabi l ity of some homofermentative 
wine LAB to catabo lise argin ine reported previously ( Kuensch et al. , 1 974; 
L i u ,  1 99 0 ; Pi l o n e  et al. , 1 99 1  ) .  H owev e r , a rg i n i n e  deg radat i o n  by 
homofermentative LAB from other sources is wel l  known. Examples i nclude 
ped iococci f ro m fe rme nted sausag es  ( De i b e l  et al. , 1 96 1  a, b ) ,  a L b. 

plantarum fish isolate (Jo nsson et al. , 1 983) , dai ry lactococci (Crow and 
Thomas, 1 982) and strains of Pd. halophilus from soy sauce (Matsudo et al. , 

1 993). 

According to Sharp et al. ( 1 966) ,  g lucose concentration is i mportant in the 
production of ammonia from argin ine by lactobacil l i .  They state that with high 
g lucose concentrat ions (20 g/L) , on ly heterofermentative strains produce 
ammonia; but at lower concentrations, some homofermentative strains may 

also produce ammonia.  Although the T J BAG medium used in the current 
research contai ned a fi na l  concentration of on ly about 6 g/L g lucose, this 
medium is relatively rich in other nutrients which may affect the abil ity of the 
h o m o fe r m e n t at i v e  w i n e  LAB to d e g ra d e  a rg i n i n e .  Th e ab i l i t y  o f  
hom ofe rm entative wi ne  LAB to catabo l i se  arg i n i ne was s u bseq u e nt ly  
rei nvestigated as part of a study on  the effects of g l ucose o n  arg i n i ne  
metabolism .  The resu lts of this investigation are presented i n  Chapter 5 .  

Wine LAB examined can be  grouped into several phenotypes based o n  the 
occurrence of argin ine deiminase pathway enzymes. Most leuconostocs and 

the heterofermentative lactobaci l li fal l  i nto the phenotype AD I+OTc+cK+. Al l  
the homofe rme ntat ive lactobaci l l i  and pediococci tested belong to  the 

phe n otype  A D I - oTc-c K- . Th is  latt e r  phe n otype also i nc l udes  two 
leucon ostocs (strai ns  L 1 8 1 and MBO) .  The re are a lso other  poss i b le  
phen otypes such as  ADroTc+cK- (stra in MB3) ,  AD rOTc-cK+ (strai ns  

ML34 and PSU-1 )  and AD rOTc+cK+ (st rain ML30) .  l t  shou ld be  stressed 
that the enzyme activities in  these phenotypes are very low and, therefore , 
the i r  presence needs furthe r confi rmation.  Among the phenotypes found i n  
this study, o n ly the phenotype ADI+oTc+cK+ is theoretical ly capable of 

catabolising argin ine.  The remaining phenotypes cannot do so, because the 
key enzyme of the pathway, AD I ,  is lacki ng .  lt should be mentio ned that 
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argin ine transport was not assayed i n  this study and this wou ld also provide 
further phenotypes to be investigated. 

The three othe r possible phenotypes, Ao t+oTc-cK- , Ao t+oTc+cK- and 

A D I+OTc-c K+ ,  were not found  i n  th is  s u rvey .  These phenotypes a re 
pote ntia l l y  capable of degrad i ng  arg i n i n e  and p roduc i n g  c i t ru l l i ne ,  o r  
ornithine and carbamyl phosphate. Some o f  these phenotypes are reported 
to occur i n  other LAB. For example ,  Manca de Nadra et al. ( 1 982) found 
some lactobaci l l i  contai n ADI  but no OTC. The authors made no mention of 
the presence of CK  in  these LAB. Furthermore,  excretion of citrul l ine from 
arg in ine catabol ism by bacterial  strains  deficient o r  defective i n  OTC has 
been reported i n  Pseudomonas aeruginosa mutants (Haas et al., 1 979) and 
Ps. putida ATCC 4359 ( Kaki moto et al., 1 971 ; Yamamoto et al. , 1 974) . 

Mante l and Champomier ( 1 987) also reported excret ion of citru l l i ne  from 
argin ine catabolism by a Lactobacillus sake meat iso late contain ing ADI  and 
OTC, but they did not report on the presence of CK in this strai n.  

Citru l l i ne  and carbamyl phosphate are known p recu rsors of the ani mal 
carcinogen ethyl carbamate (u rethane) (Ough et al. , 1 988) . Therefore, the 
phenotypes Aot+oTc-cK-, ADI+oTc+cK- and ADI+oTc-cK+ are potential 
p roducers of citru l l i ne  and carbamyl  phosphate , if w ine  LAB of these 
phe notypes are se lected as starter cu lt u res fo r malo lactic fermentation  
(MLF) in  winemaking. Although these phenotypes were not found amongst 
the wine LAB used in this survey, their existence i n  nature cannot be ruled 
out. Clearly, these strains shou ld not be employed to i nduce MLF in wine, 

because of the potential to produce ethy l carbamate precursors .  However, 
evidence is avai lable that the phenotype ADJ+oTc+cK+ can also excrete 

some citru l l ine from arg in ine catabo l is m .  This has been demonstrated i n  
mutants o f  Streptococcus faecalis (Simon e t  al. , 1 982). Further experiments 

were conducted to ascertain whether strains of the phenotype 
ADI+OTc+cK+ from wine can excrete cit ru l l i ne from arg in i ne  catabolism 

and the results are presented in Chapter 5. 

Final ly, from a taxonomic point of view, the i nabil ity to hydrolyse argin ine can 

no longer be a criterion to disti nguish Leuconostoc from other LAB, since 

many strains of Leuconostoc oenos are indeed able to degrade argin ine and 
possess the argin ine deiminase pathway enzymes as discussed above. 



Chapter 5 

Arg in ine Catabol ism and Metabol ite Formation 
in  Selected Wine Lact ic Acid Bacteria -

5.1 Introduct ion 
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E nzyme stu d i es in  C h apte r  3 have co nf i rmed  t h e  p resence of a rg i n i n e  
de im inase pathway enzymes i n  selected hete rofermentative wine lact ic  acid 
bacteri a  ( LAB ) .  Resu lts of a s u rvey i n  Chapte r  4 have revealed t h e  wide 
occu rre nce  o f  t h e s e  e n zy m e s  i n  a l a rg e n u m b e r  o f  co m m e rc i al a n d  
laborato ry st ra ins  o f  w i n e  LAB .  H owever, t he re is  st i l l  a lack o f  metabol ic 
i nfo rmat i o n  on arg i n i n e  d e g radat i o n  and  m etabo l ite formati on  by these 
o rganisms. Although orn it h i ne  and ammon ia are expected to be  excreted as 
two of the e nd-products of  a rg i n i n e  catabo l i sm accord i ng to the  p athway 
(Section 2 . 1  ) ,  it is not known whether  citru l l i n e ,  one  of the i ntermediates i n  
t h e  pathway,  c a n  b e  e xcre ted .  A l so ,  t h e  re lat i o n s h i p  b etween  a rg i n i n e  
deg radation ,  sugar uti l i sation  and degradat ion o f  L-mal ic acid i s  not known .  
S u c h  i n fo rmat i o n  w i l l  b e  n ot o n l y o f  acad e m i c  i n t e res t ,  bu t  a l so  o f  
oeno logica l  i mportance. Th erefore , a t ime-course study was carried ou t  to  
i nvest igate arg i n i ne  catabo l ism and m etabol i te fo rmati on by  wi n e  LAB i n  
re lat ion to sugar uti l isat ion and L-mal ic acid degradation .  To avoid possib le  
i nterference i n  t he  analysis of  metabol ites from unknown components i n  t he  
complex med ium T J BAG (Section  3 .2 .2 ) ,  a chemically defined medi um was 
emp loyed in th is  study. 

5.2 Materials and Methods 

5.2.1 Lactic ac id bacterial  stra ins 

Members of  the genera Leuconostoc, Lactobacillus and Pediococcus were 
i ncluded i n  th is study. Homofermenters used were Lb. delbruekii CUC-1 and 
Pd. sp. CUC-4. Heterofermenters used were Le. oenos OENO,  Lb. buchneri 

CUC-3 and Lb. brevis 250. The orig inal sources of these strains are l i sted i n  
Table 4 . 1 .  

5.2.2 Medium composit ion and preparat ion 

The growth med ium employed i n  th is study was chemical ly defined and was 
based on that of Liu ( 1 990) with some modif ications .  Glucose was t he  so le  
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carbo hyd rate sou rce i n  m ost e x p e ri me nts , w h e reas both g l u c o s e  and  
fructose  we re t h e  carbo hyd rate s o u rces  i n  ot h e rs .  C o nce nt rat i o n s  o f  
g lucose ,  fructose and arg i n i ne  d iffered from the  orig i nal m ed ium ( Li u ,  1 990)  
and are indicated i n  Table 5 . 1  and Figures 5 . 1 -5. 8  of Section  5 .3  ( Resu lts) .  
O r n i t h i n e  a n d  c i t ru l l i n e ,  two i n t e rm e d i at e s  i n  t h e  arg i n i n e  d e i m i n ase  
pathway, were omitted from the orig ina l  medium to avoid i nterference i n  the 
a na lys i s  o f  t hese  two co m po u n d s .  L i kewi s e ,  a m mo n i a  sa lts w e re n ot 
i nco rporated  i nto t he  medi u m .  The co mposit i o n  of  t he  modif ied syn thet ic 
medi um is g iven in Table 5 . 1 . 

Stock so lu t i ons  of  1 0 -fo ld  co nce nt rate d  o rgan ic acids ,  bases,  v itami n s ,  
m i n e ra ls  ( K2 HP04 and  K H2 P04 om itted) a n d  a m i n o  acids (arg i n i n e  and 
cyste i n e  om itted) we re prepared and sto red frozen (- 1 3°C) u nt i l  requ i red. 
The  re m ai n i ng co m p o n e nts  we re add e d  w h e n  p re pari n g  t h e  s y n t h et ic  
medi um .  To  prepare the synthetic medi um , a l iquots of stock solut i ons  and 
othe r  components predisso lved in deion ised (D I )  water were mixed and the  
m ixtu re was adjusted to  near  the requ i red vo lume.  Ethano l  was somet imes 
added befo re adj usti ng t h e  v o l u m e  to p re pa re synthet ic wi ne  fo r s o m e  
expe ri m e nts .  The m ixtu re was t h e n  adj u sted to p H  3 .5  fo r t h e  h et e ro­
ferme nte rs or  pH 4 .6  fo r the homofermente rs whe n ethano l  was abse nt ,  o r  
pH 3 .8  when  ethano l  was p resent (synthet ic wi ne ) .  After  making up  to t he  
appropriate vo lu me ,  t he  medi u m  was steri l ised by  fi ltratio n  through  a 0 . 45 
J.Lm pore-size membrane f i lter (Micro Fi ltrat ion System ,  Dub l i n ,  Califo rn ia ) .  

5.2.3 Cultur ing procedu res and sampl ing  reg ime 

Wine LAB were fi rst cu ltu red at 30°C i n  the complex broths (pH 5 .5) ,  VJMRS 
or AJ M R S  (Sect io n  3 . 2 . 2 ) .  They were t h e n  subcu ltu red  ( ea 1 %  v/v )  i n  
synthet ic medi u m  and i ncubated (30°C) u nt i l  fu l l  g rowth .  This  cu lt u re was 
used to i nocu late ( ea 2% v/v) experi me ntal synthetic medium (250 ml) i n  
Du ran  bott les (fu l l ) .  These cu ltu res were t h e n  incu bated statically at 30°C.  
S ing le-bottl e fermentati ons were performed for each st rain .  Th rough out the  
fermentat io n ,  samples ( 1  0 ml)  were taken  at vari ous  ti mes fo r m easu re­
m e nt s  o f  c e l l  m as s  ( O D )  a n d  p H ,  fo l l owed  b y  s to rag e at - 1 3 ° C  fo r 
subsequent chemical  analysis. 

The synthetic wine fermentat ions i nocu lated with Le. oenos OENO and Lb. 

buehneri CUC-3 were part of a study on the formation  of ethyl carbamate i n  
re lat ion to arg in ine  catabo l ism.  The synthetic wi ne was essential ly t h e  same 



Table 5.1 Composit io n  of the synthetic medium 

Compounda mg/L 

Carbohydrates 
D-G iucoseb 1 000  o r  5000 
D-Fructoseb 2500 o r  5000 

Org an ic  acids 
L-Tartaric acid 3000 
L-mal ic acid 3000 

M inerals 
MgS04.7H20 200 
M nS04.4H20 50 
FeS04.7H20 50 
K2 HP04 2000 
KH2P04 2000 

Ami no acids 
L-Arg in i ne  5000 
L-Aian ine 75 
L-Aspartic acid 50 
L-Cyst ine 50 
L-G iutamic acid 200 
L-G iycine 20 
L-H istid ine 20 
L- lsoleucine 30 
L-Leuci ne  30  
L-Lys ine . HCI  40 
L-Meth ion ine 25 
L-Phenylalan ine 20 
L-Pro l i ne  1 00 
L-Serine  40 
L-Th reon ine  1 00 
L-Tryptophane 1 0  
L-Val ine 20 
L-Tyrosi ne 20 
L-Cysteine 500 

Compounda 

Vitamins 
Thiamine .H CI 
Riboflav in 
Pyridox ine .HCI 
Pantothen ic acid 

(calciu m  salt) 
N icotin ic acid  (free)  
d-B ioti n  
p-aminobenzoic acid 
Fol ic acid 
Cyanocobalamine  
(Vitami n  B 1 2) 
myo- l nosito l 

Bases 
Aden i ne .su lphate 
Guan ine .HC I  
Thymine 
Uraci l 
Cytos ine 
Xanth ine 

Others 
Tween  80 
Ethano lb (95%) 

mg/L 

1 .0 
1 .0 
1 .5 
5 .0  

2.0 
0 .05  
0 .05  
0 .05  
0 . 07  

20 

1 0  
1 0  
1 0  
1 0  
1 0  
5 

1 00 
84 ml 

aAI I  chemicals were of analytical g rade. 
bconcentrations of g lucose and fructose, and the presence or absence 

of fructose and ethanol  we re dependent on  the experimental design .  

5 5  
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a s  t h e  synthetic med ium ,  except that t h e  former conta ined ethano l ,  wh i le  the 
latter  d id  not (see Sect ion 5 .2 .2 ) .  Th is  study is  described in  deta i l  i n  Chapter 
7, but some of the resu lts from these fe rmentat ions are presented here .  

5.2.4 Analysis 

Methods  fo r t h e  d ete rm i n at i o n s  of  ce l l  m ass ( opt ica l  dens ity ,  O D ) ,  p H ,  
g lucose, fructose, a rg i n i ne ,  citru l l i ne ,  ammon ia,  u rea and L-mal ic acid have 
been descri bed in  Chapter  3 ( Sect ion  3 .2 .4 ) .  S i ng le determ i n ations  were 
normal ly made,  but dup licate determinat ions were somet imes made to check 
a n a lyt i ca l  rep roduc i b i l i ty .  As a ru l e ,  adequate ag reement was ach i eved 
between  dupl icate determ inat ions .  

5.3 Results 

5.3.1 G rowth and metabol ism of heterofermentative wine LAB in the  
a bsence of  fructose 

T h re e  stra i n s  of  wi n e  LA B ,  Le. o e n os O E N O ,  Lb. bre vis 250 a n d  Lb. 

buchneri CUC-3, were cu ltu red in the synthetic medium or  synthetic wi ne  to 
asse s s  g rowt h ,  meta b o l i s m  of a rg i n i n e ,  g l ucose a nd ma l i c  acid ,  a n d  
format i o n  o f  c i t ru l l i n e ,  o r n it h i n e  a n d  ammon ia .  A co nce ntratio n  o f  5 g/L 
g lucose was i n i t ia l ly used in t he  synthet ic med ium i noculated with st rai n 
OENO (Figure 5. 1 ) .  The concentrati on  of g lucose was reduced to 1 g/L for 
al l  st ra ins  in subsequent  experi ments with synthetic medium (Figu re s  5 .2-
5 .4 ) , i n  case g l uco se  i n h i b i ts ( represses )  a rg i n i n e  metabo l i s m .  I n  t h e  
synthetic wine  fermentat ion with strai n CUC-3 (Figure 5.5) ,  5g/L g lucose was 
e m p l o y e d  b e ca u s e  e a r l i e r  re s u l t s  ( F i g u re 5 . 1 )  i n d i cat e d  t h at t h i s  
conce ntrat ion  d id not i n h i b it arg i n i n e  metabo l ism. lt shou ld be made clear 
t h at t h e  s y nt h et i c  w i n e  f e rm e n t at i o n  w as a p re l i m i n a ry t ri a l  fo r t h e  
experiments described i n  Chapter 7. 

5.3.1 .1  Le. oenos OENO 

Fig u res 5 . 1  and 5.2 show the g rowth and metabo l ism of stra in OENO in the 
synthet ic med i u m  conta i n i ng  5 g/L and  1 g/L g lucose ,  respect ive ly .  Th i s  
st ra i n g rew rap i d ly aft e r  i n ocu l at i o n  at 5g/L g luco s e ,  b ut O D  (g rowt h )  
dec re ased i m med iate ly  u p o n  reac h i n g  a max i m u m  whe n arg i n i n e  was 
dep leted in  t he  med i um  (Fig u re 5 . 1 ) .  Th is  i ndicates the occu rrence of ce l l  
lysis ,  which was presumably the resu lt of e ne rgy dep leti on .  Surpris ing ly ,  a 
seco ndary g rowt h  was obse rved and  t h i s  m ay be att ri buted to nut ri e nts 
re l eased u pon  ce l l  lys is .  This stra i n respo nded q u ite d i ffe rent ly at 1 g/L 
g l ucose (F ig u re 5 . 2 ) . G rowth  was i n it i ated rapid ly after i nocu lati o n ,  but 
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fo l lowed by  a p lateau ,  resumption of g rowth and  another  p lateau.  As at 5 g/L 
g l ucose ,  ce l l  deat h  occu rre d  w h e n  arg i n i n e  was exhausted .  The  g rowth 
curve  is not d iaux ic ,  thoug h there is a resemb lance.  Th i s  is  becaus e  the 
secondary g rowth occu rred afte r a long p lateau when approximately 50% 
arg i n i ne  had bee n  used. 

The medium pH rose s ign ificantly during g rowth with i ncrements of about 1 .3 
un its at 5 g/L g lucose (Figu re 5 . 1 ) and 2.5 u n its at 1 g/L g lucose (Figu re 5 .2) . 
The increases i n  p H  (ea 0 .2  units) duri ng very early stages of g rowth were 
contri buted by the deg radat ion  of L-mal ic  acid ,  rather  than arg i n i ne ,  s ince 
arg i n i ne  had hard ly bee n  attacked at that time.  The major i ncreases in pH ,  
however, co rre lated wel l  with t he  re lease of ammon ia from the catabo l i sm o f  
arg in ine .  

Mal ic acid was total ly degraded during very early stages of  g rowth at  both 5 
g/L ( Fi gu re 5. 1 )  and 1 g/L (F igu re 5 .2) g lucose.  G lucose was metabo l ised 
concurrently with arg in i ne  uti l isation at 5 g/L g lucose (Figure 5 . 1  ) ,  suggest ing 
t h at g l ucose d oes  n ot i n h i b i t  ( re p ress )  a rg i n i n e  catabo l i sm . H oweve r ,  
g l ucose  was used up befo re arg i n i n e  at bot h g l ucose conce nt rat i o n s ,  
particu larly at 1 g/L g lucose. Arg in i ne  metabol ism and g rowth conti nued after 
t he  exhausti o n  of g l ucose ,  i nd icat i ng that arg i n i n e  was be i ng  u se d  as  a 
source of energy for ce l l  g rowth .  

The complete deg radatio n  of  arg in i ne  corresponded wel l  with the productio n  
of  ammo n ia, c itru l l i n e  a n d  o rn it h i ne  at both g lucose concentrati o ns .  The 
fo rmatio n of  ammon ia ,  citru l l i ne  and orn ith ine  from arg i n i ne  paral le led with 
each othe r  at 5 g/L g lucose (Figure 5 . 1  ) .  In co ntrast, at 1 g/L g lucose ,  the 
formatio n  of  the th ree metabo l ites from argin i ne  was i n  para l le l  on ly before 
280 hours and arg i n i ne  was converted to ammonia and citru l l i ne  o n ly ,  not 
o rn ith ine ,  after th is t ime (Figu re 5 .2) .  On ly a smal l  proport ion of a rg i n i ne  was 
converted to and excreted as citru l l i ne ,  approx imately 1 0% at 5 g/L g lucose 
and  1 6% at 1 g/L g l ucose .  U rea  was not fou nd i n  t h e  medi u m  at both 
g lu cose  leve ls ,  ana lysed us i ng  enzyme test kits supp l ied  by Boe h ri n g e r  
(Section 3 .2 .4) .  
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Fig. 5.1 Growt h  (30°C) and m etabol ism of Le. oenos OENO in a synthetic 
medi um contai n i ng  5 g/L each of g lucose and arg i n i ne. 



1.2,-----------------------;:::=F=r--r 6 

0.9 

5 

0 0 ::c (D 0.6 Cl c.. 
0 

OD 
4 

0.3 

h----------------------� 5 

"' 
t: 
:1... 1 0 

, 

_,.• 
,•' 

/
"'

/ Citrul l ine 

·"' 
,.,.·· 

./·/'' 
O rn ithine 

2 0 
Time (hours) 

4 

-
:E 

3 E ............ 
Q) c 

2 2 ...... 

{) 

1 

5 9  

Fig.  5.2 Growth  (30°C) and metabo l ism o f  Le. oenos OENO i n  a synthetic 
med ium contai n i ng 1 g/L g lucose and 5 g/L arg in i ne .  
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5.3.1 .2 Lb. brevis 250 and Lb. buchneri CUC-3 

Figu res 5 .3  and 5.4 show the g rowth and metabo l ism of the two lactobaci l l i  
i n  the med ium contai n i ng 1 g/L g lucose .  The  two lactobaci l l i  g rew rapid ly 
afte r i nocu lation ,  but OD (g rowth)  decl i ned sharply immediate ly after a rriv ing 
at a maxi m u m , especia l ly  with  strai n 250 ( Fig u res  5 .3 and 5 .4) .  The O D  
d ec rease  i nd icates  t h at ce l l  l ys is  occ u rre d .  Th e med i u m p H  a l s o  ros e  
s ign i ficantly during g rowth with i ncrements o f  1 .7 u nits (Figure 5 .3)  and  2 .0  
u n i ts  ( Fi g u re 5 . 4 ) .  The  i ncreases  i n  pH  were m ai n ly att ri butab l e  to  t he  
fo rmatio n and re lease of ammon ia from the  catabo l i sn  of  arg i n i ne  bu t  with 
l i t t l e co n t ri bu t i o n f ro m t h e  d e carb o xy l at i o n  of m a l i c  aci d ,  s i n c e  t h e  
deg radat ion of th is acid by both stra ins was very smal l  (Figu res 5 .3  and 5 .4) .  

G lucose and arg i n i ne  we re used up  s imu ltaneous ly by the two lactobaci l l i  
( F i g u re s  5.3 and 5 . 4 ) ,  aga i n suggest i ng  t h at g l ucose does n ot rep re ss 
arg i n i n e  m etabo l i sm .  Arg i n i n e  was comp lete ly catabo l ised correspo nd ing 
wit h t h e  fo rmat i o n  of  a m m o n i a , c i t ru l l i n e  and  o rn it h i n e .  Howe ve r, t h e  
e xc re t e d  c i t r u l l i n e  w a s  r e a ss i m i l at e d  a n d  recat a b o l i s e d  a ft e r t h e  
d isappearance of arg i n i ne :  strai n 250 recatabol ised citru l l i ne  by about 50% 
and stra in  CUC-3 v irtual ly recatabo l ised al l  the citru l l i ne .  This d id not occur 
with Le. oenos OENO (Figures 5 . 1  and 5 .2) .  As with strai n OENO,  u re a  was 
not found in the media i nocu lated with the lactobaci l l i .  

I n  both lactobaci l l i ,  the comp lete deg radat ion of  arg i n ine  co rresponded with 
t he  m ax ima l  fo rmation  of  citru l l i n e ,  not with the growth maximum.  Further  
g rowth occu rred i n  co rre lat ion  with t he  catabol ism of  citru l l i n e ,  sugge st ing 
that citru l l i ne  was bei ng used as a source of energy. 

Figu re 5 .5  shows the g rowth and metabo l ism of Lb. buchneri CUC-3 i n  the  
synthet ic wi ne  contai n i ng 5 g/L g lucose .  Arg i n i ne  was used u p  wh i le  t he re 
was l itt l e  metabo l i sm of g lucose ,  i nd icat i ng  the  p refere nt ia l  uti l i sat io n  of  
arg i n i ne .  Moreover, the degradat ion of arg i n i ne  was dramatic, correspond ing 
w i th  t h e  sha rp i ncre ases  in  O D ,  pH and the co nce nt rat i on  of  c i tru l l i n e .  
C it ru l l i n e  was re ut i l i sed  aft e r  t he  exhaust ion  o f  arg i n i n e ,  confi rm i n g  t he  
p rev ious  f i nd i ng  (F ig u re 5 .4 ) . Aft e r  t h e  dep let io n  of  argi n i n e ,  t h i s  stra i n  
e ntered the  stationary phase during which citru l l i ne  and  g lucose were s lowly 
eo-metabo l ised. However, ne i ther compounds were complete ly uti l ised even 
by the  end of  the expe riment. These resu lts are i n  contrast with those found 
in  the  synthetic medium conta in ing 1 g/L g lucose (Figure 5 .4) . 
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5.3.1 .3 Sto ich iometry of arg in ine catabol ism 

Accord i ng  to the arg i n i n e  de im i n ase  pathway (Secti o n  2 . 1  ) ,  o n e  m o le of  
a rg i n i n e  is  converted i nto one mole each of orn ith i ne ,  carbon d iox ide and 
ATP , a n d  two mo l e s  of a m m o n ia .  Carb o n  d i ox i de  a n d  ATP w e re not 
determined in  these experi ments because of techn ical comp lexity. Tab le  5 .2 
g ives the  stoich iometry of  a rg i n i ne  catabol i sm and m etabo l ite fo rmatio n  of  
the t h ree  h eterofe rme ntat ive LAB st ra ins .  The experimentally fou n d  mo lar  
ratios  of o rn i th i n e  to a rg i n i n e  ranged from 0 . 94  to 1 . 0 1 , very close to the 
expected ratio of  1 .0 .  The experi mental ly found mo lar rat ios of  am mon ia to 
arg i n i ne  ranged from 1 .82 to 2 . 0 1 , a lso approach ing close ly to the expected 
rat io of 2 . 0 .  Although the  d i ffe re nces between  some expe rimental ly found 
and expected molar rat ios were stat ist ical ly s ign i f icant ,  these d iffe rences 
were smal l  and probab ly arose from analytical e rrors .  The sto ich iometry of 
a rg i n i ne  catabo l ism and t he  presence of t he  arg i n i n e  de im i nase p athway 
e nzymes (Chapte rs 3 and 4) strong ly suggest that the arg i n i ne  deim i nase 
pathway is active i n  wi ne LAB .  

