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Abstract

The metabolism of amino acids by 22 starter and 49 non-starter lactic acid bacteria (LAB) was studied in a system consisting

of amino acids and non-growing cells without added amino acceptors such as a-ketoglutarate. There were significant inter- and

intra-species differences in the metabolism of amino acids. Some amino acids such as alanine, arginine, aspartate, serine and

branched-chain amino acids (leucine, isoleucine and valine) were utilised, whereas other amino acids such as glycine, ornithine

and citrulline were produced. Alanine and aspartate were utilised by some LAB and accumulated during the incubation of other

LAB. Arginine was degraded not only by Lactococcus lactis subsp. lactis (the lactococcal subspecies known to catabolise

arginine), but also by pediococci, heterofermentative lactobacilli (Lactobacillus brevis and Lb. fermentum) and some

unidentified homofermentative lactobacilli. Serine was utilised predominantly by homofermentative Lb. paracasei subsp.

paracasei, Lb. rhamnosus and Lb. plantarum. Of the LAB studied, Lb. brevis and Lb. fermentum were the most metabolically

active, utilising alanine, arginine, aspartate, glutamate and branched-chain amino acids. Leuconostocs were the least

metabolically active, showing little potential to metabolise amino acids. The formation of ammonia and acetate from amino acid

metabolism varied both between species and between strains within species. These findings suggest that the potential of LAB

for amino acid metabolism via non-transaminating reactions and endogenous transamination will impact both on the physiology

of LAB and on cheese ripening, especially when transamination is rate-limiting in the absence of an exogenous amino acceptor

such as a-ketoglutarate.

D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cheese ripening involves biochemical activities

such as glycolysis, lipolysis and proteolysis. As

cheese matures, proteolysis of cheese casein and lysis

of starter cells incorporated in the cheese curd produ-

ces amino acids that may serve as substrates for

secondary microflora including lactic acid bacteria

(LAB). The catabolism of amino acids by starter

and non-starter LAB further contributes to the cheese

ripening process.

LAB can produce some amino acids but their

ability to synthesise amino acids is limited. Only

those LAB that possess the arginine deiminase path-

way, e.g. Lactococcus lactis subsp. lactis and Lacto-
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bacillus buchneri, can convert arginine to ornithine

(Crow and Thomas, 1982; Manca de Nadra et al.,

1988). In addition, Leuconostoc mesenteroides subsp.

mesenteroides can synthesise aspartate from oxaloa-

cetate via transamination (Marty-Teysset et al., 1996).

A number of LAB form glycine from threonine (Lees

and Jago, 1976). Nonetheless, LAB generally require

preformed amino acids for growth and their require-

ments for amino acids vary with species and between

strains within species.

Although small peptides and free amino acids

resulting from proteolysis may contribute to the basic

flavour (taste) of a cheese, the direct contribution of

free amino acids to cheese flavour is limited; the

amino acids probably act as precursors of other

flavour compounds (Engels and Visser, 1994). Amino

acids can be catabolised by microorganisms through a

number of pathways: decarboxylation to form amines

and CO2, deamination to produce ammonia and a-

ketoacids, and transamination to synthesise other

amino acids (Hemme et al., 1982). Amines, a-ketoa-

cids and some amino acids can be further transformed

to aldehydes, alcohols, acids, sulphur-containing com-

pounds, indole, phenol and cresol (Hemme et al.,

1982). These products are important flavour or off-

flavour components of cheeses (Urbach, 1995).

The metabolism of amino acids by LAB may

impact significantly on cheese texture and flavour

through the production of gas and flavour compounds.

CO2 produced via decarboxylation of amino acids

such as glutamate can cause open texture in cheese

(Martley and Crow, 1996; Zoon and Allersma, 1996).

