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1 In consideration of the adaptation of microorganisms to extremes of temperature, 
pH and pressure, it is generally assumed that evolution of protein structure is dri­
ven toward the achievement of optimum function rather than maximum stability 
Malcolm Potts 1994. Microbiological Reviews 58, 755-805 

2 The answer to 'why a dried starter culture is stable' may lie in the evolutionary 
tenacity of life 

3 Homo sapiens did not appear on the earth, just a geological second ago, because 
evolutionary theory predicts such an outcome based on themes of progress and 
increasing neural complexity. Humans arose, rather, as a fortuitous and contin­
gent outcome of thousands of linked events, any one of which could have occur­
red differently and sent history on an alternative pathway that would not have led 
to consciousness 
Stephen Jay Gould 1994. Scientific American 271, 63-69 

4 If parallel-processing Boolean networks poised between order and chaos can 
adapt most readily, then they may be the inevitable target of natural selection 
Stuart A. Kauffman 1991. Scientific American, August 64-70 

5 If the physical constants needed to produce black holes also favour the ap­
pearance of life, then the probability that a random universe will be favourable for 
life will also increase 
John Maynard Smith & Eors Szathmary 1996. Science 384, 107 

6 Life is a state of mind 
Peter Sellers 

7 Sinds Thomas van Aquino is het doel van de evolutie zoek 

8 If a scientific theory, based on experimental observations, is only a map descri­
bing a certain landscape, than modelling of experimental data explains all about 
how to unfold a map 

9 "Iemand kwam laatst met de prognose dat als de groei onverminderd zou door-
gaan er in het jaar 2025 op elke twee Amerikanen een Elvis-imitator zou zijn" 
de Volkskrant over Amerikaanse 'Elvis-bijeenkomst' 

10 Wageningen Agricultural University is an excellent centre for questioning 'how', 
but to become a centre of excellence it needs emphazise 'why' 

11 There are two people in a biologist as a juvenile; the child in the snapshot and the 
monstrous researcher on animals 

12 In onze haast nieuwe plannen te ontwikkelen om files te voorkomen, zoals flits-
treinen, HSL-li]nen, Betuweroutes, kabeltrams of verlichte paddentunnels en ste-
kelbaarsliften, zijn we de A3 vergeten 

13 'Happy endings are only possible if you don't tell the rest of the story' 
Orson Welles 
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1. 
Introduction, compatible solutes and 
dried starter cultures of lactic acid 
bacteria 

I. STARTER CULTURES 
Microbial cultures are widely used in food and feed industries 

(28). They are mainly applied as starter bacteria to initiate a fermentation 
process. Starter cultures of lactic acid bacteria are used in the dairy 
industry to produce fermented milk products, in meat industry to ferment 
sausages and in beverage and bakery industries (74,75). Furthermore, 
they are applied in fermentation of vegetables, as inoculant to preserve 
silage and as probiotics (28). The latter term defines live cultures of lactic 
acid bacteria which applied to animal or man, affect beneficially the host 
by improving the properties of the indigenous microflora (9,32). A novel 
approach is the use of lactic acid bacteria as delivery systems for oral 
vaccination (92). 

I.A. Role of lactic acid bacterial starters in foods and feeds 
The main purpose of the addition of lactic acid bacteria to food or 

feed is to convert fermentable carbohydrates into lactate (and acetate) 
and flavour compounds. The production of lactate reduces the pH of a 
food product which is consequently better preserved while lactate also 
has a direct bactericidal effect (33). Furthermore, several lactic acid bac­
teria produce bacteriocines reducing spoilage by competing microorga­
nisms (65). Flavour compounds produced are acetaldehyde, diacetyl, 
acetone, acetoin, propionic acid and small peptides derived from proteins 
by proteolytic activity (47). Although these flavour compounds are pro­
duced by starter cultures in only small quantities, they are of vital impor­
tance to the quality of a product. 

LB. Concentrated starter cultures 
Nowadays, food industries demand high safety and quality stan­

dards of products. Therefore, new strategies have evolved for fermen­
tation processes. Long standing techniques like sub-culturing by these 
industries, and use of naturally occurring microbial flora are no longer 
suitable to reach for the quality required (27). Sub-culturing operates with 
large volumes of starter cultures added to an industrial fermentation 
process. Consequently, such a process requires large equipment with less 
control on contamination and bacteriophages (4, 15). Similar problems 
also occur when a process requires a naturally occurring microbial flora. 
Modern industrial operation demands starter cultures with defined pro­
perties to obtain constant product characteristics. To achieve such high 
standards, defined starter cultures are prepared under closely controlled 
conditions, concentrated into a small volume, and frozen or dried for sto­
rage and transportation. Subsequently, the preserved culture is included 
in the food or feed product directly. 
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I.B.I. Production and storage of concentrated starter cultures 
To be useful as industrial bacterial starters, cultures of lactic acid 

bacteria must survive extended storage periods. The cultures must not 
only remain viable, but also maintain activity and/or flavour characteris­
tics. In general two methods are applied in preserving and storing lactic 
acid bacteria: 
(i) Freezing of concentrated bacterial cultures and consequently, storage 
at temperatures below 0°C. 
(ii) Preservation and storage of cultures by (freeze-)drying. 

Survival after freezing is strongly dependent on the type of lactic acid 
bacteria involved. Viability of cells of lactic streptococci is satisfactory if 
cells are frozen and stored in liquid nitrogen at -196°C (68). In contrast, 
survival of Lactobacillus bulgaricus strains under such conditions is less 
profound (28). Several factors have an effect on survival of cells: 
(1) A low storage temperature (-196°C) maintains high survival rates as 
compared to higher temperatures of -20°C (59); 
(2) control of the medium pH towards neutral values (pH 6-7) results in 
higher survival of cells than low pH (19); 
(3) addition of oleic acid in the case of L. bulgaricus enhances survival 
(84). This compound leads to higher C19 cyclo propane fatty acids in the 
lipid fraction of this strain. Strains of lactic acid bacteria with high natural 
occurring amounts of C19 cyclo propane fatty acids intrinsically show 
higher survival as compared to L. bulgaricus. (29); 
(4) supplementation of cryoprotectants such as glycerol and dimethyl 
sulfoxide (DMSO) to the concentrated cell suspension protect cells a-
gainst the adverse effects of freezing. However, glycerol is not effective for 
all lactic acid bacteria tested and DMSO is an undesirable compound in 
food products (28); 
(5) supplementation of the growth medium with calcium increases survi­
val of cells and alters cell morphology (96,97). 