Table  5 . 2  Stoich iometry o f  arg in i ne  catabo l ism 

Molar Ratio 

Stra in  Ornith ine/ Arg in ine  

Expecteda Expe rimental b 

Le. oenos 
OENO 1 .0 

Lb. brevis 
250 1 .0 

Lb. buchneri 
CUC-3 1 .0 

Mean SD  n 

1 . 0 1  0 .07 4 

0 .99  0 .03 6 

0 .94*c 0 .02 3 

Am mon ia/Arg in ine 

Expecteda Experimentalb 

2 .0 

2 .0  

2 .0  

Mean S D  

*** 1 . 82 0 .05  

*** 1 . 9 1  0 . 0 1  

2 . 0 1  0 . 02  

aExpected ratios are based on  the pathway (Section 2 . 1 ) .  
bExperi mental ratios were obtai ned after correct ing fo r unused arg i n i ne ,  
and  excreted citru l l i ne .  

csign ificance was dete rmined using t-test ; * ,  p = 0 .05 ;  * * * ,  p = 0 .005. 

n 

1 0  

8 

1 0  



5.3.2 Growth and metabolism of heterofermentative wine LAB in the 
presence of g lucose and fructose 
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Fructose ,  along with g lucose,  i s  o n e  o f  the major  sugars present i n  wine. 
Therefo re , in some experi m e nts a m ixture of g lucose and fructose was 
su p p l i ed i n  th e m ed i u m .  F ig u re s  5 . 6  and  5 . 7  sh ow the g rowth a n d  
metabo l i sm of th ree heteroferme ntative win e  LAB i n  synthet ic  m ed ia  
contain ing g lucose and fructose. Good g rowth was obtained, especial ly by 

the lactobaci l l i .  A rg i n i n e ,  g lucose and fructose were metabol ised by a l l  
strains. Argin ine was total ly degraded after the disappearance of  g lucose i n  
the case of  strains OENO and CUC-3 (Figure 5.6) ,  but before the depletion 

of g lucose in the case of  strai n 250 ( Figu re 5.7) .  Close examinatio n  of 
Figures 5.6 and 5.7 revealed that argi ni ne degradation did not commence 
unti l fructose concentration  was low (< 1 g/L) , particu larly with Le. oenos 

OENO (Figu re 5 .6) .  This i nte resting sequential metabol ism of fructose and 
a rg i n i n e  and  the co n cu rrent  metab o l i s m  of g lucose and arg i n i n e  are 
discussed further  i n  Sect ion 5.4 .  Figure 5 .7 a lso shows the excretion and 
reuti l isation of citru l l i ne by Lb. brevis 250, confi rming the fi nding in  Figu re 5 .3 

for this strain. 

5.3.3 Growth and metabolism of homofermentative wine LAB 

Fig u re 5 . 8  shows the g rowth and metabo l i sm of the homofe rmentative 
Lactobacillus delbrueckii CUC-1 and Pediococcus sp. CUC-4 in synthetic 
media which contai ned a low concentration of g lucose ( 1  g/L) , but a high 
argin ine concentration (5 g/L) at an in itial pH 4.6.  This pH value was chosen 
to al low for some pH decrease , so that pH did not become low enough to 
i nhibit bacte ria l  g rowth if arg in i ne  was not catabol ised.  Th is is because 

lactobaci l l i  and pediococci are susceptible to i nhibition of g rowth at low pH 
(Wibowo et al. , 1 985 ; Li u ,  1 990) .  Both strai ns  g rew in this  medi u m ,  but 
ne ithe r  deg raded arg i n i ne .  G lucose and L-mal ic acid  we re com p l ete ly  
catabo l ised by both st rai ns betwe e n  the end  of log phase and early 

stationary phase. The pH i ncreased as a result of L-malic acid degradation ,  
but dec l i ned after the d isappearance of L-mal ic acid . This  pH fal l  was 
probably the result of further formation of acid by fermentation of g lucose.  
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5.4 Discussion 

T h e  t i me -cou rse study h as i nvest igated t h e  catabo l i sm of arg i n i n e  and  
m etabo l i te fo rm at i o n  i n  s e v e ra l  he te rofe rm e n tat ive wi n e  LAB st rai n s ,  
i nc l ud i ng  Le. oenos O E N O ,  Lb.  brevis 2 5 0  and  Lb. buchneri CUC-3 .  A s  
expected from the arg i n i ne  de im i nase pathway (Section  2 . 1 ) ,  ammon ia a n d  
o rn ith ine  were found i n  t h e  media as arg i n i ne was catabol ised (Figu re s  5 . 1 -
5 .4) . The production of o rn i th i ne and ammonia  fro m  catabo lism of a rg i ni ne 
has also been reported i n  other  wine LAB (Kuensch et al. , 1 974;  Wei l l e r  and 
Rad le r ,  1 976 ; Liu ,  1 990 ; Spo n ho lz ,  1 992 ) .  H oweve r, th is  p roducti o n  h as 
been attributed to the u rea cycle being active i n  wine  LAB (Kuensch et  al. ,  

1 97 4 ;  S pon h o lz e t  al. , 1 99 1 ; Spo n h o l z ,  1 99 1  ; 1 9 9 2 ) .  Accord i ng t o  t h i s  
concept ,  arg in ine  i s  fi rst conve rted to orn ith i ne  and u rea by arg i nase. U rea  is  
t h e n  sp l it by u rease to a m m o n ia and  carbon d iox ide .  The  u rea cyc l e  is  
shown i n  Figu re 5 .9 .  

The presence of  the u rea cycle i n  wine LAB has not been supported by val id 
ev idence such as demonstrat ion  of the p resence of arg inase and u re ase. 
The  f i nd i ngs  fro m  t h e  cu rre nt  research  p roject strong ly suggest t h at i n  
hete rofermentative wi ne  LAB ,  arg i n i ne  i s  catabol ised through  the arg i n i n e  
de im i nase pathway (t he arg i n i ne  di hydro lase  pathway) .  This suggest ion i s  
s u p p o rted by  d e m o n strat i on  o f  t he  p rese nce of t h e  arg i n i n e  de i m i n ase 
pathway enzymes (Sections 3 .3  and 4 .3) and the stoich iometric convers ion  
of arg i n i ne  to  ornith i ne  and  ammonia (Sectio n  5 .3. 1 .3) . Further  evidence to 
be presented i n  Sect ion 6 .3  suggests that arg i n ine catabo l ism yie lds e n e rgy 
(ATP) for ce l l  g rowth .  Th is  wou ld be consistent with the arg in ine  dei m i n ase 
pathway, but not with the u rea cycle .  

Arg i nase  has not bee n  reported to be p resent  i n  any LAB ,  accord ing  to a 
review by Cun i n  et al. ( 1 986 ) .  The presence or  absence of arg inase i n  wi ne 
LAB was not i nvest igated in  th i s  research .  However, u rea  was ana lysed 
us ing  e nzyme test kits and urea was n ot found  i n  the samples obtai n ed in  
the experiments descri bed in  th is  Chapter  (Sectio n  5 .3. 1 .2 ) ,  as we l l  as  i n  
other  samples (to be p resented i n  Sect ion 8 .3) ,  suggesti ng the absence of 
arg i n ase in wi ne  LAB .  Th is  ag rees with f i nd i ngs in othe r  microorgan isms 
possess ing the arg i n i n e  de i m i n ase pathway. For  example ,  arg inase i s  n ot 
fou nd i n  Mycoplasma sp. (Sch imke and Bari l e ,  1 963) and u rea is not formed 
from arg i n ine deg radation by a Lb. plantarum f ish iso late (Jonsson et al. , 
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1 983) .  The evidence a bove st rong ly suggests that the u rea  cycle does  not 
ex ist i n  wi n e  LAB .  Spon ho lz  ( 1 992)  reported t he  p roduct ion  of u re a  from 
arg i n i ne  by  some wine  LAB (strai ns of Lb. brevis and Lb. buchnen) ,  contrary 
to the  fi nd ings of the cu rrent studies.  H owever, t he  author did not descri be 
the materials and methods used i n  the determinat ion of u rea ·or, i n deed ,  of 
any  o f  t h e  m etabo l it e s  i nvest i gated i n  t h i s  study. Thus ,  it i s  not  c e rtai n 
whether  the reported "urea" was i ndeed u rea. From a stoichiometric poi nt of 
v i ew ,  t he  product ion  of  urea f ro m  arg i n i n e  is n ot l i ke ly ,  s i nce arg i n i n e  i s  
com p lete ly deg raded t h roug h t h e  arg i n i ne  de i m i n ase pathway and  t hus ,  
there is  no arg in i ne  avai lable t o  go through a u rea cycle .  On t he  othe r  h and,  
i f  arg i nase a lone  of the u rea cycle enzymes was p resent, there wou ld be  a 
stoich i omet ric convers i on  of arg i n i ne  to orn i th i ne ,  but u rea wou ld a lso be 
p resent in a 1 :1 sto ich i ometry u n less u rease was also present .  However, 
there is no  evidence o n  the presence of u rease i n  w ine LAB.  I n  the Sponho lz 
studY) t h e  reported " u rea" i s  present at very l ow leve ls  i n  re lat i on  to  the  
amount of arg in i ne  catabol ised, i nd icat ing that i t  may not be u rea. 

lt shou ld be st ressed that u rea, if present ,  wou ld i nterfere with the citru l l i ne  
analysis used i n  th i s  study, because diacetyl monoxi me,  o ne o f  the reage nts, 
reacts  with u rea to g ive  a co lo u red product (Arch i ba ld ,  1 944) .  H o wever, 
s i nce u rea was shown to be abse nt i n  the fermentations, th is i nterfe rence 
can be ru led out. 

The excretion  of small amounts of citru l l i ne (1 0 - 1 5% on a molar basis) f rom 
arg i n i ne  catabol ism (Figures 5 . 1 -5 .6)  was found ,  i n  additi on t o  the product ion 
o f  a m m o n i a  and  o rn i t h i n e .  K u e n sch  et al. ( 1 974)  a lso  noted a s l i g ht 
product ion of citru l l i ne  associated with arg i n i ne deg radat ion and attri b uted 
the p roduction  of cit ru l l i ne  to the transfo rmation  of o rnith i ne  i n  the u rea cycle .  
H owever, the t ime-course of citru l l i ne  product ion in the present study i s  n ot 
consistent with th is  pro posal .  I n  fact , the t ime-course of citru l l i ne  fo rmat ion 
co rre lated wel l  wit h t h at of arg i n i ne degradat ion and o rn it h i ne  p roduct ion 
(Figu res 5 . 1 -5 .6) .  Thi s  p rovides additi onal evidence agai nst the existence of 
t h e  u re a  cyc le  in w i n e  LAB . The p roduct i o n  of  c i t ru l l i n e  fro m a rg i n i n e  
catabo l i sm  has been  reported i n  ot h e r  m icroo rg a n i sms possess i n g  t he  
arg i n i ne  de iminase pathway , such as Streptococcus faecalis mutants (S imon  
e t  a / ,  1 9 8 2 ) ,  Lactobacillus s a k e  I N RA 300  fro m m e at ( M a nt e l  a n d  
C hampomier, 1 987) and Clostridium botulinum Okra B (Patte rson-Cu rt is and 
Johnson ,  1 992) . 
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The physio logy of  citru l l i ne  excret ion is not clear and on ly some specu lations  
can be made at th i s  stage .  I n  Lactococcus lactis subsp. lactis M L3 known to 
possess the arg in ine  de iminase pathway, arg in i ne  is t ransported i nto t he  ce l l  
v ia  an ant iport system i n  a 1 : 1  stoich iometry with o rn ith i ne  export (D riessen 
et al. , 1 987 ;  Poo lman et al. , 1 987) . Th is  process does not  requ i re m etabo lic 
energy. lt i s  l ike ly that th is  arg i n i ne-ornith ine antiport process funct ion s  i n  the 
transpo rt of a rg i n i ne  i nto the  ce l l  of  w ine  LAB .  l t  i s  poss ib le  that a rg i n i ne  
u ptake may a lso be coup l ed  to export of  c i tru l l i n e  v ia  t he  same an t iport 
system ,  but on ly to a smal l  extent. The excretion  of citru l l i ne  wou ld resu lt i n  
loss of  ATP,  s i nce the  excreted cit ru l l i n e  cou ld not be catabo l ised further  
a lon g  t he  AD I  pathway to p roduce ATP. Alternative ly ,  c itru l l i n e  excret io n  
may i nvolve a n  independent transport system. 

S o m e  of the excreted c i t ru l l i n e  can appare nt ly  be  recatabo l ised by t he  
lactobaci l l i  strains (Figu res 5 .3-5.6 ) ,  but not by t he  Le. oenos strai n ( Figu res 
5 . 1 and 5 .2) .  This suggests that citru l l i ne  can be transported back i nto ce l ls 
by lactobac i l l i ,  but not by the leuconostoc, wh ich raises the questio n  of  t he  
physio log ical d iffe re nce between  these o rgan isms.  Anothe r  questio n  to be 
posed is  why do the lactobaci l l i  excrete citru l l i n e ,  t hen  reass im i lat e  and 
recatabol ise i t? These questions remain to be answered. 

The t ime-cou rse study fou nd t hat g lucose and arg i n i n e  were metabo l ised 
concu rrently i n  hete rofe rmentative wine LAB (Figures  5. 1 -5 .7) .  Concom itant 
deg radat ion of g lucose and arg i n i ne  has also been reported i n  Str. faecalis 

ATCC 1 1 700  (S i m o n  et al. , 1 982 ) .  Concu rrent uti l isatio n  of g l ucose  and 
arg i n i n e  i nd icates t hat g lucose does not rep ress the synthesis of arg i n i n e  
de im i nase pathway enzymes. Lack o f  g lucose repression  has been  s hown 
w i t h  Lb. buch n e ri N C D O  1 1 0 ( M a n c a  d e  N ad ra et al. , 1 98 6 a )  a n d  
Mycoplasma ferm e n tans  P G 1 8  ( O i s o n  e t  al. , 1 9 9 3 ) .  C o nv e rs e l y ,  a 
s e q u e nt i a l  m e t a b o l i s m  o f  g l u c o s e  a n d  a rg i n i n e  i s  fo u n d i n  s o m e  
homofe rmentative LAB such as Lactococcus lactis H 1  (Crow and Thomas,  
1 982 )  and Lb.  plantarum fro m f i s h  (Jo nsso n ,  et  al. , 1 983 ) .  S eq u e nt i a l  
uti l i sat io n  o f  g lucose and  arg i n i n e  suggests that g lucose does rep ress the  
synthesis of the arg i n i ne  de im i nase pathway e nzymes.  Th is  repress ion  h as 
been demonstrated i n  Lb. leichmannii ATCC 4797 (Manca de Nadra et al. , 

1 986b) and Lb. sake I N  RA 300 (Mante l  and Champomier, 1 987) . 
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A lthough g lucose and arg in i ne  were found t o  b e  metabol ised concu rrent ly i n  
th i s  i nvest igati o n ,  when  a m i xture o f  g lucose , fructose a n d  arg i n i n e  was 
supp l i ed ,  t he  arg i n i n e  was n ot catabo l ised unti l t he  fructose l eve l  was low 
(<1 g/L) i n  the hete rofe rmentative wine LAB (Figu res  5 .6 and 5 .7 ) .  Th is  does 
not appear to h ave  been  reported i n  othe r  m icroorg an i sms .  Th is  f i n d i n g  
suggests t hat fructose rep resses t h e  synthes is  o f  t he  arg i n i n e  de im i n ase  
pathway enzymes. The mechanism o f  t he  repressio n  of arg i n i ne  catabo l ism 
by fructose is  not known . 

lt is known that the ATP pool  size is an important s ignal  i n  the regu latio n  of 
the arg i n i n e  de im i nase pathway i n  Pseudomonas aeruginosa PA0 1 , Str. 

faecalis ATCC 1 1 700 and othe r  bacte ria (Mercen ie r  et al. , 1 980 ;  S imon  et  

a/. , 1 982 ;  Cun i n  et  al. , 1 986) .  Repression of the AD I  pathway occu rs u nde r  
cond it i ons  wh ich p romote t he  energy status o f  t he  ce l l s ;  for i nstance , t he  
presence o f  a fe rmentable substrate or other energy sources o r  both ,  as we l l  
as ae rob i c  and  anae rob i c  resp i rati o n  (Cu n i n et  al. , 1 9 86 ) .  Conve rs e ly ,  
e ne rgy dep leti on  resu lts i n  i nduct ion of the pathway enzymes. Hence,  t h e  
sequential uti l isatio n  of fructose and arg in i ne i n  heterofermentative wi n e  LAB 
cou ld conceivably be due to the  generation  of addit ional ATP from fructose 
metabo l ism relative to that avai lable from g lucose fermentation .  

Acco rd i ng  to Kand ler  ( 1 983) , fructose can act as  a hydrogen acceptor for 
reoxidat ion  of NADH and NADPH by the reduct ion of fructose to m an n ito l  
du ri ng  h eterofe rmentatio n ,  and mann itol fo rmat ion  fro m  fructose h as been  
demonst rated i n  h eteroferm entative w i ne  LAB (P i  l o n e  e t  al. , 1 99 1  ) .  The  
acetyl phosphate formed from t he  phosphoketo lase react ion could t he refore 
be converted to ATP and acetate ,  rathe r than be i ng  reduced to eth a n o l .  
Consequently, a n  additional ATP i s  generated when fructose is  reduced. l t  i s  
perh aps t h i s  add it io nal ATP p e r  mole of substrate oxid ised that m ay h av e  
repressed arg in ine  catabol ism observed i n  th is study (Figu res 5 . 6  a n d  5 .7 ) .  
Further work wou ld be  requ i red to substantiate th is hypothesis .  Alternative ly ,  
t h e  d i ffe re nce  betwee n  t h e  f ructose  and g l ucose  effects on a rg i n i n e  
metabo l ism may be a consequence of differences i n  the mechanism o r  rate 
of transport of the two sugars. 

This study i nd icates that arg i n i ne  catabol ism does not seem to affect ma l ic  
ac id  d e g radati o n  o r  v ice ve rsa.  Comp lete ut i l i sat i o n  of  ma l ic  ac id was 
ach ieved with Le. oenos OENO, but not with the lactobaci l l i .  The i nco m plete 
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uti l i sati on  of  ma l i c  acid by t he  lactobaci l l i  may not n ecessari ly be due  to  
a rg i n i n e  catabo l i s m ,  s i nce  i nc o m p lete d e g radatio n  o f  ma l i c  acid by  t he  
l actobaci l l i  a lso occu rred i n  AJ MRS contai n i ng  0 . 5  g/L a rg i n i n e  ( Sect ion  
3 .2 .2 )  and i n  synthetic med ia contai n i ng on ly 0 . 1 7  g/L arg i n i ne  (unpub l ished 
data) .  I n  a wi n e  contai n i ng 4 g/L mal ic acid  and 1 .3 g/L arg i n i ne ,  Sponho lz 
( 1 992) found that malic acid was completely degraded by Lb. brevis 822,  but 
i ncomp letely by a stra in  of Lb. buchneri, whi le  arg i n i ne  was a lmost u sed up  
by  both st ra ins .  Th is ref lects st ra in  variat io n i n  the  abi l ity to  degrade malic 
acid ,  rather  than the i nf luence of arg in i ne  catabol ism. 

Act iv i t i e s  fo r a rg i n i n e  de i m i n ase pathway e n zym es  w e re n ot fo u nd i n  
h o mofe rme ntat ive  wi n e  LAB (Chapte r  4 ) .  The res u lts p rese nted i n  the  
p re s e nt chapte r co nf i rm t hat a rg i n i ne catabo l ism does n ot occu r i n  t he  
h o mofermenters cu ltu red i n  t he  synthetic medium contai n i ng low leve ls of 
g lucose ( 1  g/L) and h igh leve ls of arg in ine (5 g/L) (Figure 5.8) . This suggests 
t h at h o m oferme ntat ive wi n e  LAB are i n d e ed i n capab le  o f  cata b o l i s i n g  
arg i n i n e  i n  contrast t o  othe r  homofermenters (Crow a n d  Thomas ,  1 982 ;  
J o n s s o n  et  al. , 1 9 8 3 ;  M a n c a  de  N ad ra e t  al. , 1 9 8 6 b ;  M a n t e l a n d  
Champomier, 1 987) .  The reason for th is is u nclear. 

C o m p a r i s o n s  o f  c e l l  m as s  ( O D )  rev e a l  t h e  p o o re r  g ro w t h  o f  t h e  
h o mofe rm ente rs (F ig u re 5 . 8 )  compared to that of  t he  h ete roferme nte rs ,  
particu larly i n  the  case of the lactobaci l l i  (F igures 5.2-5 .4) , when cu lt u red  i n  
t h e  s y n t h e t i c  m ed i u m  co nta i n i n g 1 g/L g l ucose  and  5 g /L a rg i n i n e .  
Furthermore ,  g rowth and arg i n i ne  catabo l ism cont inued after the  exhaustion 
of g lucose with Le. oenos OENO (Figures 5. 1 and 5.2) .  With the lactobaci l l i ,  
g rowth also conti nued wh i le  citru l l i ne  was reuti l ised afte r t h e  exhau st io n  of 
g lucose and arg i n i ne  (Figu res 5 .3  and 5 .4) . These observations  sugge st that 
a rg i n i n e  and cit ru l l i n e  catabo l i sm may co ntri bute ene rgy for g rowth of  the 
heterofermenters .  A more thorough study, therefore , was carried out on the  
g rowth responses  and e n e rg et ics of  arg i n i ne and c itru l l i n e  catabo l i sm  in  
wine LAB and the  resu lts are presented i n  Chapter 6 .  

The f i nd i ngs  o f  t h i s  research  h ave important o e n o log ica l  i mp l icat i o ns .  
Ammo n ia  fo rmed from arg i n i n e  catabo l ism leads to a n  i ncrease i n  t h e  pH 
value  and the  exte nt of such a pH rise depends on  the  amount of arg i n ine  
p re s e nt i n  t he  m ed i u m .  The  e ffect of a m m o n i a  format ion  from arg i n i n e  
metabo l ism o n  pH i ncrease may b e  more s ignificant than t h e  contribut ion of 
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mal ic acid deg radat ion at h igh arg i n i ne  levels. l t  i s  possible t o  fi nd wines  with 
arg i n i ne over 2 g/L (Spo n h o lz ,  1 99 1 ) and g rape  j u i ce contai n i ng 1 0  g/L 
arg i n i ne (Eggenberger, 1 988) . The pH i ncreases can be cons iderab le  and 
cause wine spoi lage if the arg i n i ne  level is h igh .  

T h e  f i n d i n g  o f  c i t ru l l i n e  exc re t i o n  i n  t h i s s t u d y  i s  a l s o  o e n o l o g i ca l l y  
s ign ificant, s ince citru l l i ne is  a precu rsor o f  t he  carcinogen ic ethyl carbamate 
(Ough  et al. , 1 988) .  An experime nt on the formation  of ethyl carbamate and 
citru l l i n e  excret ion from arg in i ne  catabo l ism was subsequently conducted i n  
synthetic wine  and wi ne  i nocu lated with  heterofermentative wi ne  LAB. The 
resu lts of th is i nvestigat ion are presented i n  Chapter 7 .  

Carbamyl phosphate ,  another  i ntermediate of a rg i n i n e  catabo l i sm and a 
precursor of ethyl carbamate (Ough  et al. , 1 988) ,  was not determined i n  the 
t ime -co u rse  stu dy.  Th is i s  because carbamyl  p h o s p h ate is  c h e m i ca l l y  
u n s t a b l e  and  n o  re l i a b l e  r eady- t o - u s e  m et h o d  i s  ava i l a b l e  f o r  t h e  
dete rm i nati on  o f  t h is compound .  Carbamyl phosph ate i s  decomposed to 
p h o s ph ate , a m m o n i a  and  carb o n  d iox ide at pH leve ls fro m  2-4; and  to 
phosp hate and cyanate at pH leve ls from 6-8, t he  cyanate be i ng fu rther  
decomposed to  ammon ia  and carbon dioxide (Jones ,  1 962 ; A l i en  and Jones ,  
1 96 4 ) .  Carba m yl p h osp h ate  i s  co m m o n ly d e t e rm i n ed b y  d i ffe re n t i a l  
phosphate analysis usi ng t he  Fiske-SubbaRow method (Le lo i r  and Card i n i ,  
1 95 7 ) .  H oweve r, t h i s  me thod  i s  not app l i cab le  fo r t he  dete rm inat io n  of 
carbamyl phosphate excreted ( if any) i n  the synthetic medium,  s ince a h igh  
conce ntrat io n of  potassi u m  p h os p h ate (4 g/L) i s  p rese nt i n  the  med i um 
(Tab le 5 . 1 ) .  l t  remains to be  i nvest igated whether carbamyl p hosphate can 
be e xcreted . 