The formation of flavourful aldehydes from amino

acids by lactococci has been reported (MacLeod and

Morgan, 1958). Some lactobacilli can catabolise aro-

matic amino acids to produce Strecker-type com-

pounds (phenethanol, phenylacetaldehyde, p-cresol

and phenol), causing unclean-type flavour in Cheddar

cheese (Dunn and Lindsay, 1985). Lactococci can also

transaminate aromatic amino acids to form flavour

compounds such as indole-3-aldehyde and phenyl-

acetate (Gao et al., 1997; Yvon et al., 1997). In

addition, Nakae and Elliot (1965a,b) showed the

production of volatile fatty acids from amino acids

by several dairy LAB. A number of researchers have

demonstrated the potential of lactococci to form

sulphur-containing volatile flavour compounds from

sulphur-containing amino acids (Alting et al., 1995;

Engels and Visser, 1996; Bruinenberg et al., 1997;

Weimer et al., 1997). Overall, LAB have a great

potential to produce flavour compounds from amino

acids to influence cheese flavour and this potential

may vary with species and between strains within

species.

In recent years, the transamination of amino

acids by dairy LAB (especially lactococci) has been

intensively studied. For details, the reader is referred

to recent reviews by Christensen et al. (1999),

Weimer et al. (1999) and Yvon and Rijnen (2001).

In contrast, amino acid metabolism by LAB via

non-transaminating reactions appears to have been

overlooked. The aim of this study was to investigate

the potential of dairy LAB to metabolise amino

acids via non-transaminating reactions and endoge-

nous transamination (i.e. in the absence of added

amino acceptors such as a-ketoglutarate). Although

the metabolism of amino acids by propionibacteria

has been studied both in vivo and in vitro (Brende-

haug and Langsrud, 1985; Crow, 1986a, 1987a,b;

Crow et al., 1988), two strains of propionibacteria

were included to verify the present in vitro system

(non-growing cells).

2. Materials and methods

2.1. Microorganisms and growth conditions

The starter and non-starter LAB and propionibac-

teria used in this study were obtained from the culture

collection held at the former New Zealand Dairy

Research Institute (now Fonterra Research Centre,

Palmerston North, New Zealand), as listed in Table

1. All strains were stored at � 80 jC in their corre-

sponding broth (see below) containing about 30%

glycerol. Mesophilic lactococci and thermophilic

starters were cultured in M17 broth (Merck, Darm-

stadt, Germany) and were incubated at 30 jC for 22 h

and at 37 jC for 48 h, respectively. Lactobacilli and

pediococci were cultivated in MRS broth (Merck) at

30 jC for 22 h. Leuconostocs were cultured in MRS

broth at 30 jC for 48 h, except for Leuc. lactis, which

was incubated at 30 jC for 22 h. Propionibacteria

were grown at 30 jC for 48 h in a casein hydrolysate

(Gibco, Madison, WI, USA) yeast extract (Oxoid,

Hampshire, England)-based medium as previously
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described (Crow, 1986b). All strains were precultured

in the corresponding medium, inoculated at 1% (v/v)

and incubated statically.

2.2. Preparation of amino acid stock solution

The amino acid stock solution consisted of 6 mM

of each of the following L-amino acids (all from

Sigma, St. Louis, MO, USA): alanine, arginine,

aspartate, cysteine.HCl, glutamate, glycine, histidi-

ne.HCl, isoleucine, leucine, lysine.HCl, methionine,

phenylalanine, proline, serine, threonine, tryptophane,

tyrosine and valine. The stock solution (1 l) was

prepared as follows: the amino acids, except for

tyrosine, were dissolved in 700 ml of distilled water;

tyrosine was dissolved separately in 300 ml of dis-

tilled water assisted by adding a few drops of 5 M

HCl; the two solutions were then combined and the

pH was adjusted to 5.8 with 10 M NaOH. This amino

acid mixture was dispensed into 14 aliquots of 70 ml

and autoclaved at 121 jC for 15 min. The cooled

sterile amino acid mixture was stored at � 20 jC.
Aliquots were thawed and heated to near boiling

temperature to redissolve precipitated amino acids

before use.

2.3. Experimental protocols

Bacterial cultures (400 ml) were harvested by

centrifugation at 7000� g for 10 min at 4 jC. Cells
were washed by resuspension of cell pellets in 30 ml

(2�) of potassium phosphate buffer (100 mM, pH

5.8) and centrifugation. The washed cells were

resuspended in 10 ml of the same buffer. This was

followed by adding 10 ml of a sterile solution of L-

amino acids (6 mM each, pH 5.8) to give final

concentrations of about 50 mM potassium phosphate

and 3 mM for each amino acid. Zero-time samples

(5 ml) were taken immediately after mixing. Cell

suspensions in sealable centrifuge tubes were then

flushed with nitrogen (filter sterilised), sealed, and

incubated statically at 22 jC for 48 h. A control

consisting of potassium phosphate buffer and amino

acids was included. All procedures were performed

aseptically. Culture supernatants were retrieved from

reaction samples by centrifugation at 7000� g for 10

min at 4 jC. The supernatants were stored at � 20

jC before subsequent analysis.

