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Introduction

Lactic acid bacteria (LAB) have been implicated in the

spoilage of soft drinks, fruit juices and related products.

Tajchakavit et al. (1998) reported that Lactobacillus and

Leuconostoc spp., can multiply in apple juice producing

an undesirable buttermilk flavour because of diacetyl

production, a fermented flavour because of organic acid

production and swelling of packages because of CO2 pro-

duction. The rate of growth of these bacteria is dependent

on their ability to utilize the substrates available in the

medium. LAB generally have complex nutritional require-

ments for growth especially with regard to nitrogen

sources (Amoroso et al. 1993; Elli et al. 1999; Saguir and

Manca de Nadra 2002; Hébert et al. 2004). Saguir and

Manca de Nadra (2007) demonstrated that Lact. planta-

rum N4 and N8 from oranges had absolute requirements

for cysteine, glutamic acid, isoleucine, leucine, threonine

and valine for growth: strain N4 also required lysine and

tryptophan. These authors also described an improved

synthetic medium for conducting metabolic and genetic

studies in Lact. plantarum where cell densities of

109 CFU (colony forming units) ml)1 were achieved.

Utilization of amino acids is necessary for a number of

physiological roles such as protein synthesis, intracellular

pH control, generation of metabolic energy or redox

potential and resistance to stress (Fernadez and Zúñiga

2006). Arena et al. (1996) reported that strains of

Lact. plantarum grew in natural and centrifuged orange

juice. However, orange juice is generally low in free
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Abstract

Aims: To investigate amino acid and dipeptide utilization by Lactobacillus plan-

tarum N4 isolated from orange peel, in a nutritionally depleted medium based

on MRS (Mann, Rogosa, Sharpe).

Methods and Results: In MRS with 0Æ1 g l)1 of meat extract and without pep-

tone and yeast extract, growth increased when essential and stimulatory amino

acids and nonessential amino acid were added to the medium. Replacement of

the essential amino acid, leucine, and the nonessential amino acid, glycine, by

leucyl-leucine (Leu-Leu) and ⁄ or glycyl-glycine (Gly-Gly) significantly enhanced

growth. Essential amino acids were mainly consumed and the dipeptides were

almost completely used at the end of growth. Leucine and glycine accumulated

internally from the peptides were higher than from the free amino acids.

Glucose utilization increased in the media containing dipeptides compared

with the medium containing free amino acids.

Conclusions: In a N-depleted medium, Leu-Leu and ⁄ or Gly-Gly were more

effective than the respective amino acids in supporting growth of the micro-

organism. The more efficient internal accumulation of glycine and especially

leucine from dipeptides confirmed the ability of the strain to assimilate mainly

complex nitrogen molecules rather than simple ones.

Significance and Impact of the Study: The ability of Lact. plantarum N4 to effi-

ciently use dipeptides could contribute to spoilage development in the natural

medium of the organism, orange juice.
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amino acids. So, conversion of peptides to free amino

acids and their subsequent utilization may have consider-

able nutritional value for bacterial development. Foucaud

et al. (2001) studied the utilization of peptides as a

source of essential amino acids for 12 LAB of dairy origin

with multiple amino acid requirements and a large set of

intracellular peptidases. They demonstrated that the

nutritional value of peptides varied with the strain and

peptide composition, and that Lactococcus lactis had an

advantage over Leuc. mesenteroides. Aredes Fernandez

et al. (2003) showed that dipetides can serve as sources

of essential amino acids for Pediococcus pentosaceus. More

recently, Aredes Fernandez and Manca de Nadra (2006)

reported that in a mixed culture of a proteolytic Oenococ-

cus oeni strain and a nonproteolytic Ped. pentosaceus

strain from wines, the proteolytic system of the hetero-

fermentative micro-organism increased the release of

peptides and amino acids into the complex medium

enhancing the growth of both bacteria. In milk fermenta-

tions, the proteolytic system of LAB plays a key role

because it enables these bacteria to grow in milk, thereby

ensuring successful fermentation. Proteolysis of casein is

initiated by a cell-envelope proteinase that degrades the

protein into oligopeptides that are subsequently taken up

by the cells via specific peptide transport systems and are

further degradaded into shorter peptides and amino acids

by the concerted action of various intracellular peptida-

ses. The proteolytic system of L. lactis has been investi-

gated to the extent that a complete model for casein

breakdown, transport and degradation of casein-derived

peptides, and regulation has been established (Savijoki

et al. 2006).