Chapter 6 

Energetics of Arg in ine and Citru l l ine  Catabol ism 
in Selected Wine Lact ic Acid Bacteria · 

6.1 I ntroduct io n  

7 6  

A rg i n i n e  degradat io n b y  m e a n s  o f  t h e  arg i n i ne  d e i m i n ase  pathway (see  
Sect ion  2 . 1 ) resu lts i n  the productio n  of ATP . Thus ,  arg i n i ne  is a potent ial 
sou rce o f  e n ergy if t h e  t h re e  e nzymes  o f  t he  p at h way a re fu n ct i o n al .  
Previous experiments (Chapte rs 3-5) have confi rmed that certai n wi n e  lactic 
acid bacte ria ( LAB )  catabo l i se  arg i n i ne t h rough  the de i m i nase pathway. 
H oweve r, i t  i s  st i l l  n ot known  whe th e r  t h e  ATP d e rived  fro m a rg i n i n e  
catabo l i sm i s  u sed by these  w ine  LAB to support g rowt h .  Th e res u lts  i n  
Chapte r 5 show some further  g rowth of Le. oenos OENO (Figu res 5 . 1  and 
5 .2 )  after  t he  d isappearance of g lucose , which is  corre lated with cont i n u i ng  
arg i n i ne  deg radation .  S im i larly, some further  g rowth  of  Lb. brevis 250  and 
Lb. buchneri C U C-3 ( Fig u re s  5 . 3  a nd 5 . 4 ) i s  co rre lated with c i t r u l l i n e  
reass imi lat ion and ut i l isation after the exhaustion of arg i ni ne and g lucose .  I n  
addit io n ,  t hese arg i n i n e-degrad i ng heterofe rme ntat ive w i n e  LAB g re w  t o  
h i g h e r  c e l l  y i e l d s  ( F i g u re s  5 . 2 - 5 . 4 ) t h a n  n o n - a rg i n i n e -d e g ra d i n g  
h o m ofe rmen tat ive stra i n s  (F ig u re 5 . 8 ) .  These resu lts suggest t h at ATP 
generated from the catabo l ism of arg i n i ne  and citru l l i ne  may be cou p led to 
g rowth  o f  t h e  h ete rofe rme ntat ive st ra i n s .  The re fo re ,  f u rt h e r  wo rk was  
conducted i n  an  attempt to  confi rm the  energy ro le o f  arg i n i ne  and  citru l l i ne  
catabo l i sm by study i ng t he  g rowth  respo nse and  m o la r  g rowt h  y i e l d  fo r 
se lected wine  LAB cu ltu res metabo l is ing arg in ine  and citru l l i ne .  

6.2 Materials and methods 

6.2.1 Lactic acid bacterial stra ins 

The fo l lowi ng heterofermentative wi ne LAB strai ns  were used: Leuconostoc 

oenos OENO,  Lactobacillus brevis 250 and Lactobacillus buchneri C U C-3. 
The orig ina l  source of these strains is given in Tab le 4. 1 .  

6.2.2 Media composition  and preparat ion 

A chem ical ly defi ned synthet ic medi u m  was emp loyed in  th i s  study .  The 
compos i t ion  and p reparat io n of  t he  n:ed ium are as  descr ibed i n  S ectio n  
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5 . 2 .  2 ,  e xc e pt t h at f r u ct o s e  a n d  e t h a n  o I w e  re o m i t t e d .  T h e i n i t i a l  
concentrations  of g lucose,  arg i n i ne  and citru l l i n e  and t h e  i n it ia l p H  o f  t he  
med ia  were dependent o n  t h e  experi m e nta l  d es ig n and  a re  i n di cate d  i n  
Sect ion 6 .2.3. 

6.2.3 Culturing procedures 

To test t he  g rowth  response to a rg i n i n e  at d ifferent i n it ial pH values ,  win e  
LAB st ra i n s ,  s u bcu lt u re d  i n  p H  5 . 5  VJ M R S  b roth  (Sectio n  3 . 2. 2 ) ,  were 
d irectly i nocu lated i nto the synthetic mediu m  conta in i ng g lucose (5 g/L) with 
or without arg in ine  (5 g/L) at pH 3.2, 3.5 and 5.5 .  

To dete rmi ne  the g rowth - l im it i ng  g l ucose conce ntration  and molar g rowth  
yie ld when  using g lucose as  the so le energy sou rce,  strai ns  were cu lt u red  i n  
the synthetic medium (pH 5 .5) contain i ng no  arg i n i ne ,  but with additio n s  of  0 -
4 0  mM o f  g lucose. The i n it ia l  pH value of t h e  synthet ic med i um was adjusted 
to pH 5 . 5. This h i gh  i n it ia l  pH value al lowed fo r some pH reduct i on  from 
g lucose catabol ism in the weakly buffered mediu m  before becoming too low 
and i n h ibiti ng g rowth .  Stra ins were f irst subcultured  in pH 5.5 VJM R S  b roth 
(Sect i o n  3 . 2 . 2 ) ,  fo l l owed by s u bcu lt u ri n g  i n  p H  3 . 5  syn thet ic  m e d i u m  
conta in ing g lucose (5 g/L) and arg in i ne  ( 5  g/L) ,  befo re be ing i nocu lated i nto 
the test media. 

The growth response to various concentrations of arg i n i ne  and citru l l i ne  was 
tested us ing  the  synthet ic med i u m  (pH 3 .5 )  contai n i ng 1 3 .3  mM g lu cose  
(g rowth - l im it i ng ,  see Sect ion  6 . 3 .2 )  and  various concentrations o f  a rg i n i ne  
(0-2 1 .8  mM)  or citru l l i ne  (0-20 .5  mM) .  The  i n it ia l  p H  value o f  t he  synthet ic 
med ium was adjusted to pH 3 .5 .  Th is low i n it ia l  pH value was chosen  to 
al low for some pH i ncrease from arg in ine catabo l ism in the weakly buffe red 
medium before becom ing too h ig h  and i n h ib it i ng g rowth .  Strai ns  were fi rst 
subcu ltu red i n  pH 5 .5  VJMRS broth (Sect ion 3 .2 .2 ) ,  fo l lowed by subcultu ri ng  
i n  a pH 3 .5  synthetic medium contai n ing g l ucose (5 g/L) and  arg i n i ne  (5 g/L) , 
be fore b e i n g  i nocu l at ed i nto t he  test med ia .  Th e res u lts o f  t h e  g ro wth  
response to  arg i n i ne and  c i t ru l l i n e  were used to  calcu late mo lar g rowth 
yie lds (Sect ion 6 .2 .5) . 

A l l  cu ltu res were incubated at 30°C i n  screw-capped test tubes contai n i ng 1 0  
ml med i u m .  S i ng le  ferme ntat ions were performed for the experi ments o n  
g rowt h re s p o n s e  to  arg i n i n e  at d i ffe re nt i n i t i a l  p H  va l ues  a n d  o n  t h e  
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de te rm i n at io n o f  g rowt h - l i m i ti ng  co nce ntrat i o n s  o f  g l ucos e . H o wever, 
t rip l icate fe rmentations were performed for the more critical experi me nts on  
t he  g rowth  response  to vari ou s  concentrat ions  of  a rg i n i ne  and  c i t ru l l i ne .  
I nocu lat ion  o f  med ia  was at about  1 %  (v/v) fo r subcu ltu res from V JMRS 
b ro th  and  2% fo r s ubcul tures fro m th e synthet ic  m e di u m .  O n ly  c u lt u res 
between  late log and early stat ionary phases were used as an  i nocu l u m  as 
judged vi sual ly from tu rbid ity changes.  The carry-over of g lucose, a rg i n i ne  
and  cit ru l l i ne  was neg l ig ib le ,  because these com pounds e ither  wou ld  h ave 
been  metabol i sed du ri ng  g rowth in the subcu ltu re mediu m  ( in the case of 
g lucose and arg in i ne )  or the concentrations were low at the t ime of transfer 
( i n  t h e  case of citru l l i ne ) .  G rowth  was mon ito red by opt ica l  d e ns i ty  (OD)  
read ings at 600 n m  from cu ltu re tubes fitt ing d i rectly i nto t he  cuvette h o lder 
o f  a Bausch and La mb  Spect ro n ic-20 Spectrophotometer. Cu lt u re s  w e re 
mixed by vortexing before taki ng OD readi ngs.  

6.2.4 Determination of cel lu lar  dry weight 

C e l l u la r  d ry we ig ht was dete rm i n ed by re lati n g  o ptical dens ity ( O D6oo) 
read i ngs  to standard ca l ibrat i on  cu rves of Le. oenos O E N O  o r  Lb. bre vis 

250.  A standard cu rve was not prepared for Lb. buehneri CUC-3,  s ince th is  
strai n was morpho log ically s imi lar to  stra in 250 and i t  was assumed t hat the 
standard curve of  stra in CUC-3 wou ld be s imi lar to that of  stra in  250.  Thus ,  
the d ry weight of  stra i n  CUC-3 was obtained fro m the standard cu rve of 
strai n 250.  

To p repare the standard cu rves ,  s ix separate cu ltu res of each st ra i n  we re 
g rown (30°C) i n  200  m l  of synthetic med ium (5 g/L each of g lucose  and 
arg i n i ne )  at pH 3 .5  i n  medical f lat bott les (fu l l ) .  A 1 75 m l  sample o f  e ach 
cu ltu re was vacuum-fi lte red t h rough  a pre-dri ed and pre-weighed  0 . 45 IJ.m 
pore -s ize membrane f i lter (Micro F i ltrat ion System ,  Dubl i n ,  Cal i forn ia ) .  The 
ce l ls  co l lected on the membranes were washed by pass ing two al iquots ( 1 75 
ml each)  of D l  water. The membrane was then d ried at 75°C i n  a vacuum 
oven to  a constant weig ht ( 1 33.5 ± 7 .3  !J.g/ml, n = 6 for strai n OENO ;  and 
1 82 . 3  ± 23 IJ.g/ml, n = 5 for  stra in  250 ) .  The rem ai n i ng 25 ml cu ltu re was 
d i luted (from no d i lution to 1 0-fo ld) with the same but u ni nocu lated synthetic 
medi um and OD at 600 nm determined. Regressio n  analyses were made for 
t he  p lots of di luted d ry weights against the correspondi ng OD read i ngs  for 
each cu lture .  The fo l lowi ng ave raged reg ression  equations  were foun d :  dry 
weig ht (IJ.g/ml) = 338 (± 1 2. 1 ) x OD - 6 .0  (± 0 .4) for Le. oenos OENO ,  and 
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dry weight (!J.g/ml) = 305 (± 20 .3) x OD - 1 1 . 1 (± 1 .5) for Lb. brevis 250. The 
R-squared values were above 99% for a l l  cultu res. The reg ression equations  
were used to  calcu late  t he  d ry weights from OD read i ngs  i n  subsequent 
experiments. 

6.2.5 Determinat ion of molar growth yields and YATP 

Molar g rowth y ie ld (Y m )  is defi ned as the ce l lu lar d ry weight (g rams) formed 
per mole of an e n e rgy  sou rce consu med (Stouthamer, 1 96 9 ;  G ottschalk ,  
1 986) .  In the p resent experiments, the ene rgy source was g lucose ,  a rg i n ine  
o r  citru l l i ne .  I n  p ract ice , Y m is  t he  s lope of t he  p lot o f  ce l lu lar d ry weights 
(!J.g/ml) aga inst t he  amou nts of t he  e n e rgy  source consu m ed (!J.mol/ml). 
Reg ression  analyses were made to obtai n the s lope ( regression coefficient) 
o f  t h e  p lots o f  d ry we ig hts v e rsus  t h e  a m o u nts  of  t h e  e n e rgy  so u rces  
consumed i n  the experiments described i n  Sect ion 6 .2 .3 .  Y ATP is the mo lar  
g rowth y ie ld ach ieved pe r mole of  ATP. Y ATP i s  calcu lated by d ivid i ng  Y m 
by the moles of ATP known to be generated pe r mole of the energy source 
on the  basis of the estab l i shed pathways of metabo l ism for the part icular 
strain .  

To dete rmine  Y m • samples were taken at t h e  po int of maximum g rowth .  For 
each sample , ce l lu lar d ry weight was calcu lated from OD readi ngs using the 
equations descri bed in Sectio n  6 .2 .4 .  The concentration  of argi n i ne ,  citru l l i ne  
and g lucose was dete rmined from which the amount of arg in i ne  and g lu cose 
m etabo l i s e d  was ca lcu l at e d .  Ass u m i n g  t h e  same  Y m (g luco s e )  i n  t h e  
presence o f  arg i n i ne  a s  that dete rm ined i n  its absence , t h e  contri butio n  of 
total ce l l  y i e ld d u e  to  g l ucose metabo l i sm  can be ca lcu lated (th i s  a lso 
assumes that Y m (g lucose) is the same at pH 5 .5 and p H  3 . 5) . 

6.2.6 Analysis 

Methods fo r the dete rmi nat ion  of g lucose,  arg in i ne ,  citru l l i ne  and pH have 
been described i n  Sect ion 3 .2 .4 .  

6.3 Results 

6.3.1 Growth in presence of argin ine at d ifferent in it ia l  pH values 

Figu re 6 . 1 shows the g rowth of Lb. brevis 250 , Lb. buchneri CUC-3 and Le. 

oenos OENO i n  the synthet ic medi u m  contai n i ng g l ucose (5 g/L) with o r  
without arg in ine  (5 g/L) at various i n it ial p H  values. None of the stra ins g rew 
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at pH 3 . 2  with o r  without arg i n i ne .  The i nh ib it ion  o f  g rowth o f  t h e  lact obaci l l i  
at th is pH was not u nexpected, s ince lactobaci l l i  are known to be sens it ive to 
low pH (Wibowo et al. , 1 985) . However, the i nh i bit ion of strai n OENO at th is 
pH was unexpected,  because leuco nostocs are general ly to lerant of low pH 
(Wibowo et al. , 1 985 ; Li u ,  1 990) .  A comb inat ion of  nutrient l im itatio n  in the 
synthetic mediu m  and low pH may be the reason for the i n h ibit ion .  

T h e  t h re e  s t ra i n s  re s p o nd e d  d i ffe ren t l y  at pH 3 . 5 .  G o o d  g ro wt h  was 
ach ieved by st rai n O E N O  in  the  medium with or  without a rg i n i ne ,  a lt h o ug h  
g rowth was better  i n  its presence.  T h e  lactobaci l l i  g rew on ly s l ig ht ly i n  the 
abse nce of arg i n i ne ,  but  the same st ra ins achieved excel l ent g rowt h  in  its 
p rese nce . The i n h i b i t i on  of  g rowth  of t he  lactobaci l l i  in t he  t he  m ed i u m  
without arg in ine  i s  probably due to the reduction i n  p H  due to acid format ion 
from g lucose .  Fu rt he rmore ,  the lactobac i l l i  deg raded malic acid poo rly as 
shown i n  Chapter  5 (Figu res 5 .3 and 5.4) and , h ence , mal ic acid deg radat ion 
wou ld not have effective ly  co u nteracted the  p H  decrease.  The e xc e l l e nt 
g rowth of the th ree stra ins i n  the presence of arg i n i ne clearly demonstrates 
the ben ef ic ia l  e ffects o f  a rg i n i n e  catabo l i s m .  T h e  beneficial e ffects are 
p ro bab ly larg e ly att ri butab le  to t h e  pH i ncre ases  from t h e  fo rmat i o n  of  
ammonia as demonstrated i n  Chapter 5 (Figures 5 . 1 -5.6) and energ y  (ATP) 
generation .  The beneficial effect of pH rise on g rowth is especial ly evident 
with the lactobaci l l i .  S i nce litt le g rowth was ach ieved by the lactobaci l l i  i n  t he  
absence of arg i n i n e ,  a comparison  o f  ce l l  y i e ld  (OD)  i s  not possib l e . Th is 
comparison ,  however ,  i s  possible with stra in OENO. Although the max imum 
ce l l  y i e ld with st ra i n  OENO i s  more than twice as h igh  i n  t he  presence of 
arg i n i ne as i n  its absence ,  t h i s  may wel l  be due  to an e n hanced g lu cose 
uti l isat ion as a resu lt of the i ncrease i n  pH due to ammonia productio n  from 
a rg i n i n e .  S i nce t h e  p H  a n d  re s i d u a l  g l u co s e  co nce n t rat i o n  w e re n ot 
determ ined i n  t he  experi ment ,  it i s  not poss ib le to ascertain the extent to 
which the production of ATP from arg in ine  also contributed to the i nc re ased 
g rowth y ie ld .  

A l l  strains g rew at pH 5 .5 with or  without arg in i ne ,  but the growth pattern  was 
d iffe rent for each  stra i n .  Strai n 250 i n it iated g rowth  about 20 h o u rs after  
i nocu lation i n  the presence of  arg i n i ne ,  but g rowth d id  not beg in  u nti l about 
250 h o u rs later  i n  i ts  abse nce . Thus ,  the p re s e n ce of a rg i n i n e  c l ear ly  
stimu lates growth i n it iation  with th is strain .  On the other  hand, strai n CUC-3 

i n it iated g rowth o n ly s l ig ht ly earl i e r  i n  the presence of argi n i ne  than i n  its 
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absence. However, neither  strai n ach ieved h igher  ce l l  y ie lds i n  t h e  p resen ce 
of arg in i ne .  On the contrary,  strain 250 actual ly achieved h ighe r  ce l l  y ie lds  i n  
the absence of arg in i ne .  This d iffe rence could aga in  b e  due to p H  changes 
duri ng  g rowth .  Si nce the i n itial pH was a l ready 5 .5, the re lease of ammon ia 
from arg i n i ne catabo l i sm m ay h ave raised the  p H  fu rther  to a valu e  t h at 
m ight have i n h ib ited the g rowth of the lactobaci l l i .  I n  contrast to the effect of  
arg i n i ne  o n  lactobaci l l i ,  the ti me of g rowth i n it iat ion of Le. oenos OENO was 
simi lar in the presence and absence of arg i n i ne ,  but the max imum ce l l  y ie ld 
with arg i n i ne was almost twice that without arg in i ne .  These f i nd ings raise the  
question  as  to why  stra in  OENO was not i n h ib ited by  the i ncreas ing h i gh  pH 
and  the lactobaci l l i stra ins 250 and  C UC-3 clearly were? 

6.3.2 Determination of growth-l imit ing g lucose concentrat ion and 
molar  g rowth yield of  g lucose-grown cu ltures 

The g rowth- l im it ing concentrat ion of g lucose was dete rmi ned for subsequent 
use i n  t he  study of g rowth i n  the presence of arg i n i n e  and citru l l i n e  (see 
Sect ion 6 .3 .3 ) ,  s ince a fe rm entable sugar is requ i red fo r the catabo l ism of 
arg in ine  in wine LAB strai ns (Liu ,  1 990) .  I n formation is not avai lable on the  
requ i rement o f  sugar for the catabol ism of citru l l i ne ,  but i t  was assumed that 
the p resence of a fermentable carbohydrate is also needed. 

Fig u re 6 . 2  shows the ce l l  y ie ld of  Lb. brevis 250 and Le. oenos OENO at 
various  g lucose co ncentrations .  Fo r st ra in  250, ce l l  y ie ld (dry weig ht) was 
p roport i o na l  to g l ucose concent rati o n  up to  at l east 20  m M. For st rai n 
O E N O ,  ce l l  y i e ld  i ncreased o n ly u p  to 1 6  m M  g l ucose .  The reg ress ion  
an alys i s fo r  t he  l i nea r  port i o n  of  t h e  p lot of  dry weig hts versus g l ucose  
concentrat ions  gave a s lope of 1 1 . 9 (R-squared value = 98.8%) for stra i n 
250 and  1 2 . 5  ( R-squared  va l ue  = 95%)  fo r strain OENO.  By def i n i t i o n ,  
Y g lucose is the equ ivalent of the s lope.  Therefore , it can be est imated that 
for both strains ,  approximately one mole of ATP was generated per  mo le  of 
g lucose fermented usi ng the accepted Y ATP value of 1 0.5 ± 2 (Gottscha lk, 
1 986) .  The l i near dependence of ce l l  yie ld on g lucose concentratio n  u p  to 
1 6-20 mM i nd icates t hat concentrati ons be low th is  wi l l  be g rowth- l im it i ng . 
Fo r conve n ience , a g rowth- l i m it i ng  concentrat ion of 1 3.3  m M  g lucose was 
used for al l st ra ins  in the study of g rowth in t he  presence of arg i n i ne  and 
c i t ru l l i n e  ( S e ct i o n  6 . 2 . 3 ) . T h i s  re l at i v e l y  h i g h ,  bu t  g ro wt h - l i m i t i n g  
concentrat ion of g lucose was chosen to ensure that a sufficie nt ce l l  y ie ld at 
each level of arg in ine  and citru l l i ne was ach ieved. 
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Fig.  6 .2 Cel l  y ie ld of Lb. brevis 250 and Le. oenos OENO i n  synthetic media 
contain i ng  g lucose at i ncreasing  concentrat ions ( i n itial pH 5.5 ,  30°C) .  
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6.3.3 Growth at  d ifferent concentrations of a rg in ine  and citru l l in e  

Figu re 6 .3  shows t h e  g rowth  o f  Lb. brevis 250 and Lb. buchneri C UC-3 at 
various  i ni t ia l  concentrat ions of arg i n i ne  at i n it ia l  p H  3 .5 .  As mentioned i n  
Sect ion 6 .2 .3 ,  th is low i n it ia l pH value was chosen t o  a l low for pH i ncreases 
due to ammonia formation  from argi n i ne ,  i nstead of the high i n it ia l pH 5.5 i n  
t he  absence of a rg i n i n e  (to a l low fo r p H  decreases  d u e  t o  acid formatio n  
from g lucose) .  l t  shou ld be poi nted out that t hese concentrat ions were the 
amo u nts o f  a rg i n i n e  add ed i n to  t h e  m e d i a ,  n ot n e cessar i l y  t h e  act u al 
amo u nts  consu med .  Th e m ax i m u m  ce l l  yi e l d  o f  strai ns  250 and C U C-3 
i ncreased with i ncreasing arg i n i ne  concentrat ions .  N either  strain g rew i n  t he  
abse nce of arg in i ne ,  conf irm i ng the prev ious observations  of g rowth at p H  
3.5 ( Figu re 6 . 1 ) .  Strai n 250 fai led t o  g row at 4 . 6  m M  arg i n ine ,  presumably 
d u e  to  p H  red u ct i o n  t h at res u lt ed  f ro m  ac id  fo rmat i o n  f ro m  g l u cose  
fermentation .  l t  is i nterest ing t o  note that t he  time lag to  reach t he  m ax im u m  
g rowth by b oth  st ra i n s  at 2 1 . 8  m M  arg i n i n e  was l o n g e r  t h an a t  l owe r 
concentrations ,  except at 1 2 . 3  m M  for stra in 250.  Data for strai n O E N O  are 
not shown here ,  s ince g rowth of th is  strain did not fo l low a consistent pattern 
with vary ing arg in ine  concentration .  

Figu re 6 .4  shows the  g rowth o f  Lb. buchneri CUC-3 and  Le. oenos OENO at 
various i n it ial citru l l i ne  concentrations  at pH 3 .5 .  The max imum ce l l  y ie ld of 
strain CUC-3 i ncreased with i ncreasi ng cit ru l li n e  concentrat ions. In contrast, 
t he  g rowth  y ie ld of st rai n O E N O  was not affected by i ncreas ing  c i t ru l l i n e  
concentrations .  The diffe rent response o f  these two strai ns to t he  additi on  o f  
citru l l i ne is  co ns iste nt with the  f i nd i ng re po rted i n  Ch apter 5 ,  t hat stra i n 
C U C-3  re as s i m i l at e s  t h e  e x c re ted  c i t ru l l i n e  at  t h e  l at e r  s tag e s  o f  
fermentation ,  whi le strai n OENO does not metabol ise the excreted citru l l i ne .  
As w i th  arg i n i ne ,  t he  h ig hest leve l  of added citru l l i ne  (20.5 m M) caused a 
s ign ificant de lay i n  the onset of the exponential g rowth phase i n  both strains  
C U C-3 and  O E N O .  Lb. brevis 250 fai led to g row at  any of t he  c i t ru l l i n e  
concentrat ions ,  even thoug h t h i s  strai n has b e e n  shown t o  b e  capable of 
metabo l isi ng the excreted cit ru l l i ne  (F igures 5.3 and 5 .6 ) .  The reason for t he  
fai lure o f  strai n 250 to  g row is  not clear. 
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F ig .  6 .3  G rowt h  (30°C )  of  Lb. bre vis 250 and  Lb. buchneri C UC-3 in 
synthetic media conta in ing  g lucose at 1 3.3  mM and at various 
concentrat ions of  arg i n i ne  ( i n i tial pH 3 .5 )  
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6.3.4 Molar growth yields of arginine and citru l l ine 

C e l l u l a r  d ry we i g ht at  m a x i m u m  g rowth  fo r e ach  l eve l o f  a rg i n i n e  a n d  
citru l l i ne  was calcu lated from O D  readings usi ng the equations  described i n  
Sect ion 6 .2 .4 .  The re lationsh ip  between  dry weig hts o f  strain s  250,  C UC-3 
and OENO and argi ni ne  consumption  was fou nd after correcti ng for u nu sed 
arg i n i n e ,  e xcreted citru l l i n e  and the contri but ion  to ce l l  y i e ld from l i m ited  
g lucose consumption (see be low). Figu re 6 .5  shows that th is  re lati onsh ip  i s  
l i n e a r , c o n f i rm i ng t h at e n e rg y  (ATP)  was  i n de e d  p ro d u ce d  f ro m t he  
catabo l ism o f  arg i n i ne ,  and  that th is energy was coupled to  ce l l  b iosynthes is .  

The re lat i onsh ip  between  d ry weig hts and cit ru l l i n e  consu mptio n  i n  stra in  
CUC-3 was found after co rrecti ng for unused citru l l i ne and the  contri buti on  to  
ce l l  y ie ld from l im ited g lucose consumption  (see be low) . F ig u re 6 .6  s hows 
t h at t h i s  re la t io n s h i p  was a l so  l i n ea r , d e m o n strat i n g  t h at e n e rg y  was 
gene rated from the  catabo l i sm of citru l l i n e ,  and t hat th is energy was a lso 
coup led to bacterial g rowth .  