Table 1

Starter and non-starter dairy bacteria used in this study

Dataa

set no.

Strainb Data

set no.

Strain Data

set no.

Strain Data

set no.

Strain

Lactococcus lactis subsp. cremoris

1 2254 4 2290 7 2338 10 HP

2 2260 5 2266 8 2318 11 SK11

3 2272 6 2304 9 E8 12 AM2

Lactococcus lactis subsp. lactis

1 ML3 2 ML8 3 1404 4 DRC1

Streptococcus thermophilus

1 TS2 3 MC 5 BCD-7

2 ST1 4 821 6 THY-35

Propionibacterium freudenreichii subsp. shermanii

1 ATCC 9614 2 MNS

Leuconostoc mesenteroides subsp. cremoris (nos. 1–5) and Leuc.

lactis (no. 6)

1 LC60 3 LC253 5 B5012

2 LC70 4 LC543 6 ALFA

Lactobacillus paracasei subsp. paracasei

1 B3058 5 B3063 9 B3067 13 B3071

2 B3060 6 B3064 10 B3068 14 B3072

3 B3061 7 B3065 11 B3069 15 B3073

4 B3062 8 B3066 12 B3070

Lactobacillus rhamnosus

1 B3059 4 B3083 7 B3086 10 GD

2 B3081 5 B3084 8 B3087 11 2615

3 B3082 6 B3085 9 GG

Lactobacillus plantarum

1 B3088 2 B3021 3 B3089

Unidentified homofermentative lactobacilli

1 B3090 3 B7025 5 2614 7 2618

2 B7024 4 2613 6 2617

Pediococci

1 B4526 2 B7023

Heterofermentative lactobacilli [Lb. brevis (nos. 1–2) and Lb.

fermentum (no. 3)]

1 B4015 2 B4016 3 B4017

a Numbers assigned to identify strains in figures presented in the

results.
b Strain codes are those under which the strains are held in the

former New Zealand Dairy Research Institute (now Fonterra

Research Centre) culture collection.
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2.4. Analysis

Samples were adjusted to about pH 3 before anal-

ysis. Amino acids were analysed using pre-column

derivatisation (Fleming et al., 1992) on HPLC (Hew-

lett-Packard 1050, Palo Alto, CA, USA). The deriva-

tisation reagents were ortho-phthaldehyde and

fluorenylmethoxychloroformate (both from Sigma).

The derivatised amino acids were separated using a

Hypersil C18 column maintained at 40 jC and two

mobile phases. Mobile phase A (pH 7.2) consisted of

EDTA (Sigma), acetate (BDH, Poole, England), trie-

thylamine (BDH) and tetrahydrofuran (BDH). Mobile

phase B (pH 7.2) consisted of acetate, methanol (BDH)

(40% v/v) and acetonitrile (BDH) (40% v/v). Amino

acid derivatives were detected at 338 nm (primary

amino acids) and 262 nm (secondary amino acids).

Amino acids were identified based on their retention

times using amino acid standards from Sigma.

Alanine, aspartate, glutamate and branched-chain

amino acids (BCAAs: leucine, isoleucine and valine)

were also determined enzymatically. Alanine, aspar-

tate and glutamate were analysed using test kits from

Roche (formerly Boehringer) (Mannheim, Germany).

BCAAs were analysed according to the method of

Livesey and Lund (1985). Acetate, ammonia, pyru-

vate, acetaldehyde and ethanol were determined enzy-

matically using test kits from Roche. Cellular dry

weight was determined by filtering 1 ml of cell

suspension through a 0.45 Am, pre-dried and pre-

weighed membrane filter and drying at 75 jC over-

night.