MRS medium (De Man et al. 1960) is commonly used

to study and maintain LAB. It is a rich medium with a

mixture of different carbon sources (acetate, citrate, car-

bohydrates) and complex nitrogen sources. This complex-

ity may interfere with the interpretation of physiological

data related to the nitrogen requirements of these bacte-

ria. So, the first aim of the present study was to charac-

terize growth on progressively simplified MRS. In

addition, utilization of free amino acids and dipeptides as

sources of nonessential and essential amino acids for

Lact. plantarum N4 in a N-depleted medium, based on

MRS, was determined.

Materials and methods

Bacterial strain

Lactobacillus plantarum N4 was isolated from orange

peel (Arena et al. 1999) and was stored at )20�C in

MRS (De Man et al. 1960) supplemented with glycerol

(30%, v ⁄ v).

Media, growth conditions and culture procedures

Different media were prepared by modifying the complex

nitrogen and carbon sources of MRS. MRS without

peptone and yeast extract was considered as the basal

medium (BM). A modified BM containing 0Æ1 g l)1

rather than 10 g l)1 of meat extract, called deficient basal

medium (DBM), was supplied with the following amino

acids and ⁄ or dipeptides (Sigma, St Louis, MO, USA) (in

mmol l)1): alanine, 2Æ24; arginine, 1Æ72; cysteine, 1Æ65;

glutamic acid, 1Æ02; glycine, 2Æ59; isoleucine, 1Æ52, leucine,

2Æ29; lysine, 2Æ05; phenylalanine, 1Æ21; threonine, 1Æ68;

tryptophan 0Æ98; valine, 2Æ56; glycyl-glycine (Gly-Gly),

1Æ10 and ⁄ or leucyl-leucine (Leu-Leu) 1Æ10 as replacement

for glycine and ⁄ or leucine, respectively, in the original

amino acid mixture. All media were adjusted to pH 6Æ5
with 1N NaOH before sterilization at 120�C for 15 min.

Amino acids and peptides sterilized by filtration

through a nylon membrane (0Æ22 lm pore size, Millipore,

Bedford, MA) were added to the sterilized media.

For the final culture in the experimental media, cells

grown in MRS pH 6Æ5, incubated without agitation at

30�C were harvested at the end of exponential growth

(8 h) by centrifugation, washed twice with sterile distilled

water to avoid carry-over of essential nutrients and resus-

pended in sterile distilled water to an optical density

(OD) 620 nm of 0Æ90. This cell suspension was used to

inoculate the experimental media at a rate of 2% (v ⁄ v).

All cultures were incubated statically at 30�C for 72 h.

Growth measurement

Bacterial growth was monitored at 620 nm (Spectronic

Genesys 5; Milton Roy Company, Rochester, NY, USA).

Cell cultures were diluted with sterile medium prior to

measuring OD to maintain linearity between OD and

biomass when necessary. At the same time, the CFU were

determined (CFU ml)1). From these data it was possible

to calculate the average of growth rates. The growth rate

(l) was calculated for each replicate during exponential

growth by the formula: l = (1 ⁄ t) [(log10 Nt ⁄ N0) 2Æ303]

where t is the time required for cells to increase from N0

to Nt. Supernatants were collected by centrifugation at

5000 g for 10 min and then stored at )20�C for subse-

quent chemical analysis.

Analytical methods

Dipeptides and amino acids were analysed by reverse-

phase HPLC (RP-HPLC) using an ISCO liquid chromato-

graph (ISCO, Lincoln, NE, USA). Samples were submitted

to a precolumn derivatization with o-phthaldiladehyde

(OPA). The reagent for derivatization consisted of
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200 mg OPA in 9 ml methanol, 1 ml 0Æ4 mol l)1 sodium