I n  these experime nts i t  was found that g lucose uti l isati on (data not s hown) 
was related to the amount of arg in i ne and citru l l i ne consumed.  That is ,  the 
more arg i n i ne or citru l l i n e  was consu med ,  t he  more g lucose was uti l ised.  
This is presumab ly due to the i ncrease i n  pH from the re lease of am mon ia  
as a res u l t o f  c o n s u m pt i o n  o f  t h e  two a m i n o  ac i d s .  T h e re fo re ,  t h e  
contributio n  to ce l l  y ie ld from g lucose needed to be subtracted from the total 
d ry we ig hts , i n  o rd e r  to o btai n t he  t ru e  d ry we ig hts resu l t i ng  fro m t h e  
metabo l ism of arg i n i ne  o r  citru l l i ne on ly .  [ lt shou ld be emphas ised that the 
g lucose concentration ( 1 3 .3 mM) used was growth- l im iting (Figu re 6 .2) ] .  The 
d ry we ig ht fro m g l ucose co ntri but i o n  was calcu lated by m u lt ip ly i ng  t h e  
amount o f  g lucose consumed ()lmol/ml) by t h e  molar g rowth y ie ld (g/mo le  = 

)lg/)lmo le) of g lucose (Y g lucose) .  The experimental Y g lucose values of  1 1 .9 
and 1 2. 5  were used fo r stra ins  250 and OENO, respectively. S i nce Y g l ucose 
value for strai n CUC-3 was not obtai ned experimental ly, a value of 1 0 . 5  was 
used ,  assum ing  that one mo le of ATP was p roduced per mo le of g lucose 
fermented by th is  strain .  
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Fig. 6.5 Cel l  y ie ld from arg i n i ne  consumpt ion i n  Lb. brevis 250 , Lb. buchneri 
CUC-3 and Le. oenos OENO. 
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Tab l e  6 . 1  shows t h e  mo la r  g rowth  y ie lds  of  a rg i n i n e  (Y  arg ) and c i t ru l l i ne  
(Y cit) w i th  o r  without co rrect ions  fo r g lucose consumptio n  for comparison.  
Y arg and Y c i t  must equal  Y ATP , s ince one mo le of ATP is  gene rated per  
mo le  of arg i n i ne  catabo l ised by means of  the arg i n i n e  de im i nase p athway 
(Sectio n  2 . 1  ) . The Y arg val u e  of strai n 250 with ( 1 1 .  7) o r  wit hout ( 1 3 . 6 )  
co rrect i n g  fo r g l u co s e  c o n t r i bu t i o n  i s  re a s o n ab ly co n s i ste nt w i t h  t h e  
accepted value o f  1 0 .5  ± 2 ,  since g lucose was essent ial ly used u p  at  each 
arg i n i ne  concentrat ion .  I n deed,  t he  d iscrepancy betwee n  the  corrected  and 
u nco rrected Y arg va lues  was expe ri m e nta l ly  i n s i g n if icant .  The c o r rected 
Y arg v a l u e  ( 1 4 . 4) of  stra i n  C UC-3 i s  in reasonab le  ag re e m e nt wi th t he  
accepted  va l ue  of  1 0 . 5  + 2 ,  and  ana lyt ica l  e rro rs may  acco u nt f o r  t he  
d i ffe rence .  However, t h e  u ncorrected Y arg va lue ( 1 8 . 6 )  of th is stra i n was 
much h igher  than the  corrected valu e .  This d iscrepancy can be accou nted 
for  by t h e  variat io n  in g l ucose uti l i satio n  at each leve l of a rg i n i n e  t ested.  
More g lucose was ut i l ised when more arg i n i ne  was consumed by th is stra i n .  
I n  contrast, t he  co rrected Y arg value (4 .4)  o f  stra in  OENO was sign if icantly 
lower than that of stra ins 250 and CUC-3 and the accepted value of  1 0.5  ± 
2 .  The u ncorrected Y arg va lue ( 1 1 .7 ) , however, was more than twice the 
co r rect e d  v a l u e ,  a n d  t h i s c o u l d  be d u e  t o  t h e  v a ri at i o n  i n  g l ucose  
consumption at each level o f  arg i n i ne  tested ,  as  with strain C UC-3. 

Table 6.1 Molar g rowth y ie lds of arg i n i ne  and citru l l i ne  with o r  
without correcti ng cel l  y ie ld from g lucose consumptio n  

Yarg Ycit 

Strain Correcteda R2 Uncorrected R2 Corrected R2 Uncorrecte d  R2 

Lb. brevis 
250 1 1 .7 

Lb. buchneri 
C UC-3 1 4. 4  

Le. oenos 
OENO 4.4 

99% 1 3.6  

99% 1 8 . 6  

9 4 %  1 1 .7 

aMethod of correct ion is described i n  text. 
bNG , no growth .  

98% 

99% 

82% 

4.5 96% 1 2.2  93% 

cNA, not appl icable ,  as citru l l i ne can not be catabol ised. 
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I n  t he  case o f  t he  cu lt u res  wi th  added c i t ru l l i n e ,  o n ly with Lb. buchneri 

CUC-3 was the growth yie ld re lated to citru l l i ne  concentrat ions (Figu re s  6 .4  

and 6 . 6 ) .  The refo re , t h e  mo la r  g rowth y i e l d  o f  citru l l i ne was calcu lated for 
th is  strai n o n ly (Table 6 . 1 ) .  Both the corrected and u nco rrected V cit va lues  of 
stra in CUC-3 were marked ly lower than the co rresponding Y arg values .  Th is 
is  n ot expected ,  and the reason (s)  for  th is  i s  not known . The u ncorrected 
Y cit va lue  was m uch  h ig h er than  t he  corrected va lue ,  p resumably d u e  to 
variat ions in g lucose ut i l isat ion at each level of  citru l l i ne  tested as ment io n ed 
above .  

6 .4  Discussion 

This study has co nfi rmed that the heterofermentative wi n e  LAB can i n deed 
ut i l i se  the  e n e rgy de rived from argi n i n e  metabo l i sm fo r ce l l  b iosyn thes is .  
This trait may be important i n  the se lect ion of  starter cu ltures for conduct ing 
malo lactic fermentat io n in  wi ne .  The i nvest igatio n  a lso has found t h at Lb. 

buch n eri C U C- 3  can  u s e  t h e  e n e rgy  d e ri ved  f ro m  t h e  d e g radat i o n  o f  
citru l l i ne  fo r  g rowth.  Th is fi nd ing imp l ies that the  excretio n  of citru l l i n e  from 
the catabol ism of arg i n i ne  by leuconostocs (Chapters 5 and 7) may p rovide 
an e xt ra sou rce of e n e rgy fo r lactobaci l l i  ab le to uti l ise th is ami no acid ,  i n  
additi o n  to t he  smal l  amounts o f  cit ru l l i ne  present i n  g rape ju ice. Thi s  i s  of 
oeno logical i nte rest as it may contribute to a secondary g rowth of  pote nt ial 
spoi lage microorganisms such as lactobaci l l i .  

Arg i n i ne  appeared to sti mu late the i n it iatio n of  growth of  the lactobaci l l i ,  but 
not Le. oenos OENO at i n it ia l values of pH 3.5 and 5.5 ,  especial ly at pH 3.5 

( F i g u re 6 . 1  ) .  Th is st i m u l at i o n  may be  att r i butab l e  to  t h e  ab i l i ty of t h e  
lactobaci l l i  to derive e n e rgy fo r growth from the catabol ism of arg i n i n e ,  as 
we l l  as  to t he  i ncreases  i n  pH due  to t he  rel ease of ammon ia .  l t  is n ot 
known ,  h owever ,  why t h e  i n i t i ati o n  of  g rowth of  st ra i n  O E N O  was n ot 
stimu lated by arg in i ne .  

The s ig n if icant i nflue nce of the  fo rmat ion o f  ammon ia  from arg in i ne  on  t he  
i ncrease i n  p H  (Fig u res  5 . 1 -5 . 6 )  has  been demonst rated previous ly .  Th is  
i ncrease i n  pH was conducive to g lucose consumpt ion and, thereby, part ia l ly 
contri buti ng to h igher  ce l l  y ie lds. The i ncrease in  pH aris ing  from amm o n ia 
re leased m ay also p rotect t he  lactobac i l l i  agai nst the  lethal effects of  acid 
product ion from g lucose fermentation .  This is suggested by the su rvival and  
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subsequent exce l lent  g rowth of  the lactobaci l l i  i n  the presence of arg i n i n e ,  
and t he  i n h i b i t ion of  t hese st ra ins  i n  t he  absence of a rg in i ne  at the  same 
i n it ia l  pH .  Th is ,  of  course ,  i ncreases the potentia l  for spoi lage of wi ne .  The 
ro l e  of t he  arg i n i n e  d e i m i n ase  system i n  reduci ng  t he  damag i ng effect of  
acid e nvi ronments has a lso been reported i n  Str. lactis ML3 · (Thomas and 
Batt, 1 969)  and ora l  streptococci (Marqu is  et al. , 1 987;  Casiano-Col6n and 
Marqu is ,  1 988) . 

The time  requ i red to reach max imum g rowth by Lb. buchneri CUC-3 and Le. 

oenos OENO was longe r  when h igh conce ntratio ns of arg i n i ne  and citru l l i ne 
were used (Figu res 6 .3  and 6 .4) . This de lay i nd icates a potent ial i nh ib i t ion of 
g rowth by h igh arg i n i ne  and citru l l ine concentrat ions.  The i nh ibit ion of g rowth 
by h ig h  concentrations  of arg i n i ne  ( 1 % or above) has been reported in Lb. 

buchneri NCDO 1 1 0  (Manca de Nadra et al. , 1 981  ), but th is is the fi rst report 
of i n h i b it i o n  by citru l l i n e .  The de lay was st i l l  observed with st rai n  O E N O, 
even thoug h th is st ra in  does n ot catabo l ise citru l l i ne  (Figure 6 .4 ) .  Possib ly 
the u ptake of g lucose is  i n h ib i ted by h ig h concentrati o n s  o f  c i tru l l i n e  o r  
citru l l i ne  at h igh concentrat ions may be toxic i n  other  ways to th is strai n ?  

The m o lar g rowth y i e ld o f  arg i n i n e  ( Y  arg ) h as been  determ i ned i n  ot h e r  
bacteri a  that catabo l ise  arg i n i n e  by t h e  de im i nase pathway, but the re are 
large variat ions in t he  reported values .  Bauchop and E lsden ( 1 960) fou nd 
values of 1 0  and 1 0 .5 i n  Streptococcus faecalis NCTC 6783, and a val u e  of 
8 .6  was fou nd by Jonsson et al. ( 1 983) in Lactobacillus plantarum fro m  fis h .  
Others report h i g h  values o f  1 7. 0  i n  Str. faecalis N CTC 6783 (Moustafa and 
C o l l i n s ,  1 9 6 8 ) ,  a n d  1 7 . 8  i n  Str. !a ctis ( C ro w  a n d  T h o m as ,  1 9 8 2 ) .  

M e t h o d o log i ca l  d i ffe re nces  m ay e x p la i n t h e  d i screpances .  Howev e r, 
comparisons show that the h igher  values of 1 7.0 and 1 7. 8  are very c lose to 
the u ncorrected value of 1 8 . 6  in strai n CUC-3 (Table 6 . 1  ) . Th is may i ndicate 
t hat ut i l i sati o n  of  ot h e r  e n e rgy  sou rce (s )  i nc l ud i ng  g lucose m ight h ave 
cont r ibuted  to the h i g h  v a l u e s ,  s i nce u ndef i n e d  med ia  we re used  a n d  
correct ions for these contributions  were not ment ioned by these researche rs .  

This study found low Y arg (4.4) for strai n OENO and low Y cit (4.5) for strai n  
CUC-3 compared with t h e  expected 1 0 . 5  ± 2.  This suggests that there was 
l ow effect ive coup l i ng  between the ene rgy-yi e ld ing  catabo l ism of arg i n i ne 
and citru l l i n e  and t he  e n e rgy-co nsum ing  anabo l ism i n  these stra ins .  Th is 
may be due to e n e rgy u ncoup l i ng which occu rs under  condit ions such as 
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nutrient l imitations (Stouthamer, 1 969;  Forrest and Walker, 1 97 1  ) .  Some of 
the ATP generated cou ld also be hydro lysed by ATPase (Senez, 1 962) or 
used for mai ntenance (Forrest and Walker, 1 971  ) .  The low Y arg for strai n 
OENO agrees with and explains the poorer g rowth of this strain (Figu re 5.2) ,  
compared with strains 250 and CUC-3 (Figures 5.3 and 5.4) u nder the same 
conditions.  This again indicates the spoi lage potential of lactobaci l l i  able to 
degrade argin ine .  

This was the fi rst attempt to determine  Y arg and Y cit for wine LAB strains 
using batch cu ltures. The determinations were,  however, complicated by pH 
changes ( i ncreases) which i nf luenced g lucose uti l isat io n .  Th is cou ld be 
avoided by carrying out the experiments at control led pH values. Continuous 
cu lture also should be employed to determine Y arg and Y cit to confirm the 
resu lts  obtai ned f ro m  batch cu ltu res i n  the curre nt research . F u rthe r  
i nvest igat ions of Y arg and Y cit  shou ld a lso take i nto consideration the 

contribution of malic acid degradation (malolactic fermentation ,  MLF) to ce l l  
yields, as MLF has been shown to fo rm energy through the chemiosmotic 
mechan ism (Cox and H e ni ck-K i i ng ,  1 989;  1 990 ;  Poo lman  et al. , 1 99 1 ; 
Loubiere et al. , 1 992). Perhaps malic acid shou ld be absent. 
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changes. For Le. oenos ML34, on ly samples before and afte r g rowth were 
taken .  Samples fo r ethyl carbamate analysis were stored at -70°C. These 
samples were fi ltered through 0 .45 11m pore-size membrane fi lters before 
despatch for analysis by an outside analytical service . 

7.2.4 Growth measurement and analyses 

Methods fo r the determ i n at ion  of arg i n i n e ,  citru l l i ne ,  L-mal ic  acid ,  and 
measurement of pH and g rowth (as optical density) have been described i n  
Section 3 .2 .4. 

The analysis of ethyl carbamate was carried out by ETS Laboratories, St. 
Helena, California. The method used was that of Canas et al. ( 1 993) using 
gas chromatog raphy with mass se lective detection .  The relative standard 
deviations for repeatabi l ity were reported to be 3.7 to 7% for table wi nes. 
Samples were analysed before and after heati ng (71 °C/48 hou rs ) .  Heat 

treatment is a standard procedure i n  the analysis of alcoholic beverages to 
rapidly convert s low ethanol-reacting precursors to ethyl carbamate (Ough et 

al. , 1 988 ; Teg mo-Larsson and Hen ick-K ii n g ,  1 990a) . This ethano lysis i n  

wine has recently been shown to  occur also du ring prolonged storage at low 
to normal wi ne storage temperatu res (Tegmo-Larsson and Spittler, 1 990;  
Stevens and Ough, 1 993). S ing le determinations of  the samples were made 
un less noted otherwise. 

7.3 Results 

7.3.1 Growth, L-malic acid degradation and pH changes 

Two strai ns  of wine LAB ,  Lb. buehneri CUC-3 and Le. oenos OENO were 
cu lt u red i n  the synthetic wi ne  and w ine .  Good g rowth was ach i eved, 
particularly by strain CUC-3, i n  both synthetic wine and wine (Figures 7. 1 A-

7.4A) .  L-malic acid was completely degraded by strain OENO duri ng early 

stag es of g rowth (F ig u res 7 . 1 B and 7 . 2 8 ) ,  whi l e  it was o n ly parti a l ly 
degraded by strain CUC-3 by the end of fermentation i n  both media (Figures 

7 .38  and 7 .48) . The p H  of both the synthetic wi ne and wine i ncreased 
s ign if icant ly afte r g rowth of both org an isms  ( Fi g u res 7 . 1  A-7.4A) . The 
synthetic wi ne pH i ncreased by about 1 .5 u n its, and the wine pH rose by 
approximately 0 .6  unit. This large increase in pH was the result of ammonia 

fo rmation f ro m  arg in ine catabol ism as demonstrated in Chapter 5 (Figures 
5. 1 -5.4 and 5.6) with some contribution from malic acid degradation .  
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7.3.2 Arg in ine catabol ism and citru l l ine product ion 

Arg i n i n e  was com p l ete ly  catabo l i sed  by both  Le. o enos OENO and  Lb. 

buehn eri C U C- 3  i n  t h e  s y n t h et i c  wi n e  a n d  wi n e  ( Fi gu re s  7 . 1 8 - 7. 4 8 ) .  

Citru l l i n e  was excreted i nto t h e  media by both  stra ins  (F igures 7. 1 8-7.48) .  

The production  of citru l l i ne  corresponded wel l  with the  catabol ism of a rg i n i ne 
i n  both o rgan isms .  H owever, strai n CUC-3 reassi m i lated and catabo l ised 
some of t he  excreted citru l l i n e  after  the exhaustion  of arg i n i ne  in b oth  the  
synthetic wine  and wine .  This catabo l ism of  excreted citru l l i ne  d id not  occur 
with strain OENO.  

7.3.3 Ethyl carbamate formatio n  

Figu res 7. 1 C-7 .4C show t h e  formation o f  ethyl carbamate i n  synthet ic  wi ne 
and win e  with and without post-fe rmentatio n  heat treatment .  Genera l ly ,  on ly 
i nsig n if icant amou nts of ethy l  carbamate (< 1  0 ng/g )  we re fo rmed  i n  both 
media without h eat treatment. In the wi ne inocu lated with Lb. buehneri C UC-
3 ,  e thy l carbamate conce ntrati o ns i n  u n h e ated samp les  were b e l ow the  
m in imum detectable value (ea 1 ng/g or  1 ppb) and the refore not quant i fiab le 
(Figure 7 .4C) . However, i n  the synthetic wine and wi n e  i nocu lated with Le. 

oenos O E N O  and t h e  syn th et ic  wi n e  i n ocu lated with strai n CUC-3 ,  low 
concent rati o n s  of  e thy l  carbamate we re detected  i n  un heated s a m p les  
(Figures 7 . 1  C-7.3C) . These low concentrations  o f  ethyl  carbamate m ay arise 
from reaction of carbamyl phosphate with ethano l  duri ng  fermentatio n  at the  
i ncu bat i on  t em peratu re of  22 °C , o r  t h ey cou ld  b e  due to s low reacti o n  
b etwe e n  c i t ru l l i n e  a n d  e t h a n o l  e v e n  a t  t h i s t e  m p e  rat u re . C a r b a m y l  
phosphate was not analysed because it i s  chemical ly u nstab le (Jones ,  1 962 ; 
A l ien and Jones ,  1 964) , and no re l iable ready-to-use m ethod is avai lab le ,  as 
discussed earl ier  in Section 5 .4 .  

I n  the  wine inocu lated with stra in  OENO, the concentrations of both citru l l i ne  
excreted and  ethy l  carbamate formed o n  subsequ e nt heat i ng  i ncreased 
th roug ho ut the ferme ntatio n period (F igures 7 .2 8 , C) .  In  the synthet ic wine 
i nocu lated wi th th i s  st rai n ,  a very h igh co nce ntrat i o n  of  ethy l  carb a m ate 
fo rmatio n  i n  the heated samples was attai ned ,  wh ich corresponded with a 
h igh leve l  of citru l l i ne excret ion (Figu res 7. 1 8,C) .  I n  both the synthetic wi n e  
and wine  i nocu lated with strai n CUC-3, where t h e  citru l l i n e  concentratio n  
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Fig. 7.1 Arginine  and L-malic acid catabolism and metabolite formation during incubation 
( 22°C) of Le. oenos OENO in synthetic wi ne. Samples for measuring ethyl carbamate taken 
at the times indicated were determined with and without subsequent heating (71  °C/48 h rs) .  
I n  graph C,  the bars at  437 hours indicate the range of duplicate determi nations. 
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Fig. 7.2 Arginine and L-malic acid catabolism and metabolite fo rmation during incubation 
(22°C) of Le. oenos OENO in a white wine .  Samples for measuring ethyl carbamate taken at 
the times indicated were treated as in Fig. 7. 1 .  
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(22°C) of L b. buchneri CUC-3 in synthetic wine . Samples for measuri ng ethyl  carbamate 
taken at the times indicated were treated as in Fig. 7. 1 .  In  graph C, the bars at 1 74 hours 
indicate the range of duplicate determinations. 
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decreased after reach ing a maximum,  the concentrations o f  ethyl carbamate 
formed on subsequent heat i ng also decreased (Figu res 7 .3B ,C and 7 .4B ,C) .  
The  re lat i onsh ip  betwee n  t he  citru l l i n e  concentrat i on  and the  potent ial for  
ethy l  carbamate fo rmat ion is  part icu larly ev ident fo r th is  strai n .  Thus ,  i n  a l l  
cases, there was a good corre latio n  betwee n  the concentration  of citru l l i ne  
p ro d u c e d  i n  the  m ed i u m  as  a res u l t o f  a rg i n i n e  deg radati o n  a n d  t h e  
concentratio n  of ethyl carbamate formed i n  heated samples.  

7.3.4 Control experiments 

Le. oenos M L34 d o e s  not  possess t he  complete e nzyme system of t he  
a rg i n i n e  d e i m i nase  pathway (Ta b l e  4 . 2 ) .  As  s hown  i n  Tab l e  7 . 1 ,  t h i s  
organism g rew i n  both t he  synthetic wi ne  and wi ne ,  although better  i n  wine .  
L-mal ic acid was total ly degraded i n  both media with the  expected i ncrease 
in pH. However, arg i n i ne  was not catabo l ised and no additiona l  citru l l i ne  was 
formed du ri ng  malo lact ic ferm e ntat i o n .  Trace amounts of ethyl carbamate 
were detected without h eating before and after growth in both media. U po n  
heat i ng ,  l o w  conce ntrat ions  o f  ethy l  carbam ate  were d etected ,  b u t  ve ry 
m u c h  l owe r t h a n  i n  t h e  a rg i n i n e -catab o l i s i n g  s t ra i n s .  H owev e r , t h e  
concentratio n  did i ncrease i n  wine after g rowth ,  eve n though there was no  
i ncrease i n  t he  concentrat ions  o f  citru l l i n e  (Tab le  7 . 1  ) . Rep l ication  o f  th is  
determinat ion confi rmed the result. l t  is un l i kely that the ethyl carbamate  

Table 7 . 1  Growth ,  metabol ism and  ethyl carbamate formation o f  
Le. oenos ML 34 i n  synth etic wine and  wi ne  

Parametersa 

00600 nm 
pH 
L-mal ic acid 
Arg in i ne  
C itru l l i ne  
Ethyl carbamate 
(sample heated) 
Ethyl carbamate 
(sample unheated) 

Synthetic Win e  
Day 0 Day 36 

0 . 020 0 . 1 35 
3 .76 3 .88 
2 .6 0 
4 .8 4 .8 

1 2 . 5  1 0 .0  

24 25 

2 3 

Wine  
Day 0 

0 . 035 
3 .70 
2 .9  
2 .95 

23.5 

1 9 , 23 

<1  

aMal ic acid and arg in i ne  are i n  g/L ; citru l l i ne  i n  mg/L ; ethyl 
carbamate in ng/g . 

D ay 30 

0 . 450 
4. 0 1  
0 
2.9 5  

2 1 . 0  

38, 40  

< 1  
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came fro m carbamyl  p h osphate , s i nce t h e re was n o  i nc re as e i n  e t hy l  
carbamate i n  u n heated samples. The refore , t he  ethyl carbamate must have 
been  fo rmed from some u nknown p recu rsor(s )  t hat was produced du ri ng 
g rowth of  th is  strai n i n  wi ne .  The identity of such a p recursor  is not c lear at 
th is stage .  

The  presence of t he  smal l  amount o f  citru l l i ne  i n  t he  synth et ic w i ne  (Ta ble 
7. 1 )  may be  due to citru l l i ne  contamination from the h i gh  amount of a rg i n i ne  
adde d .  A n a lys is  o f  t he  a rg i n i ne u sed  (S i gm a) s h owed abou t  a 0 .02% 
citru l l i n e  contamination .  

7.3.5 Percentage yields of ethyl carbamate from c itru l l ine  

Calculat ions o f  the  perce ntage yie lds (mo le/mo le )  of ethy l  carbamate  from 
citru l l i ne  i n  the  samples analysed are presented i n  Table 7 .2 .  l t  shou ld be 
noted that the conve rs ion of  th is  precu rsor  is not stoich iometric. I n  fact , t h e  
percentage y ie lds are extre me ly low (< 1  %) . These  low y ie lds ,  howev e r, 
trans late to h igh concentrat ions when consideri ng the amounts expressed as 
ng/g (ppb) .  A lso of i nterest is that the percentag e yie lds of ethyl carbamate 
from citru l l i n e  (p lus carbamate phosphate)  were consistently h ighe r  in t he  
w i n e  t h a n  i n  t he  synt h e t i c  wi n e ,  fo r both  s t ra i n s  i n oc u l at e d .  T h i s  i s  
unexpected and cannot be attributed to the yie ld from carbamy L  phosphate 
i n  t he  h e ated sam p les .  Th is  cont ri but i on  wou ld be i ns i gn ificant g iven that 
less than 1 0  ng/g of ethy l  carbamate were found i n  al l  t he  u nheated samp les 
(see Figu res 7. 1 C-7.4C) .  The average percentage y ie ld of ethyl carbamate 
from citru l l i ne  for a l l  the synthetic wines was 0 . 23% and for the win es was 
0 .35%. The d ifference between  these means is stat ist ica l ly sig n ificant ( p  = 

0 .03) by Student's t-distribution  analysis .  

Th is resu lt ag rees with the fi ndi ngs of others i n  suggest ing that w ines m ay 
conta in u n known precu rsors that contribute to ethy l  carbamate format io n  
(Tegmo-Larsson and H e n ick- Ki i n g ,  1 99cf Spo nho lz ,  1 99 2 ;  Steve n s  and  
Oug h ,  1 993) ,  o r  that wi nes contain factors which faci l itate the ethano lysis o f  
citru l l i ne  to  fo rm ethyl carbamate with heat treament .  



Table  7.2 Percentage y ie lds of ethyl carbamate from citru l l i ne  
i n  synthet ic w ine and wine 

Mediu m/Strai n 

Synthet ic Wine/CUC-3 
Synthetic Wine/OENO 
Wine/CUC-3 
Wine/OENO 

Ethyl Carbamate Yie ld from Citru l l i nea 
(% mole/mo le )  

Mean S D  

0 .21 3 0 .083 (5)b 
0 .26 1 0 . 1 83 (4) 
0 .357 0 . 068 (4) 
0 .352 0 .046 (4) 

aThe very smal l  contribut ion from carbamyl phosphate in wine and 
synthetic wine were i ns ign if icant and not subtracted (see text ) .  

bNumbers in  pare ntheses are the  numbers of dete rm i nat ions. 