Fig. 1. Changes in the concentration of (A) L-alanine, (B) L-aspartate, (C) L-glutamate and (D) branched-chain amino acids (Amol/48 h/100 mg

dwc) during incubation of non-growing cells of cheese starters. The strain numbers correspond to the numbers assigned to the strains listed in

Table 1. dwc, dry weight of cells. Positive bars indicate utilisation; negative bars indicate formation.

S.-Q. Liu et al. / International Journal of Food Microbiology 2691 (2003) 1–134
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3. Results

3.1. Optimisation of incubation conditions

Preliminary studies using four LAB (one strain

each of lactococci and leuconostocs, and two strains

of lactobacilli) indicated that the utilisation of aspar-

tate, glutamate and BCAAs was linear for up to 72 h

and that the formation of ammonia and acetate was

linear for up to 48 h (data not shown). Acetaldehyde

and ethanol were not detectable ( < 0.1 mM) and any

pyruvate detected ( < 0.25 mM) was transient. Glucose

did not necessarily enhance amino acid utilisation.

Thus, all subsequent incubations were for 48 h with-

out glucose, and acetaldehyde, ethanol and pyruvate

were not analysed.

3.2. Metabolism of amino acids

As indicated in Materials and methods, both

HPLC and enzymatic methods were used to analyse

amino acids. The HPLC method was used to follow

major changes in amino acids (e.g. appearances and

disappearances of amino acids), whereas the enzy-

matic methods were used to detect small changes in

selected amino acids. Most amino acids were either

not utilised or were used in small amounts not

quantifiable by the HPLC method and therefore,

data obtained by HPLC were only descriptive.

However, data obtained by enzymatic methods were

presented in Figs. 1–4.

To facilitate comparisons, the rate of utilisation

(positive bars on graphs) or formation (negative bars

Fig. 2. Changes in the concentration of (A) L-alanine, (B) L-aspartate, (C) L-glutamate and (D) branched-chain amino acids (Amol/48 h/100 mg

dwc) during incubation of non-growing cells of cheese starter adjuncts. The strain numbers correspond to the numbers assigned to the strains

listed in Table 1. dwc, dry weight of cells. Positive bars indicate utilisation; negative bars indicate formation.
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on graphs) of amino acids was quantified as Amol/48

h/100 mg dry weight of cells (dwc).

3.2.1. Cheese starters

The data on the metabolism of alanine, aspartate,

glutamate and BCAAs (referred to below as the amino

acids) by Lc. lactis subsp. cremoris are shown in Fig.

1. Whereas some strains showed utilisation of the

amino acids, others showed the formation of amino

acids. However, the potential for utilisation or for-

mation was small, at < 5 Amol/48 h/100 mg dwc in

most cases. Exceptions were the use of alanine by

strain 11 (13.8 Amol/48 h/100 mg dwc; Fig. 1A),

aspartate by strain 3 (5.8 Amol/48 h/100 mg dwc; Fig.

1B) and BCAAs by strains 1, 2, 5, and 11 (9.1–17.6

Amol/48 h/100 mg dwc; Fig. 1D). Exceptions also

included the formation of glutamate by strain 7 (6.4

Amol/48 h/100 mg dwc; Fig. 1C) and BCAAs by

strain 7 (8.5 Amol/48 h/100 mg dwc; Fig. 1D). Small

but consistent increases in the concentration of gly-

cine (about 5%) were observed with seven of the 12

strains surveyed (data not shown).

Fig. 1 also shows the data on the metabolism of the

amino acids by Lc. lactis subsp. lactis. Again, a small

amount of utilisation or formation of the amino acids

occurred with < 5 Amol/48 h/100 mg dwc in most

cases. Exceptions were the accumulation of aspartate

by strain 2 (8.9 Amol/48 h/100 mg dwc; Fig. 1B) and

glutamate by strain 4 (5.1 Amol/48 h/100 mg dwc;

Fig. 1C). As expected, all strains catabolised arginine

completely and formed ornithine (data not shown).

The potential of St. thermophilus to metabolise the

amino acids varied dramatically with the strains (Fig.