borate pH 10 and 160 ll 2-mecaptoethanol. Solvents used

for separation were: solvent A: methanol, 10 mmol l)1

sodium phosphate buffer, pH 7Æ3 and tetrahydrofuran

(19 : 80 : 1) and solvent B: methanol and 10 mmol l)1

sodium phosphate buffer, pH 7Æ3 (80 : 20). Solvent gradi-

ent conditions were as follows: 6 min (0 B); 10 min (15%

B); 4 min (30% B); 12 min (40% B); 16 min (80% B)

and 5 min (0 B). All separations were performed on a

Waters Nova-Pack C18 column (150 · 3Æ9 mm i.d., 60 Å,

4 lm) at a flow rate of 1Æ0 ml min)1 (Waters Corp.,

Milford, MA). The detection was by fluorescence using

a model 121 fluorimeter (340 nm excitation filter and

425 nm emission filter). Samples were injected in tripli-

cate onto the column, after being filtered through a

0Æ22 lm filter. Prior to RP-HPLC analysis, all samples

were diluted with 0Æ4 mol l)1 borate buffer, pH 10. Stan-

dards of amino acids and dipeptides were used to deter-

mine the concentration of free amino acids and Gly-Gly

or Leu-Leu respectively. The standard solutions were

prepared by dissolving each amino acid or dipeptide in a

0Æ1 N HCl at a concentration of 2Æ5 lmol ml)1. They

were stored at )18�C. Aliquots of 50, 100, 200 and 500 ll

of these solutions were adjusted to 25 ml with 0Æ4 mol l)1

borate buffer, pH 10. Precolumn derivatization and the

column were at room temperature. d-glucose was mea-

sured by the glucose oxidase method (Wiener Laboratory,

Rosario, Argentina).

Statistical analysis

To validate the methods, Student’s t-test was used. Three

replicate determinations were carried out.

Results

Growth of Lactobacillus plantarum N4 in modified MRS

Table 1 shows the maximum growth rates (lmax) and cell

densities of Lact. plantarum N4 in MRS when different

carbon and nitrogen sources were progressively omitted

or modified. In MRS, the micro-organism had a growth

rate of 0Æ63 h)1 and reached a final biomass of

3Æ5 · 109 CFU ml)1 at 8 h of incubation. Omission of

yeast extract from MRS decreased the growth rate and

final cell concentration by 17Æ5% and 7%, respectively,

whilst the individual omission of peptone did not pro-

duce any significant change in these parameters. When

yeast extract and peptone were simultaneously omitted

(BM), the growth parameters decreased in a similar way

as in the medium without yeast extract, indicating that

the inhibitory effect on growth was mainly because of the

absence of yeast extract rather than peptone. In BM,

reduction of meat extract from 10 to 5 g l)1 decreased

the growth rate, although no significant change was

observed in the final population. Further reductions in

the meat extract concentration (from 10 to 1 or 0Æ1 g l)1)

significantly decreased both growth parameters. In BM

containing 0Æ1 g l)1 of meat extract (DBM), the micro-

organism had a significantly reduced growth rate and

final cell density 1 log cycle lower than in the BM. DBM

was used to study the effect of amino acids and peptides

under limited growth conditions.