7.4 Discussion 
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Th i s  res earch has provid ed evide nce that certai n wi n e  LAB do  h av e  t h e  
potential to produce ethyl carbamate precu rso rs.  I n  synthetic w ine as we l l  as 
in  wi ne ,  two stra ins of w ine LAB ,  Le. oenos OENO and Lb. buchneri CUC-3, 
catabo l i sed  a rg i n i ne a n d  e xc reted c i t ru l l i n e  (Fi g u re s  7 . 1 B-4 B ) ,  wh ich  i s  
known to form ethyl carbamate on  reaction with ethano l  (Oug h et a!, 1 988) .  
U po n  heat ing ,  s ign if icant amounts of  ethy l  carbamate were formed  in  both 
m e d i a ,  a lt h o u g h  o n ly v e ry s m a l l  a m o u nts  we re fo r m e d  w i t h o ut h e at 
treatment (F ig u res 7 . 1 C-7 .4C) .  The amount of et hy l  carbamate formed i n  
heated samples co rre lated we l l  wit h the extent of arg i n i ne  deg radat ion and  
content o f  citru l l i ne  i n  t he  med ium, provid ing good evidence for t he  ro le  o f  
citru l l i ne  as  an ethyl carbamate precu rsor. 

I n  t h e  cu rrent study, t h e  use of a tota l ly chemical ly defined synthet ic wi n e  
p rec luded  t h e  p resence  of ot h e r  u n known e t h y l  carbamate p recu rsors .  
Furthermore ,  t h e  use o f  a labo ratory-v in i fi ed wine confi rmed resu lts obta ined 
us i ng t he  synthet ic wi n e .  Re lat ive ly h igh  co nce ntrations  of  a rg i n i n e  were 
used i n  the synthetic wi ne  (5 g/L) and wi ne  (3 g/L) so that the potent ia l  for  
e t hy l  c a rb a m ate  p re c u rs o r  fo rmat i o n  wo u l d  be e x ag g e rate d .  T h e s e  
concentrat ions  are h i ghe r  than  those normally found  i n  wi nes ,  thoug h it i s  
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poss i b l e  t o  f i nd  wi nes  with a rg i n i ne conce ntrat i ons  ove r 2 g/L (Spo n holz ,  
1 99 1 ) . 

The re is very l itt le i nformat ion o n  the effect of w ine LAB on  ethy l  carbamate 
fo rmat io n  i n  wi ne .  Tegmo-Larsson et al. ( 1 989)  found no  i ncreases in t he  
concentrati o n  of  e thy l  carbamate over  co ntro ls i n  Chardonnay w ines after  
ma l o l act ic  ferm e n tat i o n  ( M LF) . H oweve r, t h e  fate o f  a rg i n i n e  was n ot 
assessed ,  no r  t he  ab i l ity of t he  i n ocu lated stra i ns  t o  catabo l i s e  a rg i n i n e .  
They used five stra ins  of Le. oenos: ML34, MCW, X-3,  O E N O  a n d  PSU- 1 . 
D at a  i n  Tab l e  4 .2 show that strai ns ML34 and P S U - 1  do not possess the  
comp lete enzyme system requ i red fo r arg i n i ne  deg radat ion and ,  t hus ,  i t  i s  
not  surpris ing that there was no i ncreased format ion of ethyl carbamate after  
MLF by these two strai ns .  The abi l ity of strai n X-3 to catabo l ise arg i n i ne  is 
not known.  A lthough strain MCW contains the th ree  e nzymes of the arg i n i ne  
de im i nase  pathway , i t  i s  not known whether  t h i s  strai n excrete s  c i tru l l i ne  
from the  catabol ism of  arg i n i ne .  St rai n OENO has been shown to  deg rade 
arg i n i n e  and excrete cit ru l l i n e  i n  t h i s  research and p reviously (Chapte r  5) . 
I ndeed,  there is a good co rre lat ion between ethyl carbamate format ion and 
c i t ru l l i n e  excre t i on  fro m arg i n i ne d e g radat i on  by s t ra i n  O E N O  ( Fi g u res 
7 . 1 B ,C and 7 .2B ,C ) .  The i nab i l ity of  Teg mo-Larsson et  al. ( 1 989) to show 
i ncreased fo rmat ion of ethyl carbamate i n  Chardonnay wi nes i nocu lated with 
stra i n O E N O  cou ld be attr ibuted to a very low conce n rtati o n  of  a rg i ni ne 
present .  The level of arg in ine i n  the  wi nes used i n  the i r  experiment was not 
ment ioned.  

Reports are also avai lable showi ng increased fo rmatio n  of ethy l  carbamate 
i n  wi nes  after  MLF (Sponho lz et al. , 1 991 ; Spo n h olz ,  1 99 1 , 1 992) .  I n  these 
stud ies ,  i t  was assumed that arg i n i n e  was t ransfo rmed i n to o rn ith i n e  and 
u re a  by way of t he  u rea  cyc le  in  wine LAB .  U re a  wou ld t h e n  react wi th 
et hano l  t o  fo rm ethy l  carbam ate ,  s i nce u re a  conta i n s  a carbamy l  g ro u p  
(Ough e t  al. , 1 988) .  Howeve r, earl i e r  work (Chapter 5 )  has p roved that t he  
u rea  cyc le is not present i n  win e  LAB ,  wh i le t he  arg i n i ne  de imi nase pathway 
has been shown to be active in some heterofe rme ntative wi n e  LAB strains 
(Chapters 3-5) . I nterest ing ly ,  Sponholz ( 1 992) a lso showed i n i t ia l  i ncreases 
a n d  s u bs e q u e nt decreases i n  t he  concent rat i ons  of  ethy l  carbam ate  i n  
re lat ion t o  arg i n i ne  degradation by strains of Lb. brevis and Lb. buchneri. But 
the i ncre ases and subsequent  decreases were attributed to u rea fo rmat ion 
from arg i n i ne  and the subsequent t ransformat ion of u rea to ammon ia  and 
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carbon  d iox ide i n  t hese  strai ns .  By co mparison  with F igu re s  7 .3 B , C  and 
7 .4B ,C that show a good corre lat ion between ethyl carbamate formatio n  and 
citru l l i n e  excret ion  and reut i l i sati on  afte r the  e x h au st ion  o f  argi n i ne  i n  Lb. 

buchneri CUC-3, the so-cal led u rea reported by Sponho lz ( 1 992) was l i ke ly 
to be citru l li ne .  

C itru l l i ne  and  carbamyl phosphate are two ethyl carbamate p recu rsors .  The 
react ion  of citru l l i ne wit h ethano l  to form ethy l  carbamate needs e leveted 
te mpe ratu re ,  w h i l e  t he  et hano lys i s  of carbamy l  p hosphate to form ethy l  
carbamate  i s  a spo ntaneous  ch e m ical react i on  t hat does n ot requ i re an 
e levated temperature (Ough et  al. 1 988) . l t  is good news fo r the  win e makers 
that very low levels of ethyl carbamate (<1 0 ng/g )  were formed without heat 
treatment. Th is a lso ind icates that l itt le carbamyl p hosphate was excreted. 
This compound was not analysed because it is unstable and the method of 
determ inat ion (d ifferential phosphate analysis) is not su itab le  for the med ium 
used (see Sect ion 5.4) . 

Ca rbamy l  p h os p h ate  e x i sts i n  two fo rm s ,  t h e  m o noan i on  o r  d i an i o n ,  
depe nd ing  o n  p H .  The monoan ion  form predom inates at p H  2-4 wh i le  the 
d ian ion  predom i nates at  pH 6-8 (A l ien and J o n es ,  1 964) . The monoan ion 
carbamy l  phosphate  decomposes to N H3 , C02 and  p hosp hate , but the 
d ian ion carbamyl phosphate decomposes to phosphate and cyanate (Jones,  
1 96 2 ;  A l i e n  and Jones ,  1 964 ;  MacKenz ie  et al. 1 990 ) .  l t  is proposed that 
ethyl carbamate fo rm at ion from carbamyl phosphate and ethano l  proceeds 
v i a  t h e  d e co m p o s i t i o n of t h e  d i a n i o n  f o rm  i nv o lv i n g  cya n at e  a s  a n  
i n te r m e d i at e  (J o n e s ,  1 9 6 3 ;  MacKe nz i e  et al. , 1 99 0 ) .  Th e refo re , l itt l e  
formation of ethyl  carbamate from carbamyL phosphate and ethano l  wou ld 
occu r at low pH ,  s ince l ittl e cyanate can be formed. This may account for the 
low conce ntrat i o n s  of  ethy l  carbamate fou n d  in  the u n heated samp les ,  
part icu larly du ri ng  t he  early stages of  fe rmentation  when the pH was low. 
The  trend  of ethyl carbamate to i ncrease with t im e  in u n heated samp les  
(F igures 7 . 1 C-7.3C) cou ld be attri butable to  the  i ncreasi ng pH , si nce more 
cyanate can be fo rmed from carbamyl phosphate at h ighe r  pH .  lt i s  possi ble  
t h at s m a l l  a m o u nts of  carbamyl· phosphate we re i ndeed  e xcreted , but  
decomposed to  N H3, C02 and phosphate due to  low pH .  The possibi l ity of  
carbamyl phosphate excret ion is supported by the  trend  of  ethyl carbamate 
concentrat ion to i ncrease in  the synthetic wine (F igures 7 . 1  C and 7 .3C) .  On 
the other  hand, carbamyl phosphate , i f  excreted by bacteria or  yeasts ,  may 
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have l itt l e  potential to form sig n i ficant amou nts of ethyl carbamate b ecause 
of the  low pH found in wi ne .  

Low p H  i s ,  h owever, conducive to  t he  fo rmat ion  o f  ethy l  carbamat e  from 
c i t ru l l i n e  and e tha n o l ,  because t he  et h a n o lys i s  of c i t ru l l i n·e is an acid­
cata l ysed  react i o n  ( O u g h  e t  al. 1 9 8 8 ) .  T h i s  may e x p l a i n  t h e  h i g h e r  
concentrat ions of ethyl carbamate formed after subsequent heat ing samples 
du ri ng  the e arly stages of fe rmentat ion  in the synthetic w ine whe n  t h e  pH 
was re latively low (Figu res 7. 1 C and 7.3C). These h igher  concentrat i ons of 
ethyl carbamate were confi rmed by repeati ng the  analysis. The potent ia l  for 
e t h y l  ca rba m at e  f o r m at i o n  f ro m  c i t ru l l i n e  a n d  e t h a n o l  s h ou ld n ot b e  
underest imated even without heat treatment .  Heat treatme nt acce le rate s  the 
process of ethyl carbamate formation ,  but th is reaction a lso occu rs s lowly at 
l ow to n o rma l  wi n e  sto rag e t e m p e ratu res  (Tegmo-Larsson and S p itt l e r, 
1 990 ; Stevens and Oug h ,  1 993) .  Therefore, the  p rese nce of citru l li n e  i s  of 
concern to the oeno log ists . 

This research work has several oeno log ica l impl icat ions .  Win e  LAB strains 
wit h t he  co mp lete e nzyme system for arg i n i n e  catabo l i sm may be  m o re 
competitive i n  growth , s i nce they can gain extra energy (ATP) from arg i n i ne  
deg radat i o n  ( see  Sect i o n  6 . 3 ) .  However, t hese  o rgan i sms  m ay n ot be  
des irable i n  that ethyl carbamate precu rsors ,  citru l l i ne  and  possib ly carbamyl 
phosphate ,  can also be p roduced from arg i n i n e  and excreted. Fort unately, 
not al l  wi n e  LA B st ra i ns  h ave the comp lete e nzym e  system for a rg i n i n e  
degradation ,  as revealed i n  the survey (Table 4.2) . Stra ins lack ing some  o r  
a l l  o f  t he  e n zymes shou ld  b e  t he  cho ice a s  starte r cu lt u res ,  s i nce these  
st ra i ns  can not deg rade arg i n i n e  and ,  t he re fo re ,  wou ld n ot p roduce ethy l  
carbamate precursors from arg in i ne .  Howeve r, those stra ins possessin g  AD I  
on ly ,  or  AD I  and OTC, or  AD I  and  CK on ly, specifical ly shou ld be avoided. 
These stra ins  potent i a l ly can excrete citru l l i ne  and/o r carbamyl phosphate 
( see  Sect i on  4 . 4 )  with  co n se q u e nt et hy l  carbamate fo rmatio n ,  a lt hough  
these phenotypes o f  wi ne  LAB were not found i n  the  survey (Table 4 .2 ) .  

l t  may sti l l  be  poss ib le ,  however, to  use st ra ins with t he  comp lete enzyme 
syst e m  fo r a rg i n i n e  catabo l i sm  to co n duct M LF p rovi d e d  L-m a l i c  ac id 
deg radat ion is  close ly mon itored and bacterial g rowth i s  termi nated prio r  to 
t he  commencement  of arg i n i n e  deg radati on .  As seen in Figures 7. 1 B and 
7.28, L-mal ic acid was completely degraded by strai n OENO before t he  start 
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o f  a rg i n i n e  deg radat ion .  Fo r bacteria such as stra i n  C U C-3,  t im i ng  o f  t he  
term i nat ion o f  bacteria l  g rowth is even more important. As  shown i n  Fig u res 
7 .38  and 7.48 ,  t h e  citru l l i n e  concentrat ion  is  m ax im a l  w h e n  t h e  a rg i n i n e  
concentration  i s  essent ia l ly zero .  I f  bacterial g rowth (metabo l ism) i s  stopped 
at t h i s  po i nt ,  h i gh  co nce ntrations  of  citru l l i n e  w i l l  rem ai n  in the win e .  Th is  
may resu lt i n  large  amounts of ethyl carbamate be ing formed upon exposure 
t o  h i g h  t e m p e ra t u re s  o r  e v e n  ove r  l o n g -t e rm n o rm a l  wi n e  s t o rag e 
temperatu re ,  as m ent i o ned  befo re .  On  the  othe r  h a n d ,  s ince c itru l l i n e  is  
reass im i lated  after  a rg i n i n e  exhaust io n ,  bacte ri a l  m etabo l i sm s h o u ld be 
cont i n ued to  a po in t  whe n  t he  citru l l i n e  concent rati o n  becomes low.  The 
resu lts demonstrate t hat t he  t im ing of analysis is  a lso ext re m e ly i m po rtant 
when i nvestigati ng ethyl carbamate formation  using strai ns that recatabo l ise 
citru l l i n e .  In t h is i n stance ,  a study i nvolvi ng  on ly analysis before a n d  after 
g rowth wou ld g ive very m is lead ing i nformat ion .  For example ,  there were no 
s ign if icant i ncreases in ethy l  carbamate  concentrations  upon heati ng  after 
g rowth  of  stra in C U C-3 to the late stat ionary phase in the  synthet ic wine ,  
com pared with the i n it ia l  concentrat ion fou nd  u po n  h eating (Figu re 7.3C) .  

The t ime-course study is much more meaningful i n  t h is case .  

The research also suggests that spontaneous MLF shou ld be  d isco u raged,  
s i nce t h e  cha racte r ist ics o f  the u ndefi ned i nd igenous  wi n e  LAB a re n ot 
known. The refore , t he re is  a risk of argi n ine bei ng catabo l ised and citru l l i ne  
be ing  excreted. Th is  may resu lt i n  t he  fo rmat ion o f  e thy l  carbamat e  u nder  
the appropriate condit ions .  
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Chapter 8 

•" 
Correlat ion of Ammonia and Citru l l ine  Formation from 

Arg in ine with the Occurrence of Argin ine Deim i nase Pathway 
Enzymes i n  Wine Lact ic Acid Bacteria 

8.1 Introduct ion 

Prev io u s  work (Ch apte r  5 )  h as shown the  excret i on  of  citru l l i ne i nt o  t h e  
med iu m a s  a resu lt o f  m etabo l ism o f  arg i n i n e  by w ine lactic acid bacteria  
(LAB) .  Th is  fi nd ing i s  oeno log ical ly s ign ificant i n  that large  amounts of ethy l  
carbamate  can be fo rmed from th is citru l l i n e  upon subseque nt heatin g  o r  
afte r long-term storage of win e  at low to normal temperatu res (see C hapter  
7) . Obv ious ly  t hen ,  wi n e  LAB are potent ial p roduce rs of  ethy l  carbamate  
p recurso rs i n  wi ne  i f  arg i n i n e  is  catabo l ised .  H ence , i t  would be usefu l  to 
have  avai  I ab l e  a s i  m p i e  t e st to detect a rg i n i n e  d e g radat io n ,  c i t ru l l i n e  
excret ion and the occu rrence of the arg in i ne  de iminase pathway e nzymes  i n  
w ine  LAB ,  rather  than pe rform i ng expensive . and t ime-consuming e nzyme 
assays on  ce l l-free extracts . 

P i lone et al. ( 1 99 1 ) used a heterofermentation-arg i n i ne (HFA) b roth to d etect 
t h e  fo r m at i o n  of  a m m o n i a  f ro m  a rg i n i n e  as we l l  as to exam in e  o t h e r  
b ioch e m ical  characte ri st ics of wi ne  LAB .  I n  t h i s  i nvest i gat io n ,  a m m o n i a  
re leased i nto the med ium was detected with N essler's reagent .  This m ethod 
i s  rap id and easy to pe rfo rm and ,  thus ,  may be  usefu l  i n  corre l at i ng  t h e  
fo rmati o n  o f  ammon ia  fro m arg i n i n e  with  t h e  occu rrence o f  t he  a rg i n i n e  
d e i m i n ase  p athway e n zymes  (Tab le  4 . 2 ) .  Th e cu rre nt  e x p e ri m e nt was 
carried o ut to ve rify th is and to invest igate whethe r  citru l l i n e  e xcret io n i s  
corre lated with the occurrence of these e nzymes.  

8.2 Materials and meth ods 

8.2.1 Lactic acid bacter ia l  stra ins 

S t ra i n s  of  w i n e  LAB i n  t h e  g e n u s  L e ucon ostoc, Pedio co ccus a n d  
Lactobacillus were used . Th e o rig i na l  sou rce o f  these stra i ns  i s  g iv e n  i n  
Table  4. 1 .  
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8.2.2 HFA Media 

The test med ium used was hete rofermentat ion-arg i n i ne  (HFA) broth (P i lo ne  
et al. , 1 99 1  ) .  The  HFA broth ( pH  5.5) contained t he  fo l lowi ng i ng redi e nts pe r  
l itre : 5 g e ach o f  tryptone ,  yeast extract, pepton e  and  g lucose ;  20 g fructose ; 
6 g L-arg i n i ne ;  1 ml 5% (w/w) aqueous solution  of Tween  80 ; and 200 m l  
v e g et a b l e  j u i ce  s e ru m .  T h e  veg etab l e  j u i ce  s e r u m  was p re p a re d  a s  
descri bed earl ier  (Sectio n  3 .2 .2) .  The HFA broth was steri l ised at 1 2 1 oc for 
1 5  minutes .  

8.2.3 Cultur ing procedu res 

Win e  LAB stra ins were fi rst subcu ltured at pH 5.5  in VJMRS b roth (Secti o n  
3 .2 .2) .  A loopfu l of t h e  subcu lture was then inocu lated ,  i n  dup l icate ,  i nto 
1 0  ml H FA broth i n  un iversal bott les. Al l  cultu res were incubated at 30°C for 
fou r  wee ks and ana lysed for ammon ia  us ing  Ness le r's  reage nt .  C u lt u re s  
were then stored at - 1 3°C for addit ional chemical analys is .  

8.2.4 Analyses 

Methods fo r the  determinat ion of arg in ine ,  citru l l i ne ,  ammon ia (by e nzymatic 
method) and u rea have been described i n  Sect ion 3 .2 .4 .  l t  shou ld be n oted 
that the brownish-ye l low colou r of HFA broth interfered with the co lourimetric 
d et e rm i n at i o n  of  c i t ru l l i n e  by t he  method of Arch i ba ld  ( 1 9 4 4 ) .  I n stead ,  
c i t ru l l i n e  was ana lysed us i n g  a n  Ami no Acid Ana lyser  as desc ri be d  i n  
Section 3 .2 .4. Sing le  determ inations were made for each compound.  

At t h e  e n d  o f  i ncu bat i o n ,  t h e  cu lt u re b rot hs  we re t ested with N ess le r' s  
reagent (BDH )  fo r t h e  presence of am mon ia ,  a s  descri bed b y  P i lone et al. 
( 1 99 1 ) .  One  ml of cu ltu re was placed i n  a wel l of a white ti l e  spot-p late and 
1 to 2 d rops of reage nt added. Immediate formation  of a brick-orange colour 
(positive react ion) i ndicated the presence of ammon ia .  

8.3 Results 

Tab le  8 . 1  shows arg i n i ne consu mption ,  formation  of ammon ia detected with 
N ess ler's reage nt or  dete rmined using e nzyme test kits , and activit ies of  t he  
arg i n i n e  d e i m i nase  pathway e nzymes.  l t  shou ld be po i nted o ut t hat t he  
un i nocu lated H FA broth conta ined 32 .7  mM arg in i ne  and  4. 1 m M  ammonia.  
This low level  of ammonia tested negative with Nessler's reagent. 
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Table 8.1 Corre lat ion of  ammon ia formatio n  from arg i n i ne  in H FA b roth 
with the occurrence of arg in ine  de im i nase pathway e nzymes 

Strain Arginine Ammonia Formeda 

Consumeda Enzyme Assay Nessler's Enzyme Activityb 

(mM) (mM) Test ADI  OTC CK 

G roup I 
Le. oenos (heterofermentative) 

OENO 32.7,  32.7 54. 1 '  57.0 +, + 8.8 32.2 1 8 . 1  
2008 32.7,  1 4.6 5 1 .6,  24 .7 +,  + 1 2 . 0  40.5 1 8. 6  
2043 32.7,  32.6 49.6 ,  45 .3 + ,  + 1 1 .7 47.0 1 5 . 4  
2035 32.7,  32.6 53.6 ,  45 .5 +, + 1 3 .2 5 1 .2 1 9 .3 
DSI R-C 3 2 . 7 ,  32.7 55 .4, 54.4 +, + 8 .9 30.7 1 8 . 9  
Ey2d 32.7,  1 9 . 1  55.4,  33. 1  +, + 1 0 . 6  33.2 1 5 . 6  

Lactobacillus sp. (heterofermentative) 
CUC-3 32.7 ,  32.7 5 5 .9 , 56.5 +, + 67 2 1 7  4 1 .5 
EO 32.7,  32.7 57.9,  55.2 +, + 89 2 1 5  30.8 
MHP 32.7,  32.7 53.6 ,  47.8 +, + 92 1 77 27.6 
250 3 2 . 7 ,  32.7 54.6 ,  52.3 +, + 76 229 20.8 

G roup 11  
Le. oenos 

1 22 0 ,  2 . 9  1 .5 ,  1 .8 1 0 .5 34.9 1 9 .2 
252 4.0 , 0 . 6  1 .6 ,  1 . 1  9 . 1  28.8 1 5 . 0  
MCW 2 .3 ,  1 .2 1 .6 ,  1 .7 1 0 . 0  3 0 . 1  1 7. 1  
Er1 a 1 . 2 ,  0 1 .3 ,  1 . 5 8.8 30.2 1 8 . 1  
M B1  1 . 2 ,  1 .2 1 .3 ,  1 . 1  1 2 . 6  35.3 27.3 
M B2 0 ,  0 1 . 5 ,  1 .5 1 2 . 5  32.3 1 8 .3 
2001  1 .2 ,  0 . 6  1 .3 ,  1 .7 1 3.7 42.5 22.6 
OS IR-A 2 .9 ,  0 .6 1 . 6 ,  1 .7 1 1 .2 35.5 2 1 .5 
DSIR-B 0.7 ,  0 .7  1 .4,  1 .6 8.4 3 1 . 0  20.4 
INO 1 . 2 ,  2 .9 1 . 6 ,  1 .7 2.4 5 . 1  4 .6  

Lactobacillus sp. (heterofermentative) 
M L30 1 .2 ,  0 . 6  1 .9 ,  1 . 7 0 2.2 3 .4 

G roup I l l  
Lc. o enos 

M L34 0 . 6 ,  0 0 .7 ,  0 .5 0 0 0 .8 
PSU-1 0,  0 0 . 8 ,  0 . 6  0 0 0 . 2  
L 1 8 1  0 ,  0 0 .3 ,  0 .5 0 0 0 
M BO 0 ,  0 1 . 5 ,  0.4 0 0 0 
MB3 0,  0 0 . 6 ,  0.5 0 0 . 2  0 

Lactobacillus sp. (homofermentative) 
CUC-1 0 ,  0 . 6  0 .6 ,  0.5 0 0 0 
CH2 0 ,  0.6 0,  0 0 0 0 
49 0 ,  0 0 . 7, 0.4 0 0 0 

Pediococcus sp. (homofermentative) 
44.40 0 ,  0 . 6  0 . 6 ,  0 .5 0 0 0 
272 0 .6 ,  0 0 .6 ,  0 .6 0 0 0 
93 0 .6 ,  0 0 .6 ,  0 .5 0 0 0 
CS 0 . 6 ,  0 . 5  0 . 2 ,  0 . 5  0 0 0 
C UC-4 0 .6,  0 . 6  0 .6 ,  0 .5 0 0 0 

alnitial arginine and ammonia ,  3 2 .7 mM and 4 . 1  mM, respectively. 
boata from Table 4.2; cells were cu ltured in T JBAG broth ,  Chapter 4. 
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Wi n e  LAB can  be categori sed i nto  t h re e  g roups  based  on  t he  e xte nt o f  
arg i n i n e  consumpti on ,  t he  amou nt o f  am mon ia  formed and t h e  activit i e s  of 
the arg i n i ne  de im inase pathway e nzymes.  

Stra i ns  in  G roup  I possess the  t h ree  e nzymes of the arg i n i n e  de im i n ase  
pathway (Table 8 . 1 ) .  These strai ns degraded a l l  o f  t he  i n it ia l  arg i n i ne ,  e xcept 
fo r o n e  o f  t h e  two d u p l i cate fe rme ntat i o n s  of  s t ra i ns  2 0 0 8  a n d  Ey2d . 
S u bstan t ia l  a m o u nts of  a m m o n i a  were p roduced and  re leased i nt o  the  
med ia  by these strai ns ,  as  dete rmi ned usi ng enzyme test kits. Th is  a mmon ia  
was also detected with Nessle r's reage nt. I n  th is  g roup o f  strains ,  t he re is a 
g o o d  co rre l at i o n b etwe e n  a m m o n i a  d et ect i o n  w i th  N e s s l e r' s  rea ge nt ,  
a rg i n i n e  degradat ion a n d  t he  activit ies of  t he  arg i n i ne  de im inase pathway 
e nzymes.  