Freeze-drying has a substantial deleterious effect on lactic acid bacteria. 
The effect of oxygen during the process has been suggested as a possible 
damaging factor reducing cell viability (12,72). Addition of reducing a-
gents showed some improvement on survival (72). Also, other compounds 
such as sucrose and lactose added prior to the drying process enhanced 
survival (85). 

I.B.2. Technical disadvantages in present processes 
Both freezing and freeze-drying have several major drawbacks. 

Large scale frozen cultures require a substantial amount of freezing capa­
city for production with subsequent high operational costs. Furthermore, 
this method is economically less attractive in either warm tropical areas 
or areas devoid of freezing capacity. Storage of substantial amounts of 
frozen bacterial preparations is very expensive, and the quality of starter 
cultures can be influenced due to the storage temperature applied (28). 
The latter problem can be circumvented by applying freeze-drying me­
thods. Although storage does not require special cooling, prior to storage 
bacterial cultures are frozen and subsequently dried. Freeze-drying 
demands expensive equipment and special handling making this method 
suitable only for limited applications. 
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I.C. Corrective drying as an alternative method 
Knowledge on convective drying of microorganisms has been de­

rived mainly from yeasts (5). Active dry yeast has been used as a con­
venient way to store Saccharomyces cerevisiae cells with high fermentative 
activity, since they can be preserved for long periods with no need for 
special conditions. It was shown that an increased amount of the di-
saccharide, trehalose, in yeast cells improved residual activity after dry­
ing (90). 

Convective or air drying of bacterial starters can be adopted to prevent 
the technological problems in conventional drying processes. Concentra­
ted starter cultures are dried by a stream of warm dry air through which 
water present in the sample evaporates. In comparison with frozen cultu­
res, several advantages can be recognised: 

(a) Dried bacterial starters can be stored in smaller volumes because all 
remaining water has been removed; 
(b) storage does not require expensive cooling facilities; 
(c) dried starter cultures can easily be combined as powder formulations 
to obtain optimal mixtures for fermentation. 

Compared to freeze-drying two improvements arise: 
(1) It is relatively inexpensive to evaporate water compared to sublima­
tion of water during freeze-drying; 
(2) no inactivation occurs of cells during freezing prior to drying. 

Contrary to the situation seen in drying of yeast, experiments with lactic 
acid bacteria have shown significant losses in viability during a convec­
tive drying process (56). Several convective drying techniques have 
been developed for the purpose of dried bacterial starters such as spray, 
fluidized-bed, and spray-granulation drying (44, 55, 86). 

Spray-drying has been applied for L. butgaricus and Streptococcus thermo-
phitus. Two disadvantages have been observed: 
(i) High loss of cell viability has been observed; 
(ii) cells have been dried in the presence of a carrier material for dried 
cells. The former drawback can be slightly decreased by addition of the 
antioxidant ascorbate together with glutamate or aspartate (72). 

Fluidized bed and spray granulation methods for lactic acid bacteria were 
based on procedures for drying yeast cells. However, no conclusive 
results have been obtained for lactic acid bacteria. Lievense (55) found 
two fundamental aspects which are vital for the convective drying pro­
cess of lactic acid bacteria. On the one hand [1] high temperatures du­
ring the drying process induces significant cell-loss, on the other hand 
[2] dehydration inactivation is a major factor influencing culture viabi­
lity. 

I.C.I. Temperature inactivation 
Loss of viability by high temperatures during drying is one of the 

important reasons for inactivation during convective drying (55). In the 
case of a high-temperature drying process, a carefully adjusted drying 
technology can possibly minimise the damage induced by heat. Alternati­
vely, such inactivation can be circumvented by designing convective dry-
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ing processes which use mild drying temperatures. Dehydration inactiva-
tion of cells therefore, remains the most important hurdle to pass. 

I.C.2. Dehydration inactivation 
Loss of cellular viability by dehydration is a very complex process 

recently reviewed by Potts (73). Biological aspects of dehydration during 
a drying process have mainly been studied for yeasts. Yeast cells subjec­
ted to desiccation by convective drying and subsequent storage remain 
viable for long periods. It has been found that high intracellular quanti­
ties of the disaccharide trehalose are responsible for the enhanced survi­
val of cells. Trehalose is de novo synthesised in yeasts subjected to redu­
ced amounts of available water like during slow drying or growth in 
media containing high quantities of dissolved solutes (89). In both cases 
water activity (aw) has been reduced either by removing water or by 
addition of solutes binding water molecules, respectively (73, 94). Com­
pounds, present in high intracellular quantities, protecting microorga­
nisms during low aw are termed compatible solutes (11). Presumably, 
similarly to trehalose in yeast, compatible solutes can preserve the viabi­
lity of lactic acid bacteria during periods of desiccation. Compatible solu­
tes may contribute to establish an efficient convective drying process 
which results in starter cultures with high residual activity. 

I I . COMPATIBLE SOLUTES 

II.A. Identified compatible solutes in lactic add bacteria 
The physiological response of many organisms to reduced aw is 

quite similar. Organisms subjected to low aw accumulate compatible sol­
utes. Compatible solutes are small organic molecules, not inhibitory to 
vital cell functions even at high intracellular cytoplasm concentrations. 
During cultivation of cells at low aw, growth is alleviated by accumulation 
of compatible solutes. Three functions have been proposed for high intra­
cellular quantities of compatible solutes: (i) Retaining a positive turgor 
pressure to balance the extracellular osmotic pressure; (ii) stabilising 
enzymes at low aw; (iii) maintaining the integrity of biological mem­
branes subjected to drying. 

Among the diverse group of compatible solutes described by Galinski and 
Truper (26), only a limited type of solutes has been identified in lactic 
acid bacteria. The most predominant solute is betaine (/V,/V,/V-trimethyl-
glycine) found in high concentrations in food products of plant origin. So 
far all osmotically stressed lactic acid bacteria studied accumulated this 
compound when it was present in the growth medium except for the 
osmo-sensitive L bulgaricus (Table 1). Carnitine ((J-hydroxy-y-/V-trimethyl 
amino butyrate), structurally related to betaine, is accumulated by seve­
ral species of osmotically stressed lactic acid bacteria. Meat constitutes a 
rich source of carnitine while smaller quantities were found in milk and 
milk products (21,80). Therefore, carnitine may be equally important as 
betaine during osmotic stress. However, in the presence of betaine and 
carnitine only L. plantarum NIZO P 743 increased both betaine and carni­
tine quantities when aw was lowered, while other lactic acid bacteria 
accumulated betaine and decreased carnitine levels (43). 