Effect of amino acids and peptides

In the DBM, no significant effect was observed when the

essential amino acid leucine and ⁄ or the nonessential

amino acid glycine were added separately or together to

DBM (data not shown). Addition of the eight essential

amino acids for Lact. plantarum N4 (glutamate, cysteine,

isoleucine, leucine, lysine, valine, threonine and trypto-

phan), the three stimulatory amino acids, alanine, argi-

nine and phenylalanine, and the nonessential amino acid,

glycine, (Saguir and Manca de Nadra 2007) to DBM dis-

played a positive impact on bacterial growth. The growth

rate increased from 0Æ07 to 0Æ11 h)1 and final cell

numbers from 7Æ7 to 8Æ1 log CFU ml)1 (Fig. 1). In DBM

supplemented with the amino acid solution, the effect of

Leu-Leu and ⁄ or Gly-Gly in place of the corresponding

free amino acids on bacterial growth was investigated. As

shown in Fig. 2, addition of Leu-Leu and ⁄ or Gly-Gly

increased both growth parameters. The stimulatory effect

was more pronounced for the dipeptide supplying leu-

cine (an essential amino acid) than for the dipeptide

supplying glycine (a nonessential amino acid). Moreover,

when Leu-Leu was added in place of free leucine, the

Table 1 Growth of Lactobacillus plantarum N4 in modified MRS

media

Culture medium l (h)1) Log CFU ml)1

MRS 0Æ63 ± 0Æ03 9Æ50 ± 0Æ45

MRS without yeast extract 0Æ52 ± 0Æ02 8Æ88 ± 0Æ31

MRS without peptone 0Æ60 ± 0Æ02 9Æ41 ± 0Æ38

MRS without yeast extract

and peptone (BM)*

0Æ50 ± 0Æ02 8Æ83 ± 0Æ44

BM containing 5Æ0 g l)1

of meat extract

0Æ37 ± 0Æ02 8Æ48 ± 0Æ43

BM containing 1Æ0 g l)1

of meat extract

0Æ23 ± 0Æ01 7Æ94 ± 0Æ40

BM containing 0Æ1 g l)1

of meat extract

0Æ07 ± 0Æ02 7Æ71 ± 0Æ37

Values are the means of three independent experiments ±SD.

CFU, colony forming units.

*This medium was considered as basal medium (BM) and had an ini-

tial concentration of 10 g l)1 of meat extract.
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maximum growth rate increased by 97% and the number

of cells doubled. When both dipeptides were simulta-

neously incorporated into the medium instead of the

respective free amino acids, maximum bacterial growth

was raised at 48 h of incubation, after which growth

ceased. In this circunstance, the extent of growth was

enhanced up to 150% in relation to that obtained in

the same medium supplemented with the amino acid

mixture.

Utilization of amino acids

Figure 3 shows amino acids utilization by Lact. plantarum

N4 in DBM containing the amino acid mixture (control

medium) and in the same medium with Leu-Leu or Leu-

Leu and Gly-Gly as sources of the respective free amino

acids, measured at the end of exponential growth phase

(20, 36 and 48 h of incubation for control medium, med-

ium with Leu-Leu instead of leucine and medium with

Leu-Leu and Gly-Gly instead of leucine and glycine respec-

tively). The utilization of amino acids began immediately

growth began in the different media. The overall amino

acid decrease was 10 ± 0Æ41 mmol l)1, which represented a

change of 51%, 46% and 38% relative to the initial concen-

tration in control medium, control medium with Leu-Leu

or control medium with Leu-Leu + Gly-Gly respectively.

In control medium the following amino acids, in order

of decreasing concentration, were mainly consumed

after 20 h of incubation: valine (1Æ47 mmol l)1), lysine

(1Æ31 mmol l)1), alanine (1Æ14 mmol l)1), threonine

(1Æ08 mmol l)1), cysteine and arginine (1Æ07 mmol l)1);

lowest consumption was found for the aromatic amino

acids trytophan (0Æ14 mmol l)1) and phenylalanine

(0Æ44 mmol l)1). When Leu-Leu replaced free leucine con-

sumption of glycine and tryptophan increased 21% and

9%, respectively, compared with those in the control med-

ium, at the end of exponential growth. With Leu-Leu and

Gly-Gly instead of the respective amino acids, a larger

decrease of residual alanine, arginine, glutamic acid, phen-

ylalanine and tryptophan compared with the control med-

ium occurred. This effect was more pronounced for the

aromatic amino acids phenylalanine (35Æ8%) and trypto-

phan (60%). When Gly-Gly was used instead of glycine,

similar results to those in the control medium were
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Figure 1 Effect of amino acid mixture on the growth of Lactobacillus

plantarum N4 in deficient basal medium. (h) Without amino acid mix-
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Figure 2 Effect of dipeptides as sources of the respective amino

acids on the growth of Lactobacillus plantarum N4 in deficient basal

medium supplemented with the amino acid mixture. ( ) Without di-

peptides; ( ) with Gly-Gly in place of glycine; (d) with Leu-Leu in

place of leucine; (¤) with Leu-Leu + Gly-Gly in place of the respective

amino acids.
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obtained, except for increased alanine consumption (data

not shown).