1A–D). Some strains had little or no potential to use

or form some of the amino acids, whereas the poten-

tial of other strains to utilise or produce the amino

Fig. 3. Changes in the concentration of (A) L-alanine, (B) L-aspartate, (C) L-glutamate and (D) branched-chain amino acids (Amol/48 h/100 mg

dwc) during incubation of non-growing cells of homofermentative lactobacilli. The strain numbers correspond to the numbers assigned to the

strains listed in Table 1. dwc, dry weight of cells. Positive bars indicate utilisation; negative bars indicate formation.
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acids was high. Strains 1 and 2 also used some

arginine (6–20%) (data not shown).

3.2.2. Traditional cheese starter adjuncts

The data on the metabolism of the amino acids by

propionibacteria and leuconostocs are shown in Fig.

2. Propionibacteria utilised alanine and aspartate

(8.7–22.1 Amol/48 h/100 mg dwc; Fig. 2A,B), but

had no or little potential to catabolise glutamate and

BCAAs ( < 3 Amol/48 h/100 mg dwc; Fig. 2C,D).

Serine was also completely degraded by propionibac-

teria (data not shown). The potential of leuconostocs

to metabolise the amino acids was low (0–8.0 Amol/

48 h/100 mg dwc; Fig. 2A–D).

3.2.3. Homofermentative lactobacilli

Fig. 3 shows the data on the metabolism of the

amino acids by the homofermentative lactobacilli

tested. Small but consistent formation of alanine was

observed with most of the strains ( < 5 Amol/48 h/100

mg dwc; Fig. 3A). The potential to utilise or form

aspartate, glutamate and BCAAs varied with the

strains but was small ( < 5 Amol/48 h/100 mg dwc;

Fig. 3B–D). Exceptions were the utilisation of aspar-

tate by Lb. paracasei subsp. paracasei strain 10 (6.0

Amol/48 h/100 mg dwc; Fig. 3B) and by Lb. rham-

nosus strain 6 (5.8 Amol/48 h/100 mg dwc; Fig. 3B),

and the degradation of BCAAs by Lb. paracasei

subsp. paracasei strains 10 and 14 (6.6 Amol/48 h/

100 mg dwc; Fig. 3D). Serine was catabolised to

completion or nearly so by the following strains:

strains 6, 10, 14 and 15 of Lb. paracasei subsp.

paracasei; strains 1–8 and strain 11 of Lb. rhamno-

sus; strains 2 and 3 of Lb. plantarum (data not

shown). In addition, proline was utilised by Lb. para-

casei subsp. paracasei strains 12 and 13, and glycine

Fig. 4. Changes in the concentration of (A) L-alanine, (B) L-aspartate, (C) L-glutamate and (D) branched-chain amino acids (Amol/48 h/100 mg

dwc) during incubation of non-growing cells of various lactobacilli and pediococci. The strain numbers correspond to the numbers assigned to

the strains listed in Table 1. dwc, dry weight of cells. Positive bars indicate utilisation; negative bars indicate formation.
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was produced by all strains of Lb. rhamnosus except

for strain 1 (data not shown).

3.2.4. Various lactobacilli and pediococci

Fig. 4 shows the data on the metabolism of the

amino acids by a selection of lactobacilli and pedio-

cocci. There was a wide diversity in the metabolism of

the amino acids among these LAB. Pediococci had

little ability to metabolise the amino acids ( < 5 Amol/

48 h/100 mg dwc; Fig. 4A–D). The heterofermenta-

tive lactobacilli tested (Lb. brevis and Lb. fermentum)

showed a high potential to metabolise the amino

acids: strains 1 and 2 (Lb. brevis) utilised alanine

(10.2 and 15.5 Amol/48 h/100 mg dwc, respectively;

Fig. 4A); strain 1 (Lb. brevis) used aspartate and

glutamate (9.1 and 7.4 Amol/48 h/100 mg dwc,

respectively; Fig. 4B,C); strain 3 (Lb. fermentum)

used BCAAs (14.4 Amol/48 h/100 mg dwc; Fig.

4D). The potential of the unidentified homofermenta-

tive lactobacilli tested to metabolise the amino acids

was low ( < 5 Amol 48 h/100 mg dwc; Fig. 4).

Exceptions included formation of alanine by strain 1

(6.1 Amol/48 h/100 mg dwc; Fig. 4A), utilisation of

aspartate by strains 3–7 (5.5–11.0 Amol/48 h/100 mg

dwc; Fig. 4B), production of glutamate by strain 5

(6.7 Amol/48 h/100 mg dwc; Fig. 4C) and degradation

of BCAAs by strains 4 and 5 (8.0 Amol/48 h/100 mg

dwc; Fig. 4D).