Recently, it has been found that this organism also accumulates related 
compounds of betaine and carnitine, like choline and acetylcholine, ace-

10 
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tylcarnitine and propionylcarnitine. Choline and acetylcholine are char­
ged compounds and, therefore, not considered as compatible solutes. Ap­
parently, L. plantarum can counterbalance these charged compounds du­
ring osmotic stress and hence is better protected than in the absence of 
these compounds (Chapter 5). 

Table 1: 
Accumulation of betaine, carnitine and amino acids in lactic acid bacteria subjected to osmotic stress 

Strain Medium3 Additive Betaine Carnitine Glutamate Aspartate Proline Other1" Reference 

+ - (34, 35) Lactobacillus acidophilus 
(IFO 3532) 

Lactobacillus plantarum 
(NIZO P743) 

Lactobacillus plantarum 
(ATCC 14917) 

Lactobacillus bulgaricus 
(URL-EF1) 

Lactobacillus halotolerans 
(ATCC 35410) 

Enterococcus faecium 
(URL-EF3) 

Carnobacterium alterfunditum 
(ACAM 313)c 

Lactococcus lactis 
subsp. lactis (Mt3) 

Pediococcus halophilus 
(DSM 33315)c 

MRS 

MRS 

DM 

DM 

DM 

MRS 

DM 

MRS 

DM 

MRS 

DM 

MRS 

DM 

DM 

MRS 

MRS 

1 M NaCl 

1 M NaCl 

1 M NaCl 

0.8 M KCl 

0.8 M KCl + 

2.5 mM Betaine 

0.3 M NaCl 

0.15 M NaCl 

0.4 M NaCl 

1 M NaCl 

1 M NaCl 

1 M NaCl 

0.34 M NaCl 

0.5 M KCl 

0.5 M KCl + 

0.25 mM Betaine 

1 M NaCl 

3.5 M NaCl 

Ala, Gin 

Ala, Gin 

Ala 

-

-

(41, 43) 

(43) 

(30) 

(30) 

(34, 43) 

(43) 

(43) 

(43) 

(43) 

(43) 

(63) 

Asn (63) 

a MRS medium according to de Man and Rogosa (16); DM, defined medium as described in the reference. 
b Ala, alanine; Asn, asparagine; Gin, glutamine. 
c Unpublished data 

In the absence of betaine or carnitine several strains accumulate proline 
as a compatible solute (Table 1). However, it is difficult to speculate on 
the role of proline in lactic acid bacteria. In contrast to betaine and carni­
tine, distinction between growth stimulation and osmoprotection due to 
the supply of proline for biosynthesis is difficult to study. Only Glaasker 
et al. (30) provided evidence for the osmoprotective role of proline in L. 
plantarum ATCC 14917. Apart from proline other amino acids accumulate 
as well (Table 1). However, a similar remark as for proline described 
above can be addressed to these amino acids. Moreover, intracellular 
amino acid pools are subjected to multiple contrasting physiological me­
chanisms related to cellular processes like protein synthesis, deamina-

11 
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tion and metabolism. The sum of such processes results in a characteris­
tic intracellular amino acid pool. Therefore, changes in the amino acid 
pool of osmotically stressed lactic acid bacteria also reflect changes in va­
rious physiological mechanisms apart from the response to low aw. 

I I .B. Transport of compatible solutes 
Lactic acid bacteria are not able to de novo synthesise compatible 

solutes and therefore, need to accumulate these compounds from the 
medium. Transport of compatible solutes has been investigated in more 
detail in three strains of lactic acid bacteria: Lactobacillus acidophilus, Lacto-
coccus lactis and L. plantarum (30, 35, 63). So far transport of two compati­
ble solutes have been considered: betaine and proline. The different tran­
sport systems involved in compatible solute accumulation have several 
mutual characteristics: 
(i) The systems are primarily regulated by activation (protein level) and 
not by induction (genetic level) during high osmolarity; 
(ii) transport of compatible solutes is an energy-driven process; 
(iii) betaine is transported via a high affinity system (Km= 1.5-50 |xM for 
L. lactis and L acidophilus, respectively). 
Although the processes are energy demanding processes, it remains un­
clear which energy source is needed. In L. acidophilus the process is ATP-
driven or dependent on a proton motive force while in L. lactis a proton 
motive force is excluded and another ion driven transport is optional (35, 
63). 

Proline 

+H,N-
coo-
C-H 

H,C CH2 

I I I . PROTECTIVE EFFECT OF COMPATIBLE SOLUTES DURING DRYING 

During the short period of a drying process, lactic acid bacteria 
are probably unable to accumulate compatible solutes from the medium. 
Therefore, cells have to be conditioned before the drying process to accu­
mulate solutes to be protected against drying. Prior to a drying process, 
cells are subjected to osmotic stress in the presence of a compatible 
solute like betaine. 

In the course of our investigations we have found a protective effect of 
betaine on lactic acid bacteria subjected to drying (chapters 2 and 4 of this 
thesis). According to these results there is a direct relationship between 
the presence of compatible solutes in lactic acid bacteria and their ability 
to survive drying. A good example is the comparison of L. bulgaricus, 
which cannot accumulate betaine, and Lactobacillus halotolerans which can 
accumulate 534 |imol g (dry weight) of cells-1 of betaine during osmotic 
stress. Survival of both strains after drying was 0.4 % and 55 %, res­
pectively. 

IV. PHYSIOLOGICAL EFFECTS OF COMPATIBLE SOLUTES DURING DRYING 

Obviously, betaine protects lactic acid bacteria subjected to dry­
ing. Other studies on protective effects of compatible solutes on survival 
of dried bacteria have been performed recently for Escherichia coli strains 
and Bacillus thuringiensis (54, 60). It has been found that addition and sub­
sequent accumulation of sucrose by cells enhanced survival during dry­
ing. Among the compatible solutes tested in this study betaine protected 
E. coli during drying but was deleterious during storage (60). 
The mechanism(s) behind the protective effect of compatible solutes on 

12 
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dried cells is still obscure. As mentioned earlier, three modes of protective 
action are distinguished: restoring turgor pressure of cells subjected to 
osmotic stress, protecting cellular membranes and proteins. In the case 
of dried cells only the latter two are of importance. Most investigations on 
the protective effects of compatible solutes have been performed with 
osmotically stressed cells (14, 73) thus in the presence of substantial 
amounts of water. Knowledge on dried biological systems is mainly based 
on in vitro studies with model membranes and pure preparations of pro­
teins. 