Utilization of dipeptides

Figure 4 shows the dipeptide consumption at the end of

growth of Lact. plantarum N4 in DBM containing the

amino acid mixture and Leu-Leu and Gly-Gly instead of

leucine and glycine respectively. The dipeptide concentra-

tion decreased significantly and, after 48 h of incubation

represented approx. 91% of the initial levels of Leu-Leu

and Gly-Gly. While the dipeptides decreased, the concen-

trations of the hydrolysis products in the cell-free medium

increased by 0Æ53 mmol l)1 for leucine and 0Æ70 mmol l)1

for glycine. The fraction of leucine and glycine accumu-

lated internally from dipeptides corresponded to 1Æ27 and

1Æ14 mmol l)1 respectively. In the control medium, leucine

and glycine consumption were 65% and 25% lower,

respectively, than the fraction accumulated internally from

the corresponding dipeptides. Moreover, considering the

leucine and glycine internalized from the dipetides, overall

consumption of amino acids increased from 10Æ5 mmol l)1

in control medium to 13 mmol l)1 in the same medium

supplemented with the dipeptides. Similar results were

obtained when Leu-Leu or Gly-Gly utilization were indi-

vidually analysed (data not shown).

Effect of peptides on glucose utilization

Lactobacillus plantarum N4 consumed 20% of the initial

glucose concentration at the end of exponential growth in

DBM containing the amino acid mixture. When Gly-Gly,

Leu-Leu or both dipeptides replaced the respective free

amino acids in this medium, sugar utilization increased

from 4 to 6Æ2, 7Æ2 and 8Æ5 g l)1 respectively, coinciding

with the increased final biomass obtained in the presence

of the one or both dipeptides (Fig. 5).

Discussion

Complex nitrogen sources such as yeast extract, casein

peptone, casitone and tryptone have been shown to stim-

ulate growth of LAB (Mikhlin and Radina 1981; Gaud-

reau et al. 1999; Hébert et al. 2000). However, these

sources differ greatly in their proportion of free amino

acids and peptides. In our study, growth of Lact. planta-

rum N4 decreased in the medium in which yeast extract

rather than peptone was omitted (Table 1). This could

be attributed to the limitation or exhaustion of some
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parallel liberation of amino acids in Lactobacillus plantarum N4 grown
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of exponential growth. , 0 h; , 48 h.
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Figure 3 Concentrations of different amino acids in cultures of Lac-

tobacillus plantarum N4 at the end of exponential growth phase. ( )

Uninoculated medium; ( ) control medium; (h) control medium +

Leu-Leu instead of leucine; ( ) control medium + Leu-Leu and Gly-Gly

instead of leucine and glycine respectively.
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peptides or micronutrients such as vitamins and trace ele-

ments supplied by the yeast extract. Remize et al. (2006)

demonstrated that yeast extract stimulated growth of

O. oeni approx. 4Æ5-fold. Calderon et al. (2001) reported

that among the different complex nitrogen sources tested,

yeast extract was the best and was used to define a simpli-

fied medium containing only minerals and yeast extract

for Lact. fermentum. The addition of the amino acid mix-

ture to DBM significantly enhanced growth of Lact. plan-

tarum N4 confirming that growth was restricted by the

limited nitrogen source. In agreement with our results,

Loubiere et al. (1997) reported that less growth of L. lac-

tis occurred in a medium which contained only six amino

acids than in a medium containing 18 amino acids. In

Lact. plantarum N4, replacement of free leucine and ⁄ or

glycine by Leu-Leu and ⁄ or Gly-Gly respectively, in the

DBM containing the amino acids mixture, improved

growth significantly (Fig. 2). This stimulatory effect

affected not only the growth yield but also the growth

rate. Thus, dipeptides were more efficient than free amino

acids in supporting development of the micro-organism.

The beneficial effect of the dipeptides on growth was

more pronounced for the essential amino acid contain-

ing-dipeptide (leucine) than for that supplying the nones-

sential amino acid (glycine). Aredes Fernandez et al.

(2004) demonstrated a more favourable effect of dipep-

tides containing two essential amino acids compared with

the respective free amino acids on the growth rate but

not on the final population of O. oeni. Remize et al.