Arginine was degraded to almost completion and

ornithine was formed by all pediococci and all heter-

ofermentative lactobacilli tested (Lb. brevis and Lb.

fermentum), and by strains 4–7 of the unidentified

Fig. 5. Formation of ammonia (Amol/48 h/100 mg dwc) during incubation of non-growing cells of (A) cheese starters, (B) cheese starter

adjuncts, (C) homofermentative lactobacilli and (D) various lactobacilli and pediococci. The strain numbers correspond to the numbers assigned

to the strains listed in Table 1. dwc, dry weight of cells.
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homofermentative lactobacilli tested; strains 4–7 also

produced citrulline (data not shown). Glycine produc-

tion was observed with strains 1–3 of the unidentified

homofermentative lactobacilli tested and strain 2 (Lb.

brevis) of the heterofermentative lactobacilli used

some threonine (data not shown).

3.3. Formation of products

The formation of ammonia (quantified as Amol/48

h/100 mg dwc) varied tremendously with species and

with strains within species (Fig. 5). Lc. lactis subsp.

cremoris and leuconostocs had little potential to

produce ammonia (0–2.2 Amol/48 h/100 mg dwc),

whereas Lc. lactis subsp. lactis and propionibacteria

showed a high potential (14.7–27.3 Amol/48 h/100

mg dwc; Fig. 5A,B). Only two strains (1 and 3) of St.

thermophilus produced some ammonia (11.1 and 9.2

Amol/48 h/100 mg dwc, respectively; Fig. 5A). The

potential of homofermentative lactobacilli to form

ammonia was small ( < 10 Amol/48 h/100 mg dwc;

Fig. 5C). The potential for ammonia production by the

various lactobacilli and pediococci tested ranged from

low to high (1.7–36.6 Amol/48 h/100 mg dwc; Fig.

5D).

The production of acetate (quantified as Amol/48 h/

100 mg dwc) was dependent on species and on strains

within species (Fig. 6). St. thermophilus showed little

potential to produce acetate ( < 1 Amol/48 h/100 mg

dwc) and lactococci exhibited a small potential to

form this acid ( < 5 Amol/48 h/100 mg dwc; Fig. 6A).

Propionibacteria showed a high potential to produce

Fig. 6. Formation of acetic acid (Amol/48 h/100 mg dwc) during incubation of non-growing cells of (A) cheese starters, (B) cheese starter

adjuncts, (C) homofermentative lactobacilli and (D) various lactobacilli and pediococci. The strain numbers correspond to the numbers assigned

to the strains listed in Table 1. dwc, dry weight of cells.
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acetate (18.1–22.2 Amol/48 h/100 mg dwc), whereas

leuconostocs had a low potential similar to lactococci

( < 6.0 Amol/48 h/100 mg dwc) (Fig. 6B). The poten-

tial of homofermentative lactobacilli to produce ace-

tate varied with species and with strains, ranging from

2.6 to 15.2, 2.2 to 12.0 and 2.2 to 12.0 Amol/48 h/100

mg dwc for Lb. paracasei subsp. paracasei, Lb.

rhamnosus and Lb. plantarum, respectively (Fig.

6C). The potential for acetate formation was 3.4–

12.7, about 5.5 and 3.6–22.2 Amol/48 h/100 mg dwc

for the unidentified homofermentative lactobacilli,

pediococci and the heterofermentative lactobacilli

(Lb. brevis and Lb. fermentum), respectively (Fig.

6D).

4. Discussion

The potential of dairy LAB to metabolise amino

acids via non-transaminating reactions and endoge-

nous transamination (i.e. in the absence of an added

amino acceptor such as a-ketoglutarate) was studied

in a system consisting of non-growing cells and added

amino acids. The results demonstrated that the LAB

examined showed large species and strain variations

in their potential for amino acid metabolism via non-

transaminating reactions and endogenous transamina-

tion. The validity of this system as an indicator of

metabolic potential is verified by the fact that the

utilisation of alanine, aspartate and serine by propio-

nibacteria found here is consistent with previous in

vivo studies (growing cells and cheese) and in vitro

studies (Brendehaug and Langsrud, 1985; Crow,

1986a, 1987a,b; Crow et al., 1988). The validity of

the current system is further supported by the con-

version of arginine to ornithine by Lc. lactis subsp.

lactis in a manner that is consistent with previous in

vivo findings (Crow and Thomas, 1982; Niven et al.,

1998).