For t he  leuconostocs in  Group 1 1  (Table 8 . 1  ) ,  t he  activity of  al l  t h ree  e nzymes 
i nvo lved in arg i n i ne  catabo l ism was comparable to that in G roup  I .  Fo r the 
Lb. brevis ML30 , the  activity of OTC and CK was much lower and t he re was 
no detectable AD I .  Surprisi ngly ,  the  leuconostocs i n  th is  g roup catabo l ised 
argi n i n e  o n ly s l i g ht ly  in co nt rast with th ose i n  G ro u p  I ,  even t houg h the  
enzyme activit ies were s imi lar, except for the  lower activit ies i n  strai n INO .  I n  
some  fe rmentati ons ,  arg i n i ne  consumptio n was too smal l  t o  be  m e asured, 
but  t h e  ammo n i a  form ed  cou ld  st i l l  be  d et e rm i n ed us ing  t h e  e n zym at ic 
me thod .  Th i s  is probab ly  because t h e  e nzym at ic  m ethod  of a m mo n ia 
d et e rm i n at i o n  i s  m o re s e n s i t ive  t han  t h e  c h e m ica l  m et hod  of a rg i n i n e  
analysis. Stra in ML30 also degraded smal l  amounts of arg i n i ne  and formed 
s m a l l  a m o u nts of  a m m o n i a ,  even  t h o ug h  t h i s  stra i n d i d  not  s ho w  any 
detectable AD I activ ity, as  mentio ned above .  Althoug h ammon ia  formation 
by t h e  stra i n s  in  G ro u p  1 1  cou ld be d etected  by the e nzymat ic  me thod,  
ammon ia was not detectable with the less sensit ive Nessler's  reagent test .  

The h eteroferme ntat ive leuco nostocs i n  G roup I l l  lack AD I ,  and/or OTC or  
CK  (Table 8. 1 ) .  The homofe rmenters in  th is  g roup do not possess any of the 
e nzymes requi red for arg i n i ne  catabol ism (Table 8 . 1 ) .  Therefore , t he  strai ns 
in G roup I l l  wou ld not be expected to deg rade arg i n i ne .  This ag rees  with the 
resu lts for  arg in i ne  consumption found i n  Table 8 . 1 . The very smal l  "posit ive" 
a rg i n i n e  co nsumpt i ons  reported i n  some fermentat ions  i n  th is  g roup  were 
probably analytical e rrors. Although arg i n i ne  was not catabol ised by G roup 
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I l l  strai ns ,  very smal l  amou nts o f  ammon ia were consistently fou n d  b y  t he  
e nzymat ic  assay i n  the  ferme ntatio n  broths ,  e xcept fo r t he  fe rme ntat ions 
with st rai n C H2 .  Th e re lat ive ly h i g h e r  l eve l  of am m o n i a  ( 1 . 5  mM) i n  o n e  
rep licate fermentat ion with strai n  MBO seemed t o  be  an anomaly, s ince th is  
strai n d id n ot degrade arg i n i n e  and i ts  ce l l-free  extracts d id not s h ow any 
act iv i ty f o r  t h e  arg i n i n e  d e i m i n ase  pathway e nzy m e s  (Tab l e  8 . 1  ) .  T h e  
am mon ia  cons istent ly fou nd i n  t h e  fermentat ion broth s  of  G roup  I l l  strain s  
may have arisen from u n kown sources such a s  deaminat ion of  othe r  am ino  
acids,  rather  t han  arg i n i ne  or  citru l l i ne .  This is because t hese stra ins  lack the  
e nzymes fo r the degradation of t he two amino acids ,  as m enti oned above , 
a n d  c it ru l l i n e  was n ot d etectab l e  i n  t h e  u n i n oc u l at e d  H FA b ro t h .  T h e  
fo rmat ion  o f  sma l l  amou nts of ammon ia  from unknown sources may also 
take p lace with strai ns in Groups I and 1 1 ,  but it wou ld be  obscured by the  
l a rg e r  a m o u n ts  o f  a m m o n i a  fo rm ed f rom a rg i n i n e .  I n  a l l  case s ,  t h e  
fe rm e ntat i o n  b roth s  of G ro u p  I l l  stra i ns  tested  a m m o n i a- n eg at i v e  wi th  
N ess ler's reagent. One of  the two dup licate fe rmentations  of al l  stra i ns  was 
also analysed fo r u re a  us ing enzyme test kits from Boehri nge r  Mannhe im .  
U rea  was not found i n  any of t he  samples after g rowth of  these win e  LAB. 

D u e  to the cost of analys is ,  on ly se lected samp les  were analysed for the 
e xc re t i o n  o f  c i t ru l l i n e u s i n g  a n  a m i no ac id  an a lyze r .  T h e  res u l ts are 
presented i n  Tab le 8 .2 .  These samples were se lected as  representative of 
the range  of the abi l ity of the inocu lated strai ns to degrade arg i n i ne  and of 
the leve ls of the arg i n i ne  de im inase pathway enzymes (Tab le 8 . 1  ) .  As seen  
i n  Tab le  8 . 2 ,  the st ra ins  chosen represented hete ro fe rmenters possess in g  
t h e  complete e nzyme system (stra ins OENO,  2008 ,  Ey2d ,  E O  and C U C-3 
from G roup  1 ) ,  or havi ng part of the e nzyme system (strai n ML30 from G roup  
1 1  and  st ra ins  ML34 and PSU- 1  from Group I l l ) ,  and  o ne homoferme nte r 
(strai n CH2 from Group I l l ) .  

C i t ru l l i n e  i n  various  amou nts (Tab le  8 . 2) was e xc reted i nto t he  b roth  by  
h eterofe rmentative strai ns OENO, 2008, Ey2d and  EO from Group I .  These 
st rai ns  a lso com plete ly degraded arg in i ne .  Citru l l i ne  was n ot detectab le i n  
t h e  b roth  i n ocu lated with st ra in  CUC-3,  a lso from G ro u p  I ,  even t h o u g h  
arg i n i ne  was total ly catabol ised by th is strai n .  Stra ins ML34, PSU-1  and  CH2  
o f  G roup  I l l  d id not deg rade arg i n i ne ,  no r  excrete citru l l i n e ,  s ince t h ey lack 
some or all of the  e nzymes of the arg in i ne  deim inase pathway (Table  8. 1 ) . 



Table 8.2 Correlation of citru l l ine excretion with arg in ine 
degradation by wine lactic acid bacteria cu ltured i n  
HFA broth 

Strains Arg in ine Consumeda 
(mM) 

Group I 
Le. oenos 

OENO 
2008 
Ey2d 

Lb. brevis EQ 
Lb. buehneri CUC-3 

Group 1 1  
Lb. brevis ML30 

Group I l l  
Le. oenos 

ML34 
PSU-1 

Lb. plantarum CH2 

32.7 
32. 7  
32.7 
32.7 
32.7 

1 .2 

0 
0 
0 

Citru l l ine Formedb 
(mM) 

1 .3 
1 .9 
2.2 
2 .6 
0 

0 

0 
0 
0 

aArgin ine concentration i n  uninocu lated HFA broth was 32.7 mM. 
bcitru l l ine in  the uni nocu lated HFA broth was not detectable. 
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Stra in  M L30 o f  Group  1 1  degraded a s m a l l  am o u nt o f  a rg i n i n e ,  bu t  no  
detectable amount o f  citru l l ine was found i n  the broth. 

8.4 Discussion 

This study has found a good correlat ion between arg in ine degradat ion and 
detection of ammonia with Nessler's reagent ,  as wel l  as by enzymatic assay, 
in some heterofermentative wine LAB possessing the three enzymes of the 
arg in ine deiminase pathway (strai ns i n  Group 1 ) . These strains catabolised 
arg i n i n e  extensive ly  and ,  accord ing ly ,  re leased substantial amou nts of 
a m m o n i a  i nto  the fe rme ntat i on  b roths that we re eas i ly  detected w ith 
N ess ler' s  reagent (Table 8. 1 ) . The refo re , a positive ammonia test with 
N essler's reagent cou ld be used to demonstrate arg i n i ne  degradat ion  by 
these st rai ns  i n  H FA broth and ,  the refo re , thi s test wou ld be a s i m ple 
screening test for wine LAB (see below). 
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Th is  co rre lat ion ,  however ,  was not fou nd i n  other  leuconostoc stra ins  that 
s h ow s i m i la r  act iv it i e s  fo r e nzymes o f  t h e  a rg i n i n e  d e i m i nase pathway 
(strai ns i n  Group 1 1 ) .  Very smal l  amounts of ammon ia  cou ld be detected i n  
t he  fermentat io n broth s  by t h e  sensit ive e nzymatic assay, wh i le  t h e  broths  
tested negative with Ness le r's  reagent .  Th is  corre lates with the  very smal l  
a m o u nt s  o f  a rg i n i n e  d e g rad e d  (Tab l e  8 . 1 ) .  H owever, t h e  a m o u nts  of  
ammonia formed by th is g roup of  strai ns as determ ined by e nzymatic assay, 
a lthough smal l ,  were two to th ree times g reater than that formed by stra ins  
from Group I l l , wh ich were complete ly unab le to  degrade arg i n i ne  s ince t hey 
l acked t he  arg i n i ne de im i nase pathway e nzymes .  Evident ly ,  the  ammon ia  
test  wi th N ess ler's  reag e nt is  too i nsens it ive to detect sma l l  amo u nts of  
arg i n i ne  by stra ins of Group 1 1  i n  HFA broth .  

The reason (s )  for  the i n ab i l i ty of  the l e uconostoc st ra i ns  in  Gro u p  1 1  to 
catabo l i se  arg i n i n e  exte ns ive ly in  HFA broth i s  not known . These stra ins  
h ave been shown to  conta i n  t he  three enzymes of  t he  arg i n i ne  deim inase 
pathway (Table 4.2) using extracts prepared from ce l l s  cu ltu red i n  T J BAG 
b rot h ( Se ct i o n  3 . 2 . 2 ) .  F u rt h e rmo re ,  t h e  spec i f ic  a ct iv i t i e s  of t h e  t h re e  
e nzymes  i n  these leuco nostocs are s im i lar to those i n  Group I ,  except for 
st rai n  I N O  (Tab le 8 . 1 ) .  A com parison of the compos it i on  of  t he  two b roths 
shows that the HFA broth used for the experiments in th is  chapter conta in ed 
20 g/L fructose ,  whereas th is sugar was not added to t he  T J BAG broth .  The 
arg i n i ne  leve l was simi lar i n  both media, althoug h sma l l  amounts of m i ne rals 
were added to T JBAG broth . lt is not known whether  t he  h igh  concentration 
of fructose i n  H FA broth i n h i bited (repressed) the catabo l ism of arg i n i ne  i n  
t h e  leuconostocs of Group 1 1 .  

Several other apparent anomal ies are revealed by i nspecti on  o f  the data i n  
Tab le  8 . 1 , as discussed be low. 

Lb. brevis M L30 showed no detectab le activity for AD I  and h ad weak activity 
fo r OTC and C K  (Tab le  8 . 1  ) .  Therefore ,  th i s  stra in  was not expected  to 
d e g rad e a rg i n i n e ,  s i nce  t h e  key e n zy m e  (AD I )  was not d etect a b l e .  
U nexpe cted ly ,  t h i s  st ra i n d i d  deg rade a sma l l  a m o u n t  o f  a rg i n i n e  a n d  
released some ammonia which was detectab le by enzymatic assay, but not 
by N essle r's reagent (Table 8. 1 ) .  This suggests that t h e re i s  very low A D I  
act iv i ty i n  t h i s  st ra i n  b u t  i t  i s  t o o  weak t o  be  m e as u ra b l e  b y  t he  assay 
procedu re described i n  Chapte r  3 .  
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Strain ML30 i s  distinctly diffe rent from other strai ns o f  Lb. brevis i n  that al l  
other  known strai ns  p roduce l arge amou nts of ammonia from arg in i ne .  
Examples i nclude strai ns 250 and EQ (Table 8 . 1 ) and fou r  other strains  of 
Lb. brevis (Edwards et al. , 1 993). The activities of AD I ,  OTC and CK of strain 

ML30 also differ g reatly from those of other heterofermentative lactobaci l l i  
i ncluding Lb. brevis 250 and EO (Table 8.1  ) .  This raises a question about 
the ide ntity of th i s  strai n .  Is M L30 rea l l y  a st ra i n  of Lb. brevis? The 
q ue st i o na b l e  i de nt i ty o f  th i s  stra i n  i s  s u p p o rted by a rece nt re port 
demonstrating that the lactate dehydrogenase (LDH) pattern of strain M L30 

does not match that of other known Lb. brevis strai ns (Edwards et al. , 1 993). 

C itru l l ine was not found i n  the broth i nocu lated with Lb. buchneri CUC-3 
(Tab le 8 . 2 ) ,  a lthough thi s  strai n has been  shown to  excrete citru l l i n e  
(Chapters 5 and 6 ) .  However, since strain CUC-3 has also been shown to 
recatabolise citru l l ine after the exhaustion  of argin ine (Figures 5.4 and 7.3) , 
the citru l l ine re leased i nto the broth wou ld have been completely degraded 
by this strain by the time of sampling for analysis. This agai n underl ines the 

i mportance of the t iming of analysis whe n  deal ing with strains capable of 
reassimi lat ing and uti l is ing citru l l i ne ,  as discussed in Section 7.4. For the 
same reas o n ,  it i s  n ot known wh ethe r  other  st rai ns  exam ined i n  th i s  
i nvest igat io n re uti l ised citru l l i ne  after  the dep let i on  o f  arg i n i n e  d u ri ng 
i ncubation. For example, this cou ld wel l  be the case for Lb. brevis EQ, since 
two lactobaci l l i  (strai ns CUC-3 and 250) have been shown to recatabolise 
citru l l ine after the disappearance of argin ine ( Figures 5.3-5.6) .  

Consequently, the determination of citru l l ine is not a suitable way to assess 
arg in ine degradation .  

C itru l l ine is a precursor of  the carci nogenic compound,  ethyl carbamate, 

found in w ine  and other  alcoho l ic  beverages (Ough et al. , 1 988) .  The 
excretion  of citru l l i ne during arg in ine deg radation has been demonstrated 

previously with heterofermentative strains OENO, 250 and CUC-3 (Chapters 
5 and 7). The excretion of citru l l ine was also found in the cu rrent survey with 
several  other  heterofe rmentative strai ns capable of extens ive arg in i ne 
uti l isation  (Table 8 .2) . This suggests that the excret ion of citru l l i ne from 
argi n ine cou ld be characteristic of a l l  heterofe rmentative wine LAB able to 
catabo lise argin ine.  If so, the screening of wine LAB becomes of paramount 

i mportance for selecti ng starter cultures to conduct malolactic fermentation 
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i n  wine i n  view of  the potential for ethyl carbamate formation,  as discussed i n  
Section 7.4. 

As d iscussed above ,  G roup I st rai ns  sho u ld n ot be se lected as starte r 
cu ltures because of the possib i l ity of citru l l i ne  excretion.  The suitab i lity of 
strai ns i n  G roup 1 1  as starter cu ltu res remains  to be determined, a lthough 

these strains uti l ised on ly small amounts of argin ine (on average 1 .2 4  m M  or 
2 1 6 mg/L, Tab le  8 . 1 ) .  Assum ing that 1 0% of the degraded arg in ine  ( 1 .24 
mM) was excreted as citrul l ine,  as demonstrated with strain OENO ( Chapter 

5), this would resu lt in an accumulation of 0 . 1 24 mM (22 mg/L) citru l l ine in 
the m edi u m .  This  amount of citru l l i ne  wou ld t rans late to 39 �g/L  ( ppb) 
pote ntia l  ethy l  carb a m ate in a wi ne  with about  1 0% etha n o l , u s i ng a 
convers ion  rate o f  0 .35% ( Chapte r 7 ) ,  and  ass u m i ng co nvers i o n  on  
pro longed sto rage wou ld be s im i lar to  that produced o n  heat i n g .  This 
potential concentration  of ethyl carbamate is we l l  above the recommended 
U SA l im it of 1 5  ppb i n  table wines. Therefore , G roup 1 1  strains shou ld be 
evaluated fo r the excret ion of citru l l i ne  from arg in i ne degradat ion before 

b e i n g  e m p loyed as starter  cu ltu res .  Fro m  the standpoi nt of  c i t ru l l i ne  
fo rmat io n ,  st rai ns  i n  G roup I l l  sho u ld be "safe" to use fo r co n d u ct i ng 
malo lactic fermentation  in wine, since they do not uti lise argin ine. 

The traditional ammonia test with Nessler's reagent is s imple to perform , but 
suffers from poor sensitivity when the argin ine concentration is low (P i  lone et 

al. 1 99 1  ) .  This  i s  because the brown ish-ye l low co lour  of the H FA b roth 

i nte rferes with the i nterpretat ion of the co lou r  formed by the react ion of 
Ness le r' s  reage nt with low ammon ia  conce ntrat io ns .  To i ncrease the 
s e n s i t iv i ty o f  the t e s t ,  P i  l o n e  et al. ( 1 9 9 1 ) i nc reased the a rg i n i n e  
concentration i n  the g rowth medium from the traditional 3 g/L (Garvie ,  1 967) 
to 6 g/L. This al lowed for a higher concentration of excreted ammonia from 
the arg i n i n e  dei m i n ase pathway. This  test cou ld be helpfu l i n  the i n itial 
screening of potential wine LAB strains for use as starter cu ltures to conduct 
malolactic fermentation .  Heterofermentative wine LAB strains that produce a 
positive reaction with Nessler's reagent after g rowth in HFA broth shou ld be 
avo ided, s i nce they defi n itely deg rade arg in ine  and , therefo re , have the 

potential to excrete the ethyl carbamate precursor, citru l l ine. 
H eterofermentative wine LAB strai ns that show a negative reactio n  after 
g rowth in HFA broth wou ld need further testing by a more sensitive method. 
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The enzymatic method used i n  th is study is clearly more sens it ive t h an t he  
N essler's test for the determi nation  o f  ammonia. Th is  e nzyme  assay c learly 
s h owed t hat a lmost a l l  t h e  w ine  LAB tested produced ammon ia ,  bu t  t h e  
a m o u nts formed var ied betwee n  st rai n s  (Tab l e  8 . 1  ) .  With Ness le r's test ,  
however, on ly strai ns in G roup I g ive a positive reactio n  for ammon i a  (Table 
8 . 1 ) .  O n e  p ro b l e m  t h at can be encou ntered w h e n u s i ng the e nzym at ic 
m ethod i s  the d i ff icu lty in  in terpretat ion of  the smal l  amounts of a mmon ia  
formed,  as by stra ins i n  G roup 1 1  and Group I l l  (Table 8 . 1 ) ,  particu larly when 
n e ed i n g  to  s u btract a m m o n i a  co nce ntrat i o n s  i n i t i a l l y  p r es e n t  i n  t h e  
u n i n ocu lated m ed i um  fro m  the  amou nts found  aft e r  g rowth .  I n  t h i s  case , 
d ata fo r arg i n i n e  deg radatio n  would be preferred. A lthough the e nzymatic 
method is se nsit ive ,  perform i ng the assay is tedious  a nd not as s i m p l e  as 
t he  N ess ler's test .  Measu rement of pH increases that accompany a rg i n i ne 
deg radation ,  as demonstrated previously (Chapters 5 and 7) ,  perhaps wou ld 
be another  s imple means of assessing arg in i ne  degradation .  

I n  addition to  the  excret ion o f  ammonia and  citru l l i n e ,  the  possi bi l ity of  u rea  
fo rmation by  these wi n e  LAB was also explored i n  th is i nvestigation .  N o  u re a  
was found  i n  a n y  of t h e se fe rme ntati ons , a n d  t h i s  agrees  with p rev ious  
resu lts found  fo r stra i ns  OENO ,  250  and  C U C-3 (Chapte r 5 ) .  Aga i n ,  t h i s  
provides further evidence that wi ne  LAB do  not metabol ise arg i n i ne  to u rea  
by way of t he  u re a  cyc l e ,  as suggested by Kue nsch  et  al. ( 1 9 74 )  and  
Spon ho lz ( 1 99 1 ) and  d iscussed i n  detai l  already i n  Sect ion 5 .4 .  
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Chapter 9 

Regulation of Enzyme Synthesis in the Arginine Deiminase 

Pathway of Selected Wine lactic Acid Bacteria 

9.1 Introduction 

P revious  c hapte rs i n  th i s  t hes is have not addressed the question  as to 
whethe r  t h e  t h ree  e nzymes  of t h e  a rg i n i n e  d e i m i nase pathway (AD I 
pathway), argin ine deiminase (ADI ) ,  ornith ine transcarbamylase (OTC) and 
carbamate kinase CK), are constitutive or i nducible in some wine lactic acid 
bacteria (LAB) .  A few previous studies have i ndicated that these enzymes 
are inducible by argin ine in  other LAB (Simon et al. , 1 982 ; Manca de Nadra 

et al. , 1 986a,b) .  Some prel imi nary experiments described i n  Chapter  4 have 
shown that i n  several strai ns  of Leuconostoc oenos, the  activities of the 
arg i n ine deim i nase pathway enzymes were low duri ng early g rowth ,  but 
were h igh between the late exponential and early stationary phases. This 
suggests that these enzymes may be i nducible in wi ne LAB .  This chapter 
presents the  resu lts of a more preci se study of the abi l ity of arg i n i ne  to 
i nduce changes in the level of activity of the three enzymes of the arg in ine 
deiminase pathway in strai ns of heterofermentative Le. oenos, Lactobacillus 

bre vis and Lb. buchneri, and also i n  stra ins  of h o m ofe rme ntative Lb. 

delbrueckii and Pediococcus sp. 

9.2 Materials and methods 

9.2.1 Lactic acid bacterial strains 

Both homofermentative and heterofe rmentative strai ns of wi ne LAB were 
used. The homofermentative strains were Lactobacillus delbrueckii CUC- 1  
a n d  Pediococcus sp. CUC-4.  T h e  h eteroferm entative strai ns  i nc luded 
Leuconostoc oenos OENO, Lactobacillus brevis 250 and Lactobacillus 

buchneri CUC-3. The original source of these strains is l isted i n  Table 4 . 1 .  

9.2.2 Media composition and preparation 

Two types of medium were employed, a synthetic and a complex medium. 

The synthetic medium was used to compare enzyme activities after g rowth 
with or without argin ine,  whi le the complex medium was used for observing 
changes in enzyme activity during growth in the presence of arg in ine .  This 
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co m p l e x  m ed i u m  was  n eeded to p rovi de  su ff i c i e n t  ce l l  m ass to e nab le  
e nzyme  activity measurements to  be  made at various stages duri ng  g rowth .  

The com pos i t i on  and p re parat io n o f  t he  syn th e t i c  med i u m  h av e  b e e n  
described i n  Section 5 .2 .2 .  Fo r the purpose of th is study, g lucose ( 5  g/L) was 
t he  carbon  and ene rgy sou rce , with o r  without t he  addit i on  of a rg in i n e  (5 
g/L) .  I n  one  experiment  with Lb. brevis 250, both g lucose and fructose (5 g/L 
each )  w e re p re s e n t  i n  t h e  m e d i u m  co ntai n i ng  a rg i n i n e .  The  syn thet ic  
med ium was adjusted to pH 3 .5  when arg in i ne  was present ,  and to pH 5 .5 
when arg in i ne  was absent for the reasons g iven i n  Sect ion 9 .3. 1 . 

Two ve rs ions  of  t he  co mplex med ium were p repared .  Mediu m  A (pH 5 .5) 
was t h e  basal medi u m  (Secti on  3 .2 .2 )  supp le m e nted with g lucose (5 g/L) 
and was ste ri l ised by autoclaving ( 1 21  °C/1 5 m in ) .  Medium B was autoclaved 
d o u b l e -stre ngth  basal  m e d i u m  (pH 4 .5 )  m ixed wit h an equa l  vo lu m e  of 
ste ri le-fi lte red (0 .4  11M pore-size membrane) arg i n i n e  (20 g/L) and g lucose 
(1 0 g/L) solut ion (pH 4.5) . Medium A and B were used in stud ies on t he  t ime­
cou rse of e nzyme i nducti o n .  Addit ion of m ed i um  B to an equal volu me of 
cu ltu re g rowing fn med ium A yie lded a medi um with a fi na l  conce ntrat ion  of 
5 g/L arg in i ne  and 2.5 g/L g lucose.  

9.2.3 Cultur ing procedu res 

For experiments usi ng the synthetic medium,  stra ins were fi rst subcultu red i n  
VJ M R S  b roth  (S ect i on  3 . 2 . 2 ) ,  fo l l owed b y  s u bcu lt u ri ng i n  t h e  syn t het ic 
med ium with or  without arg in i ne .  This second subcu ltu re was then used to 
i nocu late ( 1 % v/v ) t he  e xpe ri m e ntal  synt h et ic  m e d i u m  wit h or w i t h o ut 
a rg i n i n e  ( same as t he  second subcu ltu re med i u m ) .  The  c u lt u re s  w e re 
i ncu bated at 30°C ,  and  g rowth was mon itored as changes i n  ce l l  m ass 
(opt ical  dens ity, OD) .  Cu ltu res we re harvested between the late log and 
early stat ionary phases when enzyme activit i es  were h ig h ,  as p rev io us ly  
d e monstrated (Sect i o n  4 . 3 . 1 ) .  Ce l ls were ha rvested by centr ifugat io n  as 
described in Section 3 .2 .2 and sto red at -70°C u nt i l  used for measu re m e nt of 
e nzyme  activity. 

Time-course induction experiments were conducted i n  the  complex med ium.  
Stra i ns  precu ltu red i n  VJ MRS broth (Sect ion  3 . 2 . 2 ) we re f i rst i n ocu lated 
(0 .5% v/v) i nto med i um A (Sect ion 9 .2 .2) and a l lowed to g row (30°C) u nti l 
m id- to late log p hase .  D u ri ng  i ncubat io n ,  5- 1 0  m l  samp les  were taken 
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periodical ly fo r measurements o f  g rowth (OD) and  p H .  At appropri at e  t imes 
during g rowth ,  as indicated by OD and pH changes,  two large-size samples 
(200 -250  m l) were a lso  take n fo r h arvest i ng  ce l l s  fo r measure men t  of  
e nzyme  activit ies .  Immed iately after taking the second large sample ,  500 ml 
med iu m B (Sect ion  9 . 2 . 2) was added i nto the  remai n i n g  cu lture (approxi­
m at e l y  500  m l  at abo ut pH 4 . 0 -4 . 3 ) ,  so that t h e  f i n a l co nce ntrat io n of 
arg i n i ne  wou ld be about 5 g/L and the f inal volume  about 1 L. I ncubat ion  was 
cont inu ed , and O D ,  pH and arg in ine leve ls were mon itored. Several samples 
w e re a l so  take n d u r i n g  t h i s  i ncu b at i o n  p e ri o d  for h a rv e st i n g  c e l l s  fo r 
measure me nt of enzyme activit ies as described above .  