IV.A. Cellular membranes 
At the level of dried cellular membranes, sugars like trehalose and 

sucrose replace the water surrounding the phospholipids in cellular 
membranes preventing damage during rehydration (53, 54). This hypo­
thesis is known as the water replacement hypothesis (13, 54). In the case 
of dried lactic acid bacteria such studies have not been performed with 
betaine. It can be speculated that betaine (and proline) have similar ef­
fects on cellular membranes as was found for trehalose. Studies with mo­
del membranes have shown stabilising effects of both betaine and proline 
when these membranes were subjected to dehydration (77). However, 
drying of cells involves numerous physiological alterations which still 
need to be identified. For example, during storage free radicals can be ge­
nerated (72). Some compatible solutes exert hydroxyl-radical scavenging 
capacity and may protect cells during storage more efficiently than com­
patible solutes lacking this potential (82). In the case of drying lactic acid 
bacteria Teixeira and Castro (86, 87) have found membrane lipid oxida­
tion during convective drying and subsequent storage of L. butgaricus. 
Consequently, storage under a nitrogen atmosphere increased survival 
after storage (12, 87). It can be theorised that accumulated compatible 
solutes may interfere with this oxidative process which results in higher 
survival after drying. 

IV.B. Intracellular proteins 
Protective effects of compatible solutes on intracellular proteins 

have only been studied in vitro and/or in osmotically stressed environ­
ments (2, 13, 71). In aqueous solution it has been proposed that high 
quantities of compatible solutes preferentially exclude from the water-
macromolecule interface. As a result, the equilibrium between the native 
state and denatured state of proteins displaces towards the former state, 
with resulting stabilisation of the native state. In a dry state, compatible 
solutes interact with macromolecules (2, 22, 73). Presumably, sucrose 
and trehalose stabilise the structure of proteins analogously to biological 
membranes, by the replacement of water in dried cells as has been sug­
gested recently (54). 

V. OUTLINE OF THIS THESIS 

In this thesis, accumulation of compatible solutes by lactic acid 
bacteria subjected to salt stress is described. Compatible solutes are 
small organic compounds accumulated by microorganisms subjected to 
reduced aw. These solutes contribute to enhanced survival of dried starter 
cultures of lactic acid bacteria which are important to food and feed 
industry. 

13 
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In chapter 1, accumulation of compatible solutes and their role 
during drying of lactic acid bacteria is described. Accumulation of these 
solutes may provide protection of membranes and proteins during drying 
which results in higher residual activity after drying. 

Chapter 2 describes the enhancement of growth of the lactic acid 
bacterium L. plantarum subjected to salt stress in the presence of betaine 
in the medium. Subsequently, these cells were subjected to drying and 
showed increased survival after drying as compared to control cells. 

In chapter 3 accumulation of betaine by L. plantarum subjected to 
salt stress is described. Also, carnitine has been identified as a novel 
compatible solute in this strain. Both betaine and carnitine have similar 
molecular structures. Other compounds, with similar molecular structure 
enhanced growth of L. plantarum subjected to salt stress. Results found in 
both chapters 2 and 3 gave rise to two preliminary assumptions which 
were subsequently tested and are described in the following chapters. 

Betaine is accumulated by L. plantarum and protects cells during 
drying. Presumably, other lactic acid bacteria respond similarly in the 
presence of betaine to osmotic and desiccation stress. Four strains of lac­
tic acid bacteria were investigated to determine if a relationship exists be­
tween accumulation of compatible solutes and the ability of cells to sur­
vive drying (Chapter 4). 

Chapter 5 describes the fate of two compounds which affect 
growth of cells subjected to salt stress. These betaine related compounds, 
not regarded as compatible solutes in other organisms, were possibly 
accumulated in L. plantarum during osmotic stress. In this chapter accu­
mulation of choline and acetylcholine is described and their effect on 
physiology of L. plantarum. 

In chapter 6, similarly to the previous chapter, carnitine related 
compounds have been studied as potential osmoprotectants in L. planta­
rum cells. 

14 



2. 
Protective effect of betaine on 
survival of Lactobacillus plantarum 
subjected to drying 

Edwin P.W. Kets and Jan A.M. de Bont 

Abstract: 
The aim of this study was to investigate the effect of betaine on 

survival of Lactobacillus plantarum subjected to drying. A defined medium 
was devised devoid of betaine. Addition of 2 mM betaine to this medium 
increased the growth rate of cells grown under osmotic stress and also made 
the organism more tolerant. Cells cultivated under osmotic stress of 0.6 M 
sodium chloride and in the presence of betaine showed an increased sur­
vival after air drying and subsequent vacuum desiccation to a water acti­
vity of 0.12. 

INTRODUCTION 

Lactic acid bacteria are frequently applied as starter cultures in 
processes in food and feed industry. Starter cultures can be obtained by 
growing strains of lactic acid bacteria under controlled conditions and by 
preserving them by freezing and/or drying. 

During drying the ionic strength of the medium increases substantially 
and microorganisms therefore are subjected to osmotic stress as a result 
of decreased water activity (aw) of the medium. Organisms confronted 
with a decreasing aw respond by accumulating compatible solutes (11). 
The increase of these solutes maintains the osmotic balance between the 
intracellular and extracellular environments. It also plays an important 
role in stabilizing proteins and in maintaining the integrity of biological 
membranes at decreased aw (14). The diverse group of accumulated com­
patible solutes include polyols, amino acids, amino derivatives (98) and 
recently discovered tetrahydropyrimidines (81). The amino derivative 
betaine is an important osmoprotectant present in several groups of bac­
teria (14) with various halotolerant properties. Betaine could therefore 
possess the ability to preserve the viability of cells during drying and sub­
sequent periods of desiccation. 

During the short period of time of a drying process, however, lactic acid 
bacteria are probably neither able to synthesize betaine nor to accumu­
late any betaine or other compatible molecule present. Therefore, cells 
will have to be conditioned prior to the drying process to synthesize or 
accumulate compatible solutes to be protected against desiccation by 
drying. In the present investigation, cells were cultivated in the presence 
of sodium chloride to induce osmotic stress and the protective effect of 
betaine on the survival of Lactobacillus plantarum subjected to drying was 
studied. 