(2006) reported a preference for peptides in four strains

of O. oeni, as growth yield was higher in the presence of

nitrogen from peptides than from free amino acids. Lac-

tobacillus plantarum N4 reached maximum cell numbers

in the medium with both Leu-Leu and Gly-Gly instead of

the respective amino acids (Fig. 2). In contrast, Aredes

Fernandez et al. (2003) reported that addition of dipep-

tides in place of the corresponding amino acids decreased

the growth of Ped. pentosaceus with respect to that

obtained with free amino acids.

Lactobacillus plantarum N4 had consumed between 49%

and 62% of the initial amino acid level at the end of

growth in the different media used, indicating that they

were nutritionally required and that the cell was able to

transport and use them. However, none of the amino

acids were completely utilized, when bacterial growth

stopped, indicating that some other compound(s) were

lacking in the medium. Similar results were reported by

Juillard et al. (1995) for L. lactis growing in milk. As the

greatest amount of amino acid utilization was observed in

the presence of both dipeptides (Fig. 3), it can be inferred

that there was a relationship between the level of free

amino acids utilized and the extent of growth. In addition,

exponential growth of Lact. plantarum N4 ended at very

different times in the three media. This fact could be due

to greater buffering capacity of the medium by the dipep-

tides, which in turn lead to greater cell numbers. The

essential amino acids such as valine, lysine, threonine and

cysteine were mainly utilized in the different conditions.

The stimulatory amino acids, alanine and arginine, were

also significantly used. Arena et al. (1999) demonstrated

that growth of Lact. plantarum N4 was improved by argi-

nine, which was degraded to citrulline, ornithine and

ammonium producing additional energy. In our study,

isoleucine, phenyalanine and tryptophan which accounted

for minor initial concentrations in the medium were

poorly used by Lact. plantarum N4 suggesting that free

amino acid consumption appeared to some extent to be

linked to its availability in the medium. Similar result was

reported by Remize et al. (2006). The presence of Leu-Leu

and especially both dipeptides (Leu-Leu and Gly-Gly)

as sources of the respective amino acids, strongly

increased consumption of tryptophan (up to 100%) and

phenylalanine (61Æ4%) by Lact. plantarum N4. A similar
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effect was observed for arginine, glutamate and alanine

utilization, although to a lesser extent (Fig. 3). This may

be linked to better incorporation of these amino acids into

cell material and biomass formation than the other amino

acids.

The high dipeptide utilization by Lact. plantarum N4

suggested that a peptide hydrolase system with high activ-

ity was present in the cells. Macedo et al. (2000) demon-

strated that dipeptides consisting of hydrophobic

substrates residues (leucine, glycine, methionine and

phenylalanine) were more rapidly attacked than those

with hydrophilic amino acids residues in Lact. paracasei.

Dipeptide utilization by Lact. plantarum N4 was accom-

panied by an increase in the leucine and ⁄ or glycine efflux

to the extracellular environmental (Fig. 4). Such efflux

could be used by the N4 strain to exchange for other

amino acids outside the cell, favouring growth of the

micro-organism under poor nutritional conditions. This

may explain the increase in the alanine consumption by

Lact. plantarum N4 in the presence of Gly-Gly but not

when only Leu-Leu replaced leucine in the medium.

Aredes Fernandez et al. (2004) demonstrated that in

O. oeni, alanine utilization was 74% higher when Gly-Gly

replaced glycine in the medium. Rice et al. (1978)

reported that in L. lactis, alanine, threonine and glycine

were capable of exchange with ‘pool’ glycine.

An interesting finding was that leucine and ⁄ or to a

lesser extent glycine accumulated internally from the

dipeptides was higher than from the free amino acids

confirming the main role of dipeptides as nitrogen

sources for micro-organism growth. In Lact. plantarum

N4 growing in presence of dipeptides significant differ-

ence in glucose consumption was determined in concor-

dance with the higher biomass production.

In conclusion, dipeptides containing essential or nones-

sential amino acids were more effective than free amino

acids as nitrogen sources in sustaining growth of

Lact. plantarum N4 under nutritional stress conditions.

The more efficient internal accumulation of glycine and

especially leucine from the corresponding dipeptides dem-

onstrated the preference of strain N4 for complex nitro-

gen molecules rather than simple ones. Finally, the ability

of Lact. plantarum N4 to use dipeptides efficiently could

satisfy its nitrogen requirements in spoilage of orange

juice, which is naturally low in amino acids.
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