9.2.4 Measurement of enzyme activit ies 

The activ it i es  of  the  AD I pathway e nzym es were measured us ing  assays 
verif ied i n  Chapte r  3 .  

As a cont ro l  to d ist i ngu i sh  specif ic responses of the arg i n i ne  d e i m i n ase 
pathway enzymes  from gene ra l  ove ra l l  changes in p rote i n  synthe si s ,  the 
act i v i ty  of g l u co s e - 6 - p h o s p h ate  de hyd rog e n as e  ( G 6 P - D H )  was  a lso 
meas u red  us i ng  the m ethod of G arv ie  and Farrow ( 1 980 ) .  G 6 P- D H  was 
assayed i n  t h e  crud e extracts p re pared for argi n i n e  dei m i n ase p athway 
enzymes.  The reaction mixtu re conta ined 1 .5 ml tr iethanolamine buffer (0 .2 
M,  pH 7 . 6 ) ; 0 . 1 ml sod i u m  g l ucose-6-phosphate ( 1  0 .0 mg/ml) ; 0 . 1  ml 
NADP+ ( 1 2 .5  mg/ml) and 0 .2  ml MgCI2 (0 . 1  M) .  The volume  was m ade up 
to 3 .0  ml with the addition of 1 . 1 ml deion ised water. The e nzymic reaction 
was started by add ing 0 . 1 -0 .3 ml of an appropriate ly d i l uted solution of  ce l l­
free extract. The reduct ion of coenzyme was fo l lowed (37°C) at 340 n m  on  a 
G i lfo rd Spectrophotometer. 

9.2.5 Determinat ion of cel l  mass, pH and arg in ine  

Methods for the  determination  of ce l l  mass (OD) , pH  and arg in i ne  have been 
described i n  Sect ion 3 .2 .4 .  

9.3 Results 

9.3.1 Act ivit ies of a rg in ine deiminase pathway enzymes from wine 
LAB strains  g rown with or  without arg in ine  

Tables 9 . 1 -9 .3  show the  activit ies o f  the  AD I  pathway enzymes i n  extracts of 
Lb. buchn eri C UC-3 ,  Le. oenos O E N O  and Lb. bre vis 250 cu ltu re d  i n  a 

synthet ic med iu m with o r  without t he  presence of arg i n ine .  An i n it ia l  p H  of 
3 .5  was used when arg in i ne was present. This  low i n it ia l  pH leve l al lowed for 
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so m e  p H  i ncrease (because o f  t he  fo rmati on  o f  a m m o n i a  fro m  a rg i n i n e  
deg radatio n ,  as demonstrated earl ier, Figu res 5 . 1 -5 .6 ) ,  before becom i n g  too 
h igh and i nh ib iti ng g rowth .  An i n it ial pH of 5.5 was used when  arg i n i n e  was 
absent .  Th is h igh i n it ia l pH level al lowed for some p H  decrease because of 
acid format io n  from fe rme ntat ion of g l ucose before becom ing too low and 
i n h i bit i ng  g rowth .  

As s hown i n  Tab le 9 . 1 ,  i n  stra in  CUC-3,  the activ it ies  of  a l l  t h ree  e n zymes 
from ce l ls  g rown with arg in i ne  were very much h igher  than those fro m  ce l ls 
cu lt u re d  i n  t he  absence of arg i n i n e .  Enzyme act iv i t i es  were i ncreased by 
1 03- to 1 68-fo ld. With strai n OENO (Tab le 9 .2 ) ,  re lative ly h igh  activit ie s  o f  al l  
t h re e  e n zy m e s  w e re ach i eved fro m ce l l s  cu lt u re d  i n  t h e  p re s e n c e  of 
arg i n i ne .  When th is st ra in  was cultured i n  the absence of arg i n i ne ,  however, 
the activity of AD I  was u ndetectable .  The activ iti e s  of  OTC and CK for th is 
stra i n  were i ncreased by 39 1 - and 50-fo ld ,  respect ively,  whe n  g rown with 
arg i n i ne ,  compared with those grown i n  the abse nce of arg i n i ne  (Tab l e  9 .2) .  
W i th  s t ra i n  250 (Tab l e  9 . 3 ) ,  t h e  act iv i t i e s  o f  t h e  t h r e e  e nzym e s  w e re 
i ncreased by  1 9- to 60- fo ld  w h e n  cu lt u red i n  t h e  p re s ence of a rg i n i n e ,  
co m pa r e d  w i t h  t h o s e  i n  i t s  a b s e n c e .  l t  s h o u ld b e  n o t e d  t h at i n  t h e  
experiment with st ra in 250 , the carbohydrate i n  the m edi u m  was a m ixtu re of 
g lucose and fructose .  The mixture of sugars was used i n  th is case because 
t h e  e xp e r i m e nt was a l s o  pa rt of a n ot h e r  exp e r i m e nt w i t h  t h i s  st ra in  
(described i n  Sect ions 5 .2 .2  and 5 .3 .2 ) .  These resu lts c learly show t hat al l  
thre e  of the arg in ine  de im i nase pathway enzymes are i nducib le  by arg i n i n e .  

I n  s o m e  experiments, t h e  homoferme ntat ive st ra i ns  Lb. delbruekii C UC-1  
a n d  Pd. sp . C U C-4 we re c u lt u red in  t h e  syn t h e t i c  m e d i u m  ( p H  4 . 6 )  
contai n i ng 1 g/L g lucose ( instead of 5 g/L) and 5 g/L arg in i ne  (see Sect ions 
5 .2 .2  and 5 .3.3) . Ce l ls were harvested and assayed for  t he  activit i es  of the 
arg i n i ne  de im i nase pathway enzymes. Howeve r, no  activ it ies for any of the  
three  e nzymes cou ld be  detected i n  extracts from these two stra ins (data n ot 
shown ) .  Th is agre es with and exp lai ns the  earl i e r  fi nd i ng  that arg i n i n e  was 
not deg raded by these two strains i n  th is synthetic med i um  (Section  5 .3 .3 ) .  



Table 9.1 Specific activit i es of arg i n i ne  de im inase pathway 
enzymes from Lb. buchneri CUC-3 cu ltured i n  a synthet ic 
medium with or without arg i n i nea 

E nzyme  

AD I ( x 1  00)  
OTC 
CK 

Specific Activit iesb 

+arg 

1 0 1 
258 
27 

-arg 

0 .60  
2 .50 
0 .24 

+arg/-arg 

1 68 
1 03 
1 1 3 

aG iucose (5 g/L) as a carbohydrate source. 
bResu lts are the averages of dupl icate measurements in two separate 
extracts of one  cu lture .  Specific activit ies are expressed as !J.mole 
citru l l i ne/mi n/mg prote in for ADI and OTC and as 1-1mole ATP/mi n/mg 
prote i n  for CK.  

Table 9.2 Specific activit i es of arg i n i ne de im i nase pathway 
enzymes from Le. oenos OENO cu ltured i n  a synthetic 
medium with and without L-arg i n i nea 

E nzyme 

ADI (x1  00)  
OTC 
CK 

Specific Activit iesb 

+arg 

1 0  
43 
23 

-arg 

N Dc 
0 . 1 1  
0 .46 

+arg/-arg 

NAc 
39 1 
50 

aG iucose (5 g/L) as a carbohydrate source . 
bResu lts are the ave rages of dupl icate measurements i n  two separate 
extracts of one cu lture .  Specific activit ies are expressed as IJ.mole 
citru l l i ne/min/mg prote i n  fo r ADI and OTC and as IJ.mo le  ATP/mi n/mg 
prote i n  for CK.  

CN D ,  none  detected ;  NA, not appl icab le .  

1 2 3  



Table 9.3 Specific activiti es of arg in i ne  deim inase pathway 
e nzymes from Lb. brevis 250 cu ltu red i n  a synthetic 
medium with and without L-arg i n i nea 

E nzyme  

AD I  ( x 1  00) 
OTC 
CK 

Specific Activit iesb 

+arg 

2 1  
5 1  
3 .5 

-arg 

0.45 
0 .85 
0 . 1 8  

+arg/-arg 

47 
60  
1 9  

aG iucose and fructose (5 g/L each) as carbohydrate sources. 
bResu lts are the averages of dup l icate measurements in two separate 
extracts of one cu ltu re.  Specific activities are expressed as 11-mole 
citru l l i ne/min/mg prote i n  tor ADI and OTC and as IJ.mo le  ATP/min/mg 
protei n  fo r CK. 

9.3.2 Time-course i nduction of the arg in ine d eim inase pathway 
enzymes 

1 2 4  

I n  o rde r t o  study the i nduct ion o f  the arg in i ne  dei m inase pathway e nzymes 
by arg i n i n e  in more deta i l ,  t ime-co u rse experi m e nts  were carri ed out i n  
which changes i n  enzyme activity were fo l lowed after addition of arg i n i ne  to 
g rowi ng cu ltu res. As described i n  Section 9 .2 .3 ,  cu ltu res were g rown to mid­
to late log p hase on a med iu m co ntai n i ng g l ucose but without addit ion of 
a rg i n i n e  (med i u m  A) . Med i um  B contai n i ng argi n i n e  at twice the  requ i red 
fi nal concentration was then  added in  a vo lume equal  to that of the cu ltu re ,  
and  samples were taken at various t imes to  dete rmi ne  ce l l  mass (OD) ,  pH 
and  arg i n i ne  concentration ,  and  to  measure e nzyme activit ies. 

F i g u re s  9 . 1 - 9 . 3  i l l u s t ra te  g ro wth , c ha n g e s  i n  m e d i u m  p H ,  a rg i n i n e  
deg radat ion and activity of the arg in ine  de iminase pathway e nzymes i n  Lb. 

brevis 250,  Lb. buchneri C UC-3 and Le. oenos O E N O  g rowing i n  complex 
m ed ia  befo re and afte r  a rg i n i n e  add it i on .  A l l  strai n s  h ad ach i eved good 
g rowth ,  as i nd icated by OD read i ngs , and the mediu m  pH had decreased 
considerably at the t ime of addition of arg in i ne .  

The add it i on  o f  the arg i n i ne  solut ion (med ium B ,  Sections  9 .2 .2  and 9 .2 .3) 
d i l u t e d  t h e  c e l l  d e n s i t y  a n d  t h e re by r e d u c e d  t h e  O D  r ead i n g  by 
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approx imately 50% (Fig ures 9 . 1 -9 .3 ) .  This additio n  a lso s l ig htly raised the 
pH of the  cu lture medi um ,  because the pH of med ium B (pH 4 .5)  was h ig her  
t h a n  t h e  p H  o f  the cu lt u re (pH 4 . 0 -4 . 3 ) . Aft e r  a rg i n i n e  add iti o n ,  g rowth 
contin ued and arg i n i ne  was almost completely degraded by a l l  stra ins  by the 
late log phase . The pH of the "arg in ine-spiked" medi um decl i ned i n itia l ly ,  but 
subsequently i ncreased. This i ncrease in medium pH corre lated we l l  with the 
deg radatio n  of  arg in i ne ,  presumably due to the  re lease of ammon ia. 

The act ivit i es  of the  argi n i ne  de im inase pathway e nzymes i n  extracts from 
ce l l s  h a rvested b efo re t he  add it io n of  arg i n i n e  ( Fi g u re s  9 . 1 - 9 . 3 )  w e re 
re lat iv e ly h igh ,  compared with t he  act iv it ies  of  these  enzymes from ce l ls 
cu lt u red  i n  t he  synthetic med ium without added arg in i ne  (Tab les 9 . 1 -9 .3) .  
Th is  i s  because the  basal  comp lex med iu m conta ined some arg i n i ne  (0 .5 
g/L) , wh ich presum ably orig i nated from yeast extract, peptone and trypton e  
present i n  t h e  medium,  whereas the synthetic med ium contai ned n o n e .  The 
e nzyme activit i es seemed to be decre as ing  in t he  lactobaci l l i  by t he  t ime 
arg i n i n e  was added .  These decreases,  howeve r, d id  not occu r with Le. 

oenos OENO.  This is probably because some of t he  basal level of a rg i n i ne  
was sti l l  present when  samples were taken for strai n OENO.  

The activit ies of  a l l  three e nzymes i n  extracts i ncreased  sig n ificantly d u ri ng 
g rowth afte r t he  addit i on  of arg i n i ne  (Fig u res 9 . 1 - 9 . 3 ) .  These  i ncreases 
correlated wel l  with the deg radation  of arg in i ne .  Enzyme activiti es in extracts 
of strai n 250 (F ig u re 9 . 1 )  reached a maxi mum when  arg i n i n e  was n early 
depleted i n  the medium, whi le those i n  extracts of strai n CUC-3 (Fi gu re 9 .2 )  
cont i n u ed to  ri se  s l ig ht ly aft e r  the  exhausti on  of arg i n i n e .  H ig h e n zyme 
activities  in  extracts o f  strai n OENO (Figure 9 .3) coincided with t he  comp lete 
degradation of arg in i ne .  On the whole, AD I  activities  we re i ncreased by 6- to 
8-fo ld, OTC 4- to 9-fold and CK 4- to 8-fold. Although these i ncreases were 
s m a l l  compared to t he  d i ffe re nces i n  synthet ic med ia betwee n  cu ltures 
g rown with and wit hout arg i n i n e ,  the i ncreases i n  activiti es of the arg in i ne  
de im inase pathway enzymes are a specific response to  the added arg i n i ne ,  
s i nce t he  activit ies o f  g lucose-6-P dehyd roge nase (which is not i nvolved i n  
arg i n i ne  metabo l ism) showed n o  i ncrease fo l lowi ng arg in i ne  additio n .  
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F ig .  9 . 1  G ro wt h ,  a rg i n i n e  catabo l i sm ,  pH and activ it ies of t he  a rg i n i n e  
de im i nase pathway e nzymes duri ng i ncubat ion (30°C) o f  Lb. brevis 250 i n  a 
c o m p l e x  m e d i u m .  A rrow i nd i cate s  t i m e  o f  a rg i n i n e  addi t io n .  E nzyme  
activi t ies at each po i nt are t he  averages of dup l icate measu rements i n  one  
extract from a s ing le  culture.  
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Fig .  9 .2  G rowt h ,  a rg i n i n e  catabo l i s m ,  p H  and act iv i t ie s  of t h e  a rg i n i n e  
de im inase pathway e nzymes during i ncubat ion (30°C) o f  Lb. buchneri CUC-
3 in  a complex med i u m .  Arrow indicates t ime of a rg i n i ne  addit ion .  E nzyme 
activit ies at each po i nt are the ave rages of dup l icate m easu re m ents in one  
extract from a s ing le  cu lture .  
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F ig .  9 . 3  G rowt h ,  arg i n i n e  catabo l i s m ,  p H  and  act iv i t i es  of t he  a rg i n i n e  
de im inase pathway enzymes duri ng incubat ion (30°C) o f  Le. oenos OENO i n  
a comp lex m edi um.  Arrow i ndicates arg i n i ne  add it io n .  E nzyme  activit i es  at 
e ach po i nt a re the averages of dup l icate measu re m e nts in two separate 
ext racts fro m  a s ing le culture .  
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9.4 Discussion 

Th e i nf l ue n ce of add i t ion  of  a rg i n i n e  on t h e  act iv ity o f  the AD I p at hway 
e nzymes i n  some  wine LAB has been ascertai n ed i n  the current i nvest iga­
t io n .  This study has shown that i n  several heterofermentative wine LAB ,  t he  
AD I  pathway e nzymes are strong ly i nduced by  arg in i ne  (Tables 9 . 1 -9 .3) .  A l l  
t h re e  e nzymes are i nduced s imu ltaneously and  the t ime-course o f  i nduction  
co rrelates we l l  with that of arg i n i ne  degradat ion ( Figu res 9 . 1 -9 .3) .  E nzyme 
activit ies in extracts increased during the log phase and reached a maximum 
betwe e n  the  e nd o f  log  and  early stati onary phases ,  when  a rg i n i n e  was 
exhausted or nearly depleted . These resu lts confi rm the earl ier  observat ions 
that e nzym e  activit ies are low during early stages of g rowth i n  the  p resence 
of a rgi n i ne  (Figu res 4. 1 -4 .4) .  

The i nduct io n  of the ADI e nzymes by arg i n i n e  has been demonstrated i n  
othe r  m icroorganisms. T h e  s imu ltaneous i nduction o f  A D I ,  OTC and C K  by 
arg i n i n e  has been  demonst rated i n  Streptococcus faecalis ATCC 1 1 700  
(S i m o n  et  a!, 1 9 82 ) ,  a nd  Lactobacillus buchn eri NCDO 1 1 0  ( Manca de 
N ad ra et al. , 1 986a) . M anca de  N ad ra et a/. ( 1 986b )  a lso  repo rted  t h e  
i nduct io n  of A D I  and OTC by arg in i ne  i n  Lb. leichmannii ATCC 4797, but t he  
i nduct ion  of  CK was not ment ioned .  However, Crow and  Thomas ( 1 982)  
demonst rated t he  i nduc ib i l i ty of AD I  and OTC i n  lactococci but CK was 
shown to be constitutive .  I nte rest ing ly, Mercen ie r  et al. ( 1 98dJ showed the 
strong i nduct ion of  the three e nzymes i n  Pseudomonas aeruginosa PAO by 
a sh ift fro m  ae robic  g rowth conditi ons  to very low oxygen  tens ion .  I n  th is 
case ,  a rg i n i n e  was not essent ia l  fo r t h i s  i nduction ,  although the maxi mum 
e nzyme l evels we re increased twofo ld by the presence of  arg i n ine .  lt i s  not 
known  if o xyg e n  h as any  e ffect on t h e  synt h es i s  of t h e  A D I  pat hway 
e nzymes in wine  LAB. Oeno log ically, this may not be important, s ince win e  
is  usual ly an anaerobic e nvironment. 

The hom ofermentat ive wi n e  LAB exam i n ed did n ot co ntai n t he  arg i n i n e  
de im inase pathway enzymes ,  a s  shown i n  t he  survey resu lts (Table  4 .2 ) ,  
and s e e m  i nd eed  u nab le  to  catabo l i se  arg i n i n e  ( Figu re 5 .8 ) .  G l ucose is  
k n o w n  to  re p ress  t h e  act i v i ty o f  t h e  A D I  path way e n z y m e s  i n  o t h e r  
homofe rmentative LAB, such as some lactococci (Crow and Thomas ,  1 982) , 
Str. faecalis ATCC 1 1 700  (Si mon et al. , 1 982) , a Lb. plantarum fish iso late 
(Jonsson et al. , 1 983), Lb. leichmannii ATCC 4797 (Manca de Nadra et al. , 

1 986b) , and a Lb. sake meat iso late (Mante l and Champomier, 1 987) . The 
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s y nt h e s i s  o f  t h e  A D I  p at hway e n zy m e s  co u ld no t  b e  i n d uc e d  i n  t he  
h o m ofe rm e ntat ive  wi n e  LAB stud i ed  h e re even  u nder  condi t io n s  of  low 
g lucose concentrations ( 1  g/L) . 

The experiments presented i n  th is  chapter  represent a l im ited study on  the  
reg u lati o n  of  enzyme synthes is  i n  the  AD I  pathway i n  wi n e  LAB strai ns .  
Ot h e r  a s p e cts  o f  re g u l at i o n  o f  e n zy m e  sy n t h e s i s  s h o u l d  be  f u rt h e r  
i nv e st i g at e d ,  a n d  co u ld i n c l u d e  t h e  effects o f  suga r  type o n  e nzyme 
synthes is ,  s i nce the  nature o f  the  carbohydrate source has been s hown to 
have a m arked effect on activ ity of t he  AD I  pathway e nzymes (Crow and 
Thomas, 1 982 ; Manca de Nadra et al. , 1 986a,b) .  

The time-cou rse studies of arg i n i ne  catabo l ism described i n  Chapter  5 have 
shown that g lucose does not i n h ib it arg i n i ne  ut i l isat io n .  Th is suggests that 
g lucose is  not l i ke ly to affect t he  synthes is  of t he  AD I  pathway enzymes. 
However, the t ime-course stud ies also showed the sequential uti l isatio n  of 
fructose and arg i n i n e  (F ig u res 5 . 6  and 5 .7 ) .  This suggests t h at fructose 
i nh i bitS the  uti l i sation  of  argi ni ne  and ,  therefo re ,  may repress the synthes is of  
the AD I  e nzymes. Si nce the activities of  the AD I  pathway e nzymes were not 
m e as u re d  d u r i n g  t h e  m etabo l i s m  of f ructo s e  a n d  a rg i n i n e  i n  t h e s e  
experiments (Chapte r  5) ,  it i s  not known if the synthesis of the AD I  pathway 
enzymes  occu rred dur i ng  t he  m etabo l ism of fructose .  lt i s  poss ib l e  t hat 
synthes is of the  AD I pathway e nzymes does not occu r duri ng the extensive 
metabo l ism of fructose, because arg in i ne ,  the inducer, is not transported i nto 
t h e  ce l l  (S ect i o n  5 . 4 ) .  Fu rt h e r  work i s  n e eded  to co nf i rm t he  poss i b le 
re p re s s i o n  o r  re d u ct io n of e n z y m e  syn t h e s i s  by fructose . I f  f ructose 
rep resses t he  activ it i es of the  t h re e  e nzymes ,  th i s  may exp la i n t he  lower 
act iv it i e s  of t hese  e nzym es  i n  Lb. brevis 250  cu ltu re d  i n  t h e  synth et ic 
med ium co ntai n i ng  fructose and arg i n i n e  (Tab le  9 . 3 ) ,  compared with t he  
activ ities  found i n  t he  survey (Tab le 4 .2) .  
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Chapter 1 0  

General Discussion 

1 0.1  The pathway of arg in ine catabol ism in  wine lactic ac id bacteria 

Th i s  research has confi rmed that wine lact ic acid bacteri a  ( LAB)  ab le  to 
catabol ise ( L-)arg i n i ne  do so exclusive ly by means of the arg i n i ne  de im in ase 
pathway (AD I pathway) shown in Figu re 2 . 1 .  This pathway is  also referred to 
as t he  arg i n i ne  d ihyd ro lase pathway in the o lder  l iteratu re .  These w ine  LAB 
do not m etabol ise a rg i n i n e  via the u rea cyc le (described in Figu re 5 . 9  and 
be low) , as suggested by Kuensch et al. ( 1 974) ,  Spo nho lz et al. ( 1 9 9 1 )  and 
Sponho lz ( 1 99 1 ,  1 992) .  These conclusions are supported by seve ra l  l i nes  of 
evidence found i n  th is research , as d iscussed be low. 

a)  The p resence of t he  A D I  pathway e nzymes ,  a rg i n i n e  de im inas e  (AD I) ,  
o rn it h i ne t ranscarbamylase (OTC) and carbamat e  k i n ase (CK) ,  h as been 
demonstrated i n  ce l l-free extracts of  wine  LAB capable of deg radi ng a rg i n i ne 
(Ch apt e r  3 ) .  The  act iv i t i es  of  t h e  t h re e  e n zy m e s  f ro m  s ev e ra l  st ra i n s  
possessi ng  t h e  A D I  pathway ranged from 0.002 to 0 . 9 2  ).lmo l/mi n/mg p rote in 
fo r A D I ;  5 . 1 to  2 2 9  ).l m o l /m i n /mg  p ro te i n  fo r O T C  a n d  4 . 6  t o  4 1 .5  
).lmo l/min/mg protei n  fo r CK  (Chapter  4) .  

In the experime nts described  in Chapter 3, however, on ly ce l l-free e xtracts 
were u s ed to estab l i sh  t he  cond i t ions appropr iat e  fo r assays of t h e  A D I  
pat h way e nzym e s  fro m w i n e  LA B .  T h e  t h re e  e n zymes  h av e  no t  b e e n  
puri f ied a n d  hence ,  the i r  biochemical propert ies such as mo lecu lar we ights 
and k i n et ic  paramete rs are sti l l  not known.  I n  contrast ,  t h e  AD I  pathway 
e nzymes  from Lb. buchneri NCD01 1 0 iso lated from da i ry p roducts  h ave 
been part ia l ly purif ied and biochemical ly characte rised (Manca de N adra et 

al. , 1 9 84a , b ;  1 98 6 c ;  1 9 87 ; 1 98 8 ) .  T h e  b ioch e m ica l  p rope rt i e s  o f  A D I  
pathway e nzymes  f ro m  ot h e r  sou rces a lso h av e  b e e n  stud ied  a n d  are 
d iscussed in a review by Abde la l  ( 1 979) .  

b) The stoichiometric convers ion of arg in ine  to orn it h i ne  and ammon ia  (one  
mo le  o f  a rg i n i n e  converted  to one  mo le  of  o r n it h i n e  and  two m o l es o f  
ammon ia)  i s  consistent with t he  AD I pathway. Althoug h th i s  sto ich iometry 
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can be consistent with the urea cycle described in Figu re 5.9 and below, 

arginase urease 

argin ine -------------> ornithine + urea --------------> C02 + 2 N H3 

the presence of arginase and urease has not been assayed in wine LAB .  But 
no u rea was detected i n  the media in which wine LAB were grown (Chapters 
5 and 8) ,  though al l u rea cou ld be hydrolysed if u rease is not rate- l im it ing .  

c) The production of  energy (ATP) from argin ine degradation for g rowth has 
been i mplicated (Chapter 6) .  This is consistent with the ADI pathway, s ince 

ATP is generated f rom argin ine catabol ism through this pathway. S im i larly, 
coupling of energy from arg in ine catabolism for g rowth has been reported for 
other LAB possessing the ADI pathway (Crow and Thomas, 1 982 ; Jonsson 
et al. ,  1 983). Metabo l ism of arg in ine using the arg inase reaction wou ld not 
provide ATP to support g rowth. 