15 
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MATERIALS & METHODS 

Culture medium 
L. plantarum (P743: Netherlands Institute for Dairy Research 

(NIZO), Ede, The Netherlands) was used throughout this study. The or­
ganism was routinely maintained in 10% (w/v) sterile litmus milk (Difco), 
and stored at -80°C until use. L plantarum was transferred to complex 
MRS medium (16) and subsequently to a defined medium. Chemostat 
cultures contained per litre distilled water: 5.4 g lactose monohydrate, 6.8 
g K2HP04, 0.6 g citric acid monohydrate, 1.0 g NH4C1, 1 g Na-acetate, 0.2 
g MgS04.7H20, 0.05 g MnS04.H20, 1 ml Tween, 7.8 mg arginine mono-
hydrochlorid, 51 mg aspartic acid, 339 mg cysteine, 65 mg glutamic acid, 
24 mg glycine, 9.4 mg histidine, 29 mg isoleucine, 36 mg leucine, 40 mg 
lysin monohydrochlorid, 79 mg methionine, 22 mg phenylalanine, 34 mg 
threonine, 88 mg tryptophan, 60 mg tyrosine, 34 mg valine, 5 ml of a vita­
min solution and 1 ml of a trace element solution. The vitamin solution 
contained per litre distilled water: 10 mg 4-aminobenzoic acid, 2.3 mg 
biotin, 76 mg nicotinic acid, 10 mg pantothenic acid, 60 mg pyridoxa-
mine-HCl, 10 mg vitamin B12, 4 mg pyridoxine, 3.8 mg riboflavin, 21 mg 
thiamin. The trace element solution contained per litre distilled water: 10 
mlHCl25%, 1.5gFeCl2.4H20, 190mgCoCl2.6H20, 100mgMnCl2.4H2O, 70 
mg ZnCl2, 6 mg H3B03, 36 mg Na2Mo04.2H20, 24 mg NiCl2.6H20, 2 mg 
CuCl2.2H20. The vitamin solution, the trace element solution, and lactose 
were sterilized by passage through a 0.2 pm sterile filter (Schleicher & Schuell) 
and were added to the other heat sterilized components (121°C, 20 min). 

Growth experiment 
Test tubes containing 9.9 ml medium supplemented with varying 

concentrations of sodium chloride were inoculated with 0.1 ml of an over­
night culture grown in the defined medium. Cells were cultured stationary 
in air for 24 hours at 30°C. Growth was monitored by optical density 
determinations at 660 nm of appropriately diluted cultures. 

Growth conditions and harvesting cells of chemostat experiments 
Chemostat cultures were grown in a glass fermentor (Applikon, 

The Netherlands) with a working volume of 1 litre at 30°C, 300 rpm, dilu­
tion rate 0.02 h1, controlled pH of 6.3 and anaerobically under a N2 
atmosphere. The medium was supplemented with no additives, 0.6 M 
sodium chloride, 2 mM betaine or 0.6 M sodium chloride and 2 mM be-
taine, respectively. Suspensions (100 ml) were harvested by centrifu-
gation (16,000 x g, 10 min.), washed twice and resuspended in 25 ml of 
0.02 M potassium phosphate containing no additives, 0.6 M sodium 
chloride, 2 mM betaine, or 0.6 M sodium chloride and 2 mM betaine, 
respectively. The pH was adjusted to 6.3. 

Drying of celts 
Resuspended cells (2 ml) were dried in Petri dishes by exposure 

to air (about 35 % Relative Humidity, 30°C, 2.5 h.). Petri dishes were 
subsequently kept at 5°C in a desiccator containing a saturated solution 
of lithium chloride (aw= 0.12) during 72 h. 

Determination of survival 
The number of viable cells was determined by an agar plate 

method. Decimal dilutions were prepared of cultures with peptone phy-
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siological salt solution and plate counted on MRS agar plates (2 % agar). 
Plates were incubated for 72 h. at 30°C. Dried samples were rehydrated 
with 2 ml peptone physiological salt solution and directly plate counted 
as described above. The resulting colonies from samples taken before and 
after drying were counted and the percentage of survival was calculated. 

RESULTS 

Growth of L. ptantarum at high sodium chloride concentrations 
Due to their complex requirements, lactic acid bacteria are routi­

nely grown in complex, rich media. However such media are likely to 
contain betaine which would prohibit clear observations on the effects of 
betaine on the physiology of cells. Consequently, for this study a betaine-
free medium was devised. The composition of this medium is given in 
Materials and Methods. 

L ptantarum grew well in the defined medium at a growth rate of 0.25 h 1 

and it reached an optical density of 1.4 at 660 nm after 24 h of incubation 
(Fig. 1). Addition of 0.6 M sodium chloride reduced the growth rate to 
0.17 h 1 and the optical density after 24 h was now only 0.2. However, 
adding 2 mM betaine to the medium greatly reduced the effects of sodium 
chloride, and cells now even grew in the presence of 1 M sodium chlo­
ride. At 0.6 M sodium chloride and in the presence of betaine, L. ptantarum 
grew at a growth rate of 0.22 h 1 and the optical density was 1 after 24 
hours. Subsequently, the effect of betaine upon drying of variously grown 
cells was tested. 

1.50 

Fig. 1. 
Effect of sodium chloride on the 
yield of L. ptantarum after 24 h of 
incubation in the presence (o) or 
absence (•) of betaine. 
Each value represents the mean of 
three replicates. 
Bars represent the SD (n=3). 
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Protective effect of betaine on L. piantarum cells subjected to drying 
L. piantarum was cultured in a chemostat under four different con­

ditions. Cells were harvested at steady state situations and possible 
effects of betaine and sodium chloride during the drying procedure were 
tested by applying various combinations of supplemented betaine and 
sodium chloride during drying. Table 1 shows the viabilities of dried cells 
grown in a chemostat and dried in the absence or presence of betaine and 
sodium chloride. L. piantarum exposed to osmotic stress during growth 
when 2 mM betaine was included in the medium exerted the highest pro­
tection after drying. Cells not subjected to osmotic stress conditions sho­
wed no increased survival when cultured in the presence of betaine. 
Adding sodium chloride and/or betaine to the drying buffer did not result 
in a clear improvement of the survival of the organism upon drying. 