A number of dairy LAB consistently produced

small amounts of glycine. Glycine, along with ace-

taldehyde, can be formed by the cleavage of threonine

by threonine aldolase. This route for producing gly-

cine and acetaldehyde from threonine has been well

studied in lactococci and in yoghurt bacteria (Lees and

Jago, 1976). Acetaldehyde is an extremely reactive

carbonyl compound that can react with amino acids to

produce flavour compounds (Griffith and Hammond,

1989). Excess acetaldehyde causes a ‘‘green’’ or

yoghurt-like flavour defect in fermented dairy prod-

ucts such as cultured butter (Lindsay et al., 1965).

Acetaldehyde is found in cheeses (Engels et al., 1997)

and, together with diacetyl, may be responsible for the

flavour of fresh cheeses (Urbach, 1997). Lactococcal

starters produce acetaldehyde in milk cultures (Liu et

al., 1997) and its precursor(s) may be lactose and/or

amino acids such as threonine. Further work to define

acetaldehyde formation from amino acids by non-

starter LAB (especially the predominant lactobacilli)

in cheeses is warranted.

One of the major findings in this study is the

utilisation of serine by the homofermentative LAB,

Lb. paracasei subsp. paracasei, Lb. plantarum and

Lb. rhamnosus. The catabolism of serine has been

reported in Lb. rhamnosus, Lb. paracasei, Lb. casei,

Lc. lactis subsp. cremoris and subsp. lactis (Kristof-

fersen and Nelson, 1955; Benthin and Villadsen,

1996; Novak et al., 1997; Berry et al., 1999; Kier-

onczyk et al., 2001). Serine catabolism seems to be

associated with the production of ammonia, pyruvate,

acetate, ethanol and/or formate in Lb. casei, Lc. lactis

subsp. cremoris and subsp. lactis (Kristoffersen and

Nelson, 1955; Benthin and Villadsen, 1996; Novak et

al., 1997). This implies that serine may first be

deaminated to ammonia and pyruvate, and that pyr-

uvate is then degraded to form acetate and perhaps

other compounds such as acetaldehyde, ethanol and

formate. Indeed, we have evidence that growing cells

of Lb. plantarum can convert serine to ammonia,

acetate and formate, whereas resting cells of this

LAB convert serine to ammonia, acetate and carbon

dioxide (Liu et al., 2002). Serine catabolism can

impact on cheese flavour development, because serine

is one of the free amino acids available in cheese and

products of serine metabolism are flavour compounds.

Pyruvate is also a possible source of energy for the

growth of secondary cheese microflora. Work is in

progress in our laboratory to characterise the catabo-

lism of serine by the above-mentioned homofermen-

tative lactobacilli.

The transformation of arginine to ornithine, ammo-

nia, CO2 and ATP via the arginine deiminase (ADI)

pathway is known in a number of LAB including Lc.

lactis subsp. lactis and Lb. buchneri of dairy origin

(Crow and Thomas, 1982; Manca de Nadra et al.,

1988; Liu and Pilone, 1998). This study has shown
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that the ability to degrade arginine is more widespread

than previously thought, and several homo- and

heterofermentative lactobacilli and pediococci can

also metabolise arginine. These non-starter LAB can

convert arginine to ornithine or to ornithine and

citrulline, suggesting that the ADI pathway is oper-

ative. This suggestion is supported by the production

of citrulline and ornithine from arginine by Lc. lactis

subsp. lactis, which is known to possess the ADI

pathway (Niven et al., 1998). Further work may be

needed to study the catabolism of arginine by these

non-starter lactobacilli and by pediococci. From a

practical point of view, ammonia and CO2 released

from arginine catabolism may influence cheese fla-

vour and texture, respectively, and ornithine may act

as a substrate for secondary microflora.