Wine LAB strains surveyed in Chapter  4 exhibit various activities of the ADI 
pathway enzymes. However, strai ns possessi ng AD I ,  but lacking OTC, CK 
or both ,  were not fou nd ,  nor  were any strains fou nd which showed l arge 
diffe rences i n  the re lative activities of the th ree enzymes.  These st rai ns 

possibly cou ld be gene rated th roug h mutation studies,  as achieved with 
other m icroorganisms. Haas et al. ( 1 979) iso lated mutants of Ps. aeruginosa 

affected in catabo lic OTC (arcB) that excrete citru l l ine. In  addition ,  S imon et 

al. ( 1 982) isolated fou r  g roups of Str. faecalis mutants displaying various 

activities of ADI pathway enzymes, and these mutants varied in the i r  abi lity 

to catabo l ise arg in ine  and produce metabol ites. Fo r example,  a g ro u p  of 

mutants found by Simon et al. ( 1 982), which have low activities of catabolic 
OTC, converted arg ini ne stoichiometrical ly to citru l li ne.  The iso latio n  of wine 
LAB m utants defici ent  in one or m o re of the ADI pathway enzymes ,  o r  
showing large differences i n  t he  re lative activities  o f  the th ree e nzymes,  

wou ld p ro d u c e  u s e f u l i n f o r m ati o n  on a rg i n i n e  m etab o l i s m  a n d  t h e  
accumulation  o f  metabo lites. 

The three enzymes of the ADI pathway are general ly i nduced simultaneous­

ly by argi nine,  for example, in Str. faecalis (Simon et al. , 1 982) . Th is  is also 
true of the three wine LAB tested : Le. oenos OENO, Lb. brevis 250 and Lb. 

buchneri C U C-3 (Chapte r 9 ) .  I n  Lactococcus lactis ML3 ,  a rg i n i n e  also 
stimu lates the arg in ine-ornithine exchange (antiporter) activity as wel l  as the 
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A D I  p at hway activity (Poo lman  et al. , '1 987) ,  i nd icat i ng  t hat t he  a rg i n i n e  
uptake system i s  also i nducib le .  The arg in i ne  transport system i n  win e  LAB 
may also be i nducib le by arg i n i ne .  

Factors affect ing  t he  catabo l i sm of arg i n i n e  are  i l l -defi ned  for  wi n e  LAB .  
A lthoug h g lucose does no t  affect arg i n i n e  uti l i sat io n ,  t he  obseNatio n  that 
uti l i sati o n  of f ructose and arg i n i n e  i s  sequential (Chapte r  5) suggests that 
fructose may repress t he  deg radat ion of arg i n i ne .  The i nfl uence of d ifferent 
sugars on the  activities  of the AD I  pathway e nzymes h as been reported fo r 
other  LAB (Crow and Thomas,  1 982;  Manca de Nadra et al. , 1 986a,b ) .  lt is 
not known whet h e r  t h e  nat u re of  sugars (pe ntoses ,  othe r  h exoses and 
disaccharides) and other  factors (oxyge n  and pH)  wou ld affect the activit ies  
of  the ADI  pathway e nzymes i n  wi ne LAB.  Previous work ( Liu ,  1 990)  shows 
l ittl e deg radation of arg i n i ne  at low pH (<pH 3.4) , but extensive uti l isat io n of 
t h i s  am i no  acid at h ig h e r  pH (>pH 4) in two strai ns  of  Le. oenos. Further  
work is  needed to  confirm th is .  l t  would also be i nteresti ng  to  see  how these 
conditio ns  affect the  excret ion of citru l l i ne .  Defi nit i on  of  condit ions affecti ng 
arg i n i n e  ut i l isation  and cit ru l l i n e  excret ion  wou ld be of  use in  contro l l i n g  
m a l o lac t i c  fe rm e ntat i o n  i n  wi n e ,  beca u s e  t h i s  w i l l  h e l p m i n i m i s e  t h e  
format ion o f  the ethyl carbamate precursor, citru l l i ne .  

1 0.2 Excretion  of  citru l l ine during arg in ine  catabo l ism by wine lact ic 
ac id bacteria 

This research (Chapters 5, 7 and 8) has demonstrated the excret ion of some 
citru l l i n e  from arg i n i n e  catabo l i sm by both  leuco nostocs and lactobaci l l i 
i so l ated  f ro m  wi n e  and  t he  reut i l i sat i on  of t he  excreted citru l l i ne  by t he  
lactobaci l l i .  The excretion  of citru l l i ne as a resu lt o f  arg i n i ne  catabo l ism has 
a lso been  fou nd i n  Mycoplasma sp. (Sm i th ,  1 955 ; Sch i mke and Bari le ,  
1 963 ;  Fenske and Kenny ,  1 976) and i n  Spiroplasma citri (Townsend,  1 976) ,  
but none of these microorganisms deg raded the citru l l i n e  re leased . 

The reason (s) fo r citru l l i ne  excret ion and reuti l isation is not known . Cun :  1 i n  et 

al. ( 1 986) suggested that repression of OTC o r  CK by an e xcess of ene rg y  
so u rce s o t h e r  t han  arg i n i n e  may res u lt i n  excre t i o n  o f  c i t ru l l i n e .  T h i s  
suggestion ,  however, i s  not consistent with the excretion o f  citru l l i ne fou nd i n  
t he  t ime-course study of arg i n i n e  catabo l ism (Fig u re s  5 . 2-5 .4) where t h e  
co ncent rat io n o f  t he  e n e rgy so urce ( 1  g/L g l ucose)  was n o t  cons ide red  
excessive .  l t  i s  reported that pseudomonads possess ing  t he  AD I  pathway 
convert 5- 1 5% of t he  avai lab le  arg i n i n e  i nto c i t ru l l i n e  and 85-90% i nto 
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orn ith i ne  u nder low oxygen  tension ,  but produce no  measurable l eve ls  of  t h e  
two m etabo l ites u nder  h ig h oxygen  tens ion  (Stalon and Mercen ier, 1 984) . 
Th is suggests that oxyge n  p lays a ro le i n  regu lati ng arg i n i ne  metabol ism i n  
t h e se o rg a n i s ms .  I n  o t h e r  bact e r i a ,  ove  rp  rod uct i o  n o f  i n t e r m e d ia ry 
metabol i tes from carbon substrates i s  a widespre ad mani festat io n ,  and the  
excret i on  o f  speci fi c  metabo l i tes appears to  p lay a key ro le  i n  u ncoupl ing 
catab o l i s m  fro m a n a bo l i s m  u nd e r  part i cu l a r  c o n d it i o n s  (Te m p e st and  
N eijsse l ,  1 992) . That i s ,  t he  catabol ism o f  carbon subst rates i s  d iverted to 
metabol i te fo rmat ion ,  rat he r  than to e n e rgy format i on  and g rowth .  If t h is 
mechan ism provides an  explanat ion for citru l l i ne  e xcret io n ,  t he  reut i l isat ion 
of t he  re leased citru l l ine after the depletion  of arg i n i ne  and g lucose ( Figu res 
5 .3 and 5 .4) remains unexplai ned. 

1 0.3 Relat ionship between the uti l isat ion of arg in ine and c itrul l i ne and 
the possib le uptake system of arg in ine and citru l l i ne 

W h i le s o m e  bacte ri a  such  as Ps. aeruginosa stra i n s  ( M e rcen i e r  et  al. , 

1 980a;  Rah man et al. , 1 980) and Ps. putida P2 (Fan et al. , 1 972) can uti l ise 
a rg i n i n e  as a sole carbon and n itrogen source , wine LAB (Li u ,  1 990 )  and 
othe r  bacte ria (Bauchop and E lsden ,  1 960 ; De i be l ,  1 96 4 ;  Jonsson  et al. , 

1 983)  can n ot g row o n  arg i n i ne  as a so le carbon  and e n e rgy sou rce . The 
b iochem ical reasons  fo r the requ i rement of  g lucose for arg i n i ne  ut i l isat ion 
are not u nderstood. lt may be that arg in i ne  transport i n it ial ly depends on the  
p rese nce of g l ucose,  fo r  examp le ,  for t he  p roduct ion  of  ATP or a proton­
motive force , or that g lucose metabo l ism produces the ene rgy for i nductio n  
o f  t he  AD I  pathway enzymes. l t  was observed (Figures 5. 1 and 5.2) that Le. 

oenos OENO cont i nued to catabol ise arg in i ne  after the dep letion  of g lucose ,  
i nd i cat i n g  t h at o n ce the  AD I  path way i s  i nduced  and  fu n ct i o n i n g ,  t h e  
metabo l ism of arg i n i ne  i s  n o  longer depe ndent o n  g lucose . Th is  contin ued 
uti l isatio n  of  arg i n i ne  after  t he  d isappearance of  g lucose may be re lated to  
t he  arg i n i n e  t ransport system.  Us ing  membrane vesicles of galactose and 
arg i n i n e-g rown ce l l s  of  Lactococcus lactis ML3, it h as b e e n  s hown t hat 
a rg i n i n e  i s  t r a n s p o rt ed  i n  a nt i p o rt w i th  o rn i t h i n e  (a rg i n i n e- o r n i t h i n e  
exchange)  and metabo l ic energy was not requ i red for the  anti port process 
( D ri ess e n  et  al. , 1 987 ;  Poo l man et al. , 1 987;  Kon ings et al. , 1 99 1  ) .  As h igh  
i nt race l l u lar  concentrat ions of  ornith i ne  accu mulate after  some degradatio n  
o f  arg i n i ne ,  t h e  orn ith i ne  g radient then drives t h e  uptake o f  arg i n i ne  without 
fu rther  e xpense of metabo l ic ene rgy. This exchange  process can cont inue  
even  afte r the  exhaustion o f  g lucose as l ong  as  arg i n i n e  is  p resent .  I f  th is  
h y p o t h e s i s  is  t e n a b l e  fo r wi n e  LA B ,  i t  m ay e x p la i n t h e  obse rvat i o n s  
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mentioned above .  

The uti l isation  of citru l l i ne as a so le  source of carbon and n itrogen i s  mai n ly 
rest ri cted  to  spec i e s  o f  Pseudomonas (S ta l o n  a n d  M e rce n i e r , 1 984) . 

H owever, the  use of citru l l i ne  as an energy source has not been reported for 
any microorgan isms. This research has inch�that citru l l i n e  is  catabo l i sed to 
produce ene rgy in Lb. buchneri CUC-3 in the  presence of g l ucose (Chapter  
6) .  Presumab ly citru l l i ne  a lone ( l ike arg in i ne)  cannot be uti l i sed by th is  stra in 
as a so le source of ene rgy for g rowth .  However, it was noted that citru l l i ne  
was reassim i lated and degraded by both Lb. buchneri CUC-3 and Lb. brevis 

250 after the d isappearance of arg i n i ne  and g lucose (Figu res 5 .3  and 5.4) .  

By ana logy  w i th  t he  arg i n i n e-o rn i t h i ne e xc h a n g e  syst e m  i n  lactococci 
(Dri essen et al. ,  1 987) ,  a citru l l i ne-orn ith i ne  ant iporte r may be functio nal in 
the wi n e  lactobaci l l i ,  and citru l l i n e  uptake may be  d rive n by the o rn ith ine  
g rad i e nt aft e r  t h e  e x h a u st i o n  o f  a rg i n i n e  a n d  g l uco s e .  Howeve r, t h e  
existe nce o f  a cit ru l l i ne-ornith i ne  anti porter system i n  wine LAB rem ains  to 
be estab l ished.  

On ly the lactobaci l l i  we re able to reuti l ise excreted citru l l i ne .  The reason for 
the i nabi l ity of Le. oenos OENO to take up  excreted citru l l i n e  is not known,  
but may be due  to the i mpermeabi l ity of the  leuco nostoc ce l ls  to citru l l i ne .  
The inab i l ity to deg rade citru l l i n e  (presu mably due to  lack of permeabi l ity) 
h as a l so  b e e n  reported i n  oth e r  m icro -o rg a n i s m s  possess i n g  t h e  A D I  
pathway, for e xample , mycop lasmata (Sch imke and Bari l e ,  1 963 ;  Sch imke 
et al. , 1 966)  and in a Lb. plantarum f ish isolate (Jonsson et al. , 1 983) .  lt has 
also been suggested that the rate of citru l l i ne  uptake in Ps. aeruginosa may 
be the rate- l im it ing step for its uti l isation  (Rahman et al. , 1 980) .  

1 0.4 Oeno log ica l  impl icat ions of the present stud ies 

The resu lts of th is  research have sign i ficant i mpl ications  i n  the wi ne  i n dustry. 
The excret ion  of  citru l l i ne  from arg i n i ne  is  oeno log ica l ly important , as this 
can resu lt i n  t h e  format ion  of carci nogen ic  ethy l  carbamat e  (Chapter  7 ) .  

S ince the  experi ments were conducted under  conditi ons  d i ffe re nt from the 
w i n e ry s i tuat io n s ,  fu rt h e r  t r ia ls  s h o u ld be  ca rri ed out on a larg e  sca le ,  
prefe rably i n  a winery,  us ing several strains to confirm the  resu lts. lt would 
also be important to estab l ish whether the h ig h ethyl carbamate leve ls found 
i n  t he  p rese nt st ud ies  upon  h eati ng of wi n e  i n  wh ich  arg i n i n e  has bee n 
deg raded  by wi ne  LAB are also produced o n  prolonged sto rage of s imi lar 
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w i n e  a t  n o rma l  sto rage  te m pe ratu re s .  The  i nf l u e nce  o f  p H  o n  a rg i n i n e  
d e g ra d at i o n  n e e d s  to  b e  e x a m i n e d  i n  m o re d e t a i l ,  s i n c e  t h e  w i n e  
fermentations  used i n  th is  research  had re lative ly h ig h  i n it ia l p H  leve ls (pH 
3 .7 ) . I n  a synthet ic m ed i um ,  low pH had a p rofo u n d  i nf luence on arg i n ine  
catabo l ism ( Li u ,  1 990 ) .  A lso ,  t he  potent ial ly s ignif icant i ncrease i n  pH that 
occurs du ri n g  arg i n i n e  degradat ion  can be catast ro p h ic for t he  b i o log ical 
stab i l ity  of w i n e  if t h e  arg i n i n e  l eve l  i n  wi n e  is h i g h ,  as h i g h  p H  wou ld  
e ncourage the  g rowth of  undes i rable spoi lage m icroorg anisms.  The l imited 
i nfo rmat ion  avai lab le  i nd icates that o rn ith i n e  h as a p ronou nced i n h i b itory 
e ff ect o n  w i n e  ye ast s ,  i n c l u d i n g  w i l d  y e a sts  ( K u e n sc h  e t  al. , 1 9 74 ;  
Egge nbe rge r, 1 988) .  Therefo re , t he  p roduct i on  of  o rn it h i n e  may i mpart a 
b io logica l  yeast contro l  i n  wi ne .  Other  aspects with oeno logical imp l icat ions 
which remain to be i nvestigated i nclude the  effects of a rgi n i ne  degradation 
and metabo l ite fo rmatio n  on  wi n e  fl avou r, a lt hou g h  Eggenbe rg e r  ( 1 988) 
regards the conve rs ion of the bitter, musty argi n i ne  to orn ith ine as posit ive .  

The se lecti on  of LAB starter cu ltures to co nduct m alo lactic  fe rme ntati on  in  
w i n e  b ec o m e s  m o re i m p o rtant  n ow t h a n  e v e r  be fore becaus e  of t he  
demonst rat ion  of  the  potent ia l  fo rmatio n  o f  ethy l  carbamate prec u rsor(s). 
Stra ins  m ust be evaluated fo r the i r  abi l ity to excrete citru l l i ne  from a rg i n ine 
catabo l ism before be ing employed as starter  cu ltures .  Obviously, stra i ns  that 
re lease citru l l i ne  must not be se lected. However, the  excretion  of citru l li n e  is 
seeming ly characteristic of stra ins possessing the th ree  e nzymes of the AD I  
pathway (Chapters 5, 7 and 8) . Thus ,  these strai ns  shou ld not be chosen .  
Fortunate ly, not a l l  stra ins possess the complete e nzym e  system for a rg i n i ne 
degradat ion .  Fo r example ,  a l l  homofermentative and some heterofe rmenta­
tive stra ins lack a l l  or some of t he  enzymes for arg i n i ne  catabo l ism (Chapter 
4) . This shou ld  be the basis for starter cu ltu re se lectio n .  But care must be 
taken not to select strains lacki ng OTC or  CK or  both ,  because these stra ins 
can re l e ase la rg e  amo u nts of  c i tru l l i n e  ( C h apte r  4) .  As a g e n e ra l  ru le ,  
a rg i n i n e-degrad ing  stra i ns shou ld not  be selected as starter cu ltu res .  This 
e nta i ls t h e  assessmen t  of  t he  ab i l i ty of a st rai n to catabo l i se  a rg i n i ne .  
Perform i ng  e nzyme assays for t h i s  i s  not a lways p ract ical ,  s ince th i s  i s  a 
co m p l i cated a n d  t i m e -consu m i n g  task .  Mon ito ri ng t h e  c h a n g e s  i n  t he  
med ium pH duri ng g rowth i n  th e p rese nce o f  a rg i n i n e ,  or  testi ng a m mon ia 
with N ess ler's  reage nt and/o r wit h enzyme test kits m ay provide a s imple 
i nexpensive way of screen ing stra ins for arg i n i ne  degradation ,  as d iscussed 
i n  Chapte r  8. 
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Lastly, it must be stressed that the enzyme assay temperature (37°C )  used 
for convenience in this research is above normal wine storage temperature 
(ea 1 8°C). Performing assays at 1 8°C is not practical because reactio n  rates 
would be much s lower (very slow for ADI) at this temperature and, thus ,  this 
wou ld be m o re t ime-consumi ng and p ro ne to e rro rs. Also,  strai n s  were 
cu ltured at 30°C i n  the absence of ethanol  (Chapters 3,4,5,6,8,9) but at 22°C 
i n  t h e  p rese nce of ethano l  (Chapte r 7 ) .  Th is is justif iable s ince o pt imal 

g rowth of wine LAB occurs at about 30°C and 0-4% ethanol , but at 1 8-25°C 
and 1 0- 1 4% ethanol  (Asmundson and Ke l ly ,  1 990) .  Nevertheless, caution 
s h ou ld be taken i n  t he  app l icatio n  of fi ndi ngs of th i s  research  to w ine  
making .  Perhaps fu rther studies shou ld be  conducted to assess arg i n ine 
catabolism at lower temperatures. 

1 0.5 Suggestions for future work 

Th is  research p roject has generated several areas fo r futu re study of 
arg in ine  metabo l ism.  These areas of research have been indicated where 
appropriate i n  previous chapters and th roughout th is general  d iscussion:  
Briefly, these include : 

1 )  pu rif icat ion and b iochem ica l  characterisat ion  of the  enzymes of the 
arg in ine deiminase pathway; 

2) study of the genetic reason (s) fo r the lack of the arg i n i n e  dei m i n ase 
pathway enzymes ; 

3)  fu rther  work o n  regu lat ion of the synthesis of the arg in ine  deim inase 
pathway enzymes, especially repression by fructose; 

4) study of other factors affecting arg in ine metabol ism (pH ,  sugar type and 
concentration) ; 

5) evaluation of strains for citru l l ine excretion under varying condit ions  (pH,  
sugar type and concentration) ;  

6) studying the biochemical basis of  citru l line excretion ,  reuti l isation and non­
util isation ;  

7) characterisation of the transport systems of arg in ine and citru l l i ne ; 

8) determi n ing the oeno logical effects of arg i n i ne  catabo l ism on  sensory 
propert ies and bio logical stabi l ity of wine and potential fo rmat ion of ethyl 
carbamate under wi nery conditions. 

9) confi rm ing absence of urea cycle enzymes (especial ly arg inase) .  
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Chapter 1 1  

Summary and Conclusions 

The presence of the arg in ine deiminase pathway (AD I  pathway) i n  several 
wine lactic acid bacteria (LAB) was demonstrated by measurement of the 
activities of the ADI pathway enzymes, arg in ine deiminase (ADI ) ,  ornith ine 
t ranscarbamylase (OTC) and carbamate kinase (CK),  i n  cel l-free extracts. 

ADI  activity was assayed by measuring the rate of citru l l i ne formation at the 
optimum pH of 5.8. OTC activity was also assayed by measuring the rate of 
citru l line formation i n  the di rection of citru l l ine synthesis at the optimum pH,  
pH 8 . 0  for stra ins of Le. oenos and pH 8 . 5  fo r strains of lactobaci l l i .  CK  
activity was measured by  coupl ing ATP fo rmed from carbamyl phosphate 
and ADP to NADP+ reduct ion via hexoki nase and g lucose-6-phosphate 
dehydrogenase at the optimum pH of 7.8.  

A large number of commercial and laboratory strai ns of wi ne LAB were 
surveyed for the presence of AD I ,  OTC and CK activity. Homofermentative 

LAB e xam ined  d id not  show m easu rab l e  act ivity for  any of t he  t h ree 
enzymes.  Howeve r, t h e re we re larg e  vari at i ons  in  A D I ,  OTC and CK 
activities among the hete rofermentative LAB . Lactobaci l l i  showed h igher  

activity for these enzymes than leuconostocs, particu larly for the enzymes 

ADI and OTC. However, not al l  the heterofermenters possessed the three 
enzymes. Some strains of Le. oenos did not show any measurable activity 
for AD I, but showed very low activity for OTC or  CK; whi le others showed no 
activities for any of the enzymes. The specific activities of AD I ,  OTC and CK 

were g e n e ral ly s i m i lar amongst Le. oenos stra ins  possess ing  a l l  t h ree 
enzymes. 

Le. oenos O E N O, Lb. buehneri C U C-3 and Lb. brevis 250 t ransfo rmed 

arg in ine to ammonia, ornith ine and citru l l ine.  Citru l l ine was reassimi lated and 
catabo lised after the exhaustion of argin ine by the lactobacil l i ,  but not by the 

leuconostoc strai n .  G lucose uti l isation and malic acid degradation  did not 

affect arg i n i ne  catabo l ism ,  n o r  d id the  catabol ism of arg in ine  affect the 
ut i l isation of g lucose and mal ic acid. However, when g rown in a medium 
contai n i ng  arg i n i ne and  both fructose and g lucose as  sugar s o u rces ,  
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arg i n i n e  deg radat ion  was de layeq u nt i l  near ly al l of t h e  fructose was 
metabo l ised. Arg in i ne  was stoichiometrical ly converted i nto two m o les of 
ammonia and one mole of ornith i ne .  A small proportion  of the ADI pathway 
i ntermediate , citru l l i ne ,  was excreted during the  degradatio n  of arg i n ine ,  
about 1 6% by strai n OENO and 1 2% by stra ins CUC-3 and 250,  b efore 

being recatabolised by the latter two strains. 

Le. oenos O E N O  and Lb. buehneri CUC-3 also degraded arg i n i ne  and 
excreted citru l l i ne  in a synthetic wi ne and a laboratory-vin ified white wine. 
Significant amounts of ethyl carbamate (urethane) ,  a carcinogen,  were found 
i n  t h e  synth et ic  wi n e  and w ine  sam p les  after  post-fe rmentat io n  heat 
treatment .  This formation of ethyl carbamate corre lated wel l  with arg in ine · 
degradat ion and citru l l i ne  excretio n by the wi ne LAB ,  demonstrat ing  the 
pote ntia l  of  t hese bacteria  to produce the ethy l  carbamate precu rsor, 
citru l l i ne .  On ly smal l  amounts of ethyl carbamate (<1 0 ppb) were fou nd in 
samples without subsequent heat treatment, suggesting that l ittle carbamyl 
phosphate was excreted. Wi ne LAB strains capable of degrading arg in ine 
shou ld not be used as starter cu ltu res to induce malo lact ic fermentatio n  
(MLF) in  wine, since excreted citru l l ine can react with ethano l  even at normal 
wine storage temperatures to form the carcinogenic agent ethyl carbamate. 
In  addition ,  spontaneous MLF should be discouraged, as this may resu lt in 
the formation of ethyl carbamate precursors. 

The cel l  y ie ld (dry weig ht) of arg in ine-degrading wine LAB increased with 
i ncreasing argin ine consumption. Molar g rowth yie lds for argin ine were 1 4.4 

for Lb. buehneri CUC-3, 1 1 .7 for Lb. brevis 250 and 4.4 for Le. oenos O ENO. 

The molar g rowth yield of citru l l ine was 4.5 for strain CUC-3. These resu lts 
suggest that both arg in ine and citru l l ine are energy sou rces for these wine 
LAB ,  a lthoug h  t h e re was a low energy coup l i ng  fo r stra i n  O E N O  with 
argin ine and for strain CUC-3 with citru l l ine. 

Only very low activities of al l three enzymes were detected in extracts from 
ce lls cu ltured i n  the absence of argin ine,  whi le high activities were measured 
in extracts from cel ls cultured in the presence of argin ine. Specific activities 
of ADI ,  OTC and CK were increased from 1 9- to 391 -fold i n  the presence of 
arg i n i ne .  Activiti es  fo r a l l  t h ree enzymes were undetectable in ce l l -free 

extracts of the homofermentative Pd. sp. CUC-4 and Lb. delbruekii C UC-1 
grown in the presence of argin ine (5 g/L) and low g lucose level ( 1  g/L) i n  a 
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synthetic medium, i ndicating that the absence o f  the ADI pathway e nzymes 
i s  p robably n ot due  s imply to g lucose rep ress ion  of e nzyme i nduction .  
Activities of the  argin ine deiminase pathway e nzymes increased significantly 
d u ri ng  g rowth afte r the  addit ion of arg i n i n e ,  agai n demonstrat i n g  the ir  
i nducible natu re.  The activities of a l l  t h ree e nzymes reached a m aximum 
corresponding to the t ime at which argin ine was depleted. 

A g ood corre lat ion  was found between arg i n i n e  deg radation ,  am monia 
production ,  ammonia test with Nessler's reag e nt and the activities  of the 
argin ine deiminase pathway enzymes in most wine LAB strains cu ltu red in a 
com plex broth (H FA) contai n i ng arg in ine ( 6  g/L) . The ammonia test with 
Nessler's reagent is on ly usefu l in  assessing arg in ine degradation for wine 
LAB strains that produce large amounts of ammonia. This test, however, has 
l imitations for strains that form smal l  amounts of ammonia because of the 
i nsensitivity of the test. Ammonia formed by weaker ammonia producers can 
be detected usi ng enzyme test kits. 
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