Table 1. 
Survival3 of dried L. piantarum as affected by sodium chloride and betaine in the growth medium and drying buffer 

Drying buffer additives Growth medium additives 

No additives 2 mM Betaine 0.6 M NaCl 0.6 M NaCl 
+ 2mM Betaine 

No additives 2.1 ± 0.3b 0.3 ± 0.2 1.4 ± 0.1 11.0 ± 3.7 

2 mM Betaine 3.7 ± 0.6 0.6 ± 0.2 3.2 ± 0.2 10.6 + 0.8 

0.6 M NaCl 2.4 ± 0.3 0.7 ± 0.1 2.1 ± 0.1 7.6 ± 1.5 

0.6 M NaCl + 2mM Betaine 1.9 ± 0.3 0.5 ± 0.1 3.2 ± 0.3 9.4 ± 1 . 1 

a Survival is expressed as percentage of viable cells after drying when compared to number of viable cells before drying. Cell 
counts before drying were 1.4.108 colony forming units (cfu) m l 1 for all cultures except for cells grown in the presence of 
0.6 M sodium chloride which gave an initial count of 1.8.107 cfu ml"1. 
b ± Standard Deviation (n=3). 

DISCUSSION 
Although lactic acid bacteria have been an object of research for 

a long time, studies on the accumulation of compatible solutes in lactic 
acid bacteria have received little attention. Consequently, the effects of 
the use of compatible solutes in processes for the preservation of starter 
cultures are still obscure. During freeze drying addition of high 
concentrations of polyols as for example adonitol gave a positive effect 
on the survival of lactic acid bacteria (88). However, merely a higher 
residual moisture content caused by the high concentration of adonitol 
rather than an actual intracellular effect of this polyol could account for 
this effect. Adonitol produced only a small change in water content of the 
cell suspensions studied during the drying process and consequently a 
high survival rate was reached. Hutkins et al. (34) studied the uptake of 
betaine present in the medium by L. acidophilus. Growth of L. acidophilus 

under osmotic stress of 1 M sodium or potassium chloride resulted in 
increased uptake of betaine. 

The study also revealed that betaine and related quaternary compounds 
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were already present in the standard MRS medium and a possible 
synthesis of betaine or related compounds by the organism could not be 
investigated. A medium devoid of betaine or other compatible solutes has 
to be applied to study their effects upon cells grown under decreased aw. 
The defined medium devised in this study showed a clear effect on the 
growth rate of L plantarum when betaine was added in the presence of 0.6 
M sodium chloride. Betaine also extended the growth range towards a 
higher sodium chloride concentration (Fig. 1). Addition of increased 
amounts of betaine (5 or 7 mM respectively) had no effect on growth 
compared to the 2 mM betaine applied in this study. Similar concen­
trations of betaine were used in comparative studies on the effect of 
betaine on microorganisms grown under osmotic stress (51). 

In this study chemostat experiments were performed to investigate the 
effect of betaine upon dried L. plantarum using stressed cells grown in the 
presence or absence of betaine. The increase of survival of cells grown in 
the presence of betaine is obvious. However the percentage of survival is 
low compared to other studies (44, 45). Two reasons can be given for this 
difference: (i) The convective drying procedure described in this paper 
resulted in a low aw of 0.12 at which level a low overall moisture content 
of approximately 0.02 kg HzO (kg total solids)-1 (not shown) in the dried 
cell suspension is reached. Lievense et al. (56) found very low residual 
activity of L. plantarum after drying at this low moisture content, (ii) No 
special methods were adopted during rehydration of dried cell suspen­
sions. Cells were immediately transferred for plate counting to prevent 
any influence of rehydration upon survival of cells. 

Cell densities of cells not stressed were higher when compared to stressed 
cultures caused by the higher maintenance energy required by the latter. 
By diluting suspensions no special effects on survival rates were obser­
ved (not shown) and therefore it can be concluded that cells grown under 
osmotic stress in the presence of betaine are better protected against 
drying than cells not stressed. 

During drying, neither sodium chloride nor betaine had a significant ef­
fect on survival rates. This observation is not surprising taken into ac­
count that accumulation of betaine is an energy dependent process (34) 
while in the buffer used during drying no energy source like glucose was 
available. It is, however, noteworthy that the positive effect of betaine 
was retained in cells which were subjected to drying in the presence of 
only 0.02 M potassium phosphate solution (see "No additives" in Table 1). 
Under these experimental conditions the cells were subjected to an os­
motic down shock and they must have lost much of their internal betaine. 
Apparently, the residual betaine was sufficient for maximal protection. 

In this study betaine was used as a compatible solute protecting L. plan­
tarum during drying. It will be interesting to investigate other compatible 
solutes as well and assess their effect on the survival of lactic acid bac­
teria during drying. Also, it will be relevant to screen a variety of strains 
of lactic acid bacteria since some lactic acid bacteria are not able to grow 
at salinities higher than 0.3 M sodium chloride (34) while others can grow 
in the presence of 2 M sodium chloride (38). Presumably, the salt tolerant 
strains can accumulate compatible solutes more efficiently and hence 
will be better protected against drying. 
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3. 
Carnitine, a novel compatible solute 
in Lactobacillus plantarum 

Edwin P.W. Kets, Erwin A. Galinski and Jan A.M. de Bont 

Abstract: 
The aim of this study was to unravel the identity of compatible solu­

tes accumulated by Lactobacillus plantarum subjected to osmotic stress. Be-
taine was accumulated simultaneously with a novel compatible solute iden­
tified as carnitine, both present in the complex medium applied in this stu­
dy. Beef extract provided the main source of carnitine in the medium. Both 
carnitine and betaine were accumulated to maximum concentrations of 248 
and 231 umol.g dry weight1 respectively. A defined medium was devised 
devoid of carnitine. Addition of 0.5 mM carnitine to this medium increased 
the growth rate from 0.1 h 1 to 0.2 h 1 in media with 0.4 M sodium chloride. 
Also, carnitine made the organism more tolerant to sodium chloride. Growth 
occurred even when the sodium chloride concentration was raised from 0.5 
M to 1.0 M. Quaternary compounds resembling the structure of carnitine 
and betaine enhanced the growth yield as well. y-Butyrobetaine and succi-
nylcholine restored the growth yield up to respectively 91 and 96 % com­
pared to none stressed cells. 