Some of the LAB (especially St. thermophilus and

Lb. fermentum) examined exhibited a high potential to

catabolise BCAAs (Figs. 1D and 4D). The catabolism

of BCAAs might have occurred through endogenous

transamination, because these LAB are not biovariants

of the Lc. lactis var. maltigenes strains that are known

to degrade BCAAs. The occurrence of endogenous

transamination could be due to the possible formation

of a-ketoglutarate from glutamate (present in the

amino acid mixture), an important amino acceptor

for amino acid transamination by LAB. This is

because many LAB have been shown to possess

glutamate dehydrogenase activity that may convert

glutamate to a-ketoglutarate (Tanous et al., 2002).

Indeed, we also have evidence that the Lb. fermentum

strain examined in this study had glutamate dehydro-

genase activity (unpublished data). The transamina-

tion of BCAAs with a-ketoglutarate is now well

known and appears to be common in lactococci and

lactobacilli (Yvon et al., 2000; Hansen et al., 2001;

Williams et al., 2001) and can result in the production

of aldehydes and volatile fatty acids (MacLeod and

Morgan, 1958; Nakae and Elliot, 1965a,b; Williams et

al., 2001). The volatile compounds would be expected

to impact on cheese flavour.

The formation of certain amino acids such as

alanine, aspartate and glutamate (Figs. 1–4), plus

proline and glycine by some LAB, was observed in

this study. Kieronczyk et al. (2001) also observed the

formation of these amino acids by Lb. casei and Lb.

paracasei subsp. paracasei in a resting cell system

incubated with a mixture of amino acids. Although

this increase in amino acids may be partially attributed

to cell lysis, deamidation of endogenous asparagine

and glutamine by these LAB may also contribute to

the formation of aspartate and glutamate. This is

supported by other studies demonstrating the deami-

dation of asparagine by Lb. casei (Kristoffersen and

Nelson, 1955) and the utilisation of asparagine and

glutamine by Lb. rhamnosus, Lb. casei and Lb. para-

casei subsp. paracasei (Berry et al., 1999; Kieronczyk

et al., 2001). Aspartate may also be formed through

transamination in some LAB. Leuc. mesenteroides

subsp. mesenteroides can synthesise aspartate from

oxaloacetate via transamination (Marty-Teysset et al.,

1996). Lc. lactis subsp. lactis can form aspartate from

pyruvate and CO2 by pyruvate carboxylase (Hillier

and Jago, 1978a,b; Hillier et al., 1978; Wang et al.,

1998). Alanine formation by homofermentative lacto-

bacilli may be associated with their serine catabolism.

Pyruvate formed from serine may serve as an amino

acceptor to generate alanine via transamination.

The formation of ammonia and acetate can be

correlated with the degradation of certain amino acids.

The high level of production of ammonia and acetate

by propionibacteria correlates well with the catabo-

lism of alanine, aspartate and serine, as observed in

other studies (Crow, 1986a, 1987a). The high level of

formation of ammonia by Lc. lactis subsp. lactis

correlates well with arginine degradation, consistent

with the presence of the ADI pathway in this sub-

species. Similarly, the high level of production of

ammonia by various lactobacilli and pediococci tested

may be accounted for by their degradation of arginine.

The small amounts of ammonia and acetate formed

( < 5 Amol/48 h/100 mg dwc) can be ascribed to the

metabolism of endogenous substrates. The low pro-

duction of ammonia by some LAB may also be due to

ammonia being re-used, as reported for lactococci

(Benthin and Villadsen, 1996; Novak et al., 1997).

This may be particularly so for the homofermentative

lactobacilli, many of which showed complete or

almost complete utilisation of serine but low potential

to produce ammonia ( < 10 Amol/48 h/100 mg dwc).

The serine-degrading homofermentative lactobacilli

also produced, on average, higher amounts of acetate

than lactococci, thermophilic streptococci and leuco-

nostocs.

In conclusion, there is a wide diversity in the

potential for amino acid metabolism by dairy LAB
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via non-transaminating reactions and endogenous

transamination. In view of the significance of the

transamination of amino acids to the development of

cheese flavour, as demonstrated in cheeses supple-

mented with a-ketoglutarate (Yvon et al., 1998; Banks

et al., 2001), work is under way in our laboratory to

study the transamination of amino acids by the LAB

examined in this research.
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