INTRODUCTION 
The physiological response of many eukaryotic and prokaryotic 

organisms to osmotic stress is quite similar (98). Organisms subjected to 
a longer period of time to reduced water activity (aw) respond by accumu­
lating low-molecular-weight organic compounds. These compatible sol­
utes (11) are not inhibitory to vital cell functions even at high cytoplasm 
concentrations. Three functions have been assessed for accumulation of 
compatible solutes in cells cultivated under osmotic stress conditions: (i) 
Retaining a positive turgor pressure which contributes towards osmotic 
balance with extracellular environments (14); (ii) Enhancement of stabi­
lity of enzymes at low aw (2, 58). (iii) Maintaining the integrity of biologi­
cal membranes during periods of desiccation (13). 

The diverse group of compatible solutes include sugars and polyols like 
trehalose, glycerol, arabitol and mannitol accumulated by a range of 
yeasts, fungi and bacteria (89, 90). Amino acids and amino derivatives 
such as proline and betaine are accumulated up to high intracellular con­
centrations in Escherichia coli (17, 51, 93), Pseudomonas aeruginosa (18), Sta­
phylococcus aureus (62) and several other microorganisms (14). Recently a 
new group of compatible solutes the l,4,5,6-tetrahydro-2-methyl-4-pyri-
midine carboxylic acids represented by ectoine and hydroxyectoine, have 
been described in halophilic eubacteria (25, 81). 

The role of compatible solutes in lactic acid bacteria has not been inves­
tigated in detail. Only Molenaar et al. (63) studied the role of betaine and 
proline in Lactococcus lactis. Due to their complex requirements, lactic acid 
bacteria are routinely grown in complex rich media. Such media are likely 
to contain compatible solutes to be accumulated by lactic acid bacteria 
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during periods of decreased aw. Hutkins et al. (34) showed accumulation 
of betaine by Lactobacillus acidophilus in complex medium during growth 
under osmotic stress conditions. Similarly, betaine included in the me­
dium was an effective compatible solute allowing growth of Lactobacillus 
plantarum at increased salt concentrations (39; Chapter 2). 

In the present investigation L. plantarum was cultured in complex rich me­
dium in the presence of sodium chloride in order to induce osmotic 
stress. Accumulation of compatible molecules was examined and a novel 
compatible solute was identified. 

MATERIALS AND METHODS 

Organism and growth medium 
L. plantarum (P743: Netherlands Institute for Dairy Research 

(NIZO), Ede, The Netherlands) was used throughout this study. The 
organism was routinely maintained in 10% (w/v) sterile litmus milk 
(Difco), and stored at -80°C until use. L. plantarum was transferred to com­
plex MRS medium as described by De Man et al. (16) for NMR, HPLC 
analysis and growth experiments. The effects of carnitine were examined 
by transferring the organism to a chemically defined medium. The defin­
ed medium contained per liter distilled water: 10 g lactose monohydrate, 
6.8 g K2HP04, 0.9 g citric acid monohydrate, 1.0 g NH4C1, 6.75 g Na-
acetate, 0.2 g MgS04.7H20, 0.05 g MnS04.H20, 1 ml Tween, 10 mg 
adenine, 10 mg guanine, 10 mg uracil, 10 mg xanthine, 0.1 g alanine, 0.1 g 
arginine monohydrochlorid, 0.1 g asparagine, 0.1 g aspartic acid, 0.3 g 
cysteine, 0.1 g glutamic acid, 0.1 g glycine, 0.1 g histidine, 0.1 g isoleucine, 
0.1 g leucine, 0.1 g lysin monohydrochlorid, 0.1 g methionine, 0.1 g 
phenylalanine, 0.1 g serine, 0.1 g threonine, 0.1 g tryptophan, 0.1 g tyrosine, 
0.1 g valine, 1 ml of a vitamin solution and 1 ml of a trace element solution. 
The vitamin solution contained per liter distilled water: 100 mg 4-amino-
benzoic acid, 2.0 mg biotin, 50 mg folic acid, 50 mg lipoic acid, 200 mg 
nicotinic acid, 100 mg pantothenic acid, 500 mg pyridoxamine-HCl, 100 mg 
vitamin B12,50 mg pyridoxine, 100 mg riboflavin, 200 mg thiamin. The trace 
element solution contained per liter of distilled water: 10 ml HC1 25%, 1.5 g 
FeCl2.4H20, 190 mg CoCl2.6H20, 100 mg MnCl2.4H20, 70 mg ZnCl2, 6 mg 
H3BO3, 36 mg Na2Mo04.2H20, 24 mg NiCl2.6H20, 2 mg CuCl2.2H20. The 
vitamin solution, the trace element solution, and lactose were sterilized by 
passage through a 0.2 um sterile filter (Schleicher & Schuell, Dassel, Ger­
many) and were added to the other heat-sterilized components (121°C, 20 
min). 

Modified MRS medium contained per liter distilled water: 20.0 g glucose 
monohydrate, 2.0 g K2HP04, 2.0 g citric acid monohydrate, 2.0 g NH4C1, 
5.0 g Na-acetate, 0.1 g MgS04.7H20, 0.05 g MnS04.H20, 1 ml Tween, 10 
g proteose peptone no. 3 (Difco), 10 g beef extract (Difco) and 5 g yeast 
extract (Difco). 

Growth experiments 
Test tubes containing 9.9 ml medium supplemented with varying 

concentrations of sodium chloride and/or L-carnitine (pH = 6.3) were 
inoculated with 0.1 ml of an overnight culture cultivated in MRS or defin­
ed medium corresponding the medium of an experiment. Cells were cul­
tured stationary in air for 18 or 23 h at 30°C or at regular intervals during 
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determinations of growth in time. Three tubes were examined at each 
sampling time. Growth was monitored by optical density at 660 nm of ap­
propriately diluted cultures. 

NMR analysis 
Freeze-dried material of growing cells was repeatedly extracted in 

a Soxhlet apparatus using methanol as a solvent. The extract obtained 
from 1 g of cell material was evaporated to dryness and dissolved in 0.5 
ml D20 supplemented with 10 pi of acetonitrile as internal standard. >H-
decoupled 13C-NMR measurements were performed on a Varian XL 300 
unit relative to trimethylsilylpropiosulfonate sodium salt (TMSP). 

HPLC analysis 
Growing cells incubated during 18 h were harvested (16 000 x g, 

5 min, 4°C) and washed in 0.02 M potassium phosphate buffer. The sodi­
um chloride concentration of the buffer corresponded with the sodium 
chloride concentrations of the culture medium. The pH was adjusted to 
6.3. Cells were freeze-dried, and subsequently compatible solutes were 
extracted using a modified Bligh and Dyer (7) technique as described ear­
lier (23). HPLC analysis of compatible solutes was performed on an Ami-
nex HPX-87C column (Bio-Rad, The Netherlands) using 5 mM Ca(N03)2 
as eluant. 

Preparation of carnitine from cell material 
Ten grams dry cell material (/.. plantarum grown in MRS medium 

18 h, 30°C) was extracted with 75 ml of methanol using a Soxhlet appa­
ratus. The crude extract was further purified by applying a Bligh and Dyer 
separation technique, and the resulting aqueous supernatant was subse­
quently desalted on a Bio-Rad AG11A8 column. Separation of carnitine 
from other cellular components was achieved by cation exchange chro­
matography (Dowex 50 Wx8, H+ form) and elution with a perchloric acid 
gradient (0-2 M). The purified compound was quantified by HPLC and 
polarization was measured in a 5 % solution and compared to that of a 
standard (L-carnitine, Sigma). 

RESULTS 

Growth of L. plantarum in complex medium at high sodium chloride 
concentrations 

Lactic acid bacteria require a complexity of compounds during 
growth. L. plantarum was therefore cultured in rich MRS medium, in which 
it grew at a growth rate of 0.6 h 1 and reached an optical density of 5.7 
(Fig. 1). Addition of 0.6 M sodium chloride reduced the growth rate to 0.5 
h '. The growth rate was further reduced to 0.2 h-1 when 1.2 M sodium 
chloride was included in the medium. Subsequently, the accumulation of 
compatible solutes by osmotically stressed L. plantarum was determined. 

Identification of compatible solutes of osmotically stressed L. plantarum 
13C-NMR analysis of growing cells were performed in order to 

identify compatible solutes accumulated by L. plantarum subjected to os­
motic stress. Betaine and also trehalose were identified and distinct 
signals of an unidentified solute were present as well (Fig. 2). Compa­
rison of this spectrum with spectra of pure compounds led to the iden-
tification of this unidentified solute as carnitine. Quantitative and quali­
tative analysis of carnitine accumulation was investigated in more detail 
HPLC analysis. 
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Fig. 1 . 
Effect of sodium chloride on 
growth of L ptantarum in MRS 
medium. 
Medium supplemented with 0.6 M 
(o), 1.2 M (•) or no sodium 
chloride (•) . 
Each value represents the mean of 
three replicates. 
Bars represent the SD (n=3) 

0D 660 nm 

10J 

25.00 
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Quantification of carnitine accumulated by osmotically stressed L. plantarum 
HPLC analysis it was shown that carnitine co-eluted with the un­

known compound accumulated by cells grown under stress conditions. 
Carnitine levels in L. ptantarum gradually increased with the sodium chlo­
ride concentration in the medium (Table 1). No optimum sodium 
chlo-ride concentration for accumulation of carnitine was found. The 
highest concentration of sodium chloride in the medium at which growth 
was still possible coincided with the highest accumulated concentration 

Table 1. 
Effect of extracellular sodium chloride concentration on the accumulation of betaine and carnitine in L. plantarum. 
Cells were cultivated batchwise (18 h) in MRS medium supplemented with varying concentrations of NaCl. 
Betaine and carnitine were assayed using HPLC 

NaCl (M) Betaine 
(ixmol g [dry wt] of cells-1) 

Carnitine 
(ixmol g [dry wt] of cells1) 

0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 

23 
60 
79 
90 

122 
231 
122 

37 
46 
61 
93 

126 
241 
248 

of intracellular carnitine. Betaine accumulation as affected by sodium 
chlo-ride levels showed a similar pattern except that at 1.2 M sodium 
chloride a reduced accumulation was observed. 
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To study the accumulation of carnitine from the medium, several com­
pounds present in the standard MRS medium were omitted. Table 2 
shows that no accumulation of carnitine occurred when beef extract was 
omitted. Beef extract can therefore be regarded as the main source of car­
nitine present in the MRS medium. Beef extract as analyzed by HPLC 
contained 22 mg carnitine.g-1 which corresponds to 1.4 mM in MRS 
broth. Betaine mainly originated from yeast extract since cells accumu­
lated significantly less betaine (only 10 %) when yeast extract was 
omitted from the medium. 
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Fig. 2. 

Natural abundance 13C-NMR spectra. 
(A) Extract of L. plantarum grown 
in MRS medium supplemented with 
1 M sodium chloride. 
Cells were cultivated batchwise 
(18 h), freeze dried and subse­
quently extracted using methanol 
as a solvent. 
Signals observed are from betaine 
(b), lactate (I) and trehalose (t), 
and from acetonitrile standard (s). 
(B) Spectrum obtained from 
authentic L-carnitine 
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Carnitine found in natural environments is always found in the L-confi-
guration (21). Purified preparations of accumulated carnitine in L planta­
rum confirmed these conclusions since the optical rotation proved to be 
identical (within margins of experimental error) to the literature value of 
L-carnitine: [tx]p = -23.5. 

Table 2. 
Effect of omission of various compounds present in MRS medium on the accumulation of betaine and carnitine in L. 
plantarum. Cells were cultivated batchwise (18 h) in modified MRS medium supplemented with 1.0 M NaCl. 
Betaine and carnitine were assayed using HPLC 

Compound omitted from modified MRS medium 

none 
yeast extract 
peptone 
beef extract 

Betaine 
(u,mol g [dry wt] of cells'1) 

113 
18 

108 
118 

Carnitine 
(Hmol g [dry wt] of cells-1) 

185 
208 
215 

0 

Effect of exogenous carnitine on growth of L. plantarum subjected to osmotic 
stress 

MRS medium contains carnitine thus preventing clear observa­
tions on the effects of carnitine on the physiology of cells. Consequently, 
a carnitine-free medium was devised. The composition of this medium is 
given in the materials and methods section. L. plantarum grew well in the 
defined medium at a growth rate of 0.4 h 1 and it reached an optical 
density of 3.5 (Fig. 3). The largest difference in growth yield after 18 h 
between cells grown in the presence and absence of L-carnitine was at a 
sodium chloride concentration of 0.4 M. Therefore, this sodium chloride 
concentration was applied during further investigations. Addition of 0.4 
M reduced the growth rate to 0.1 h'1 and the optical density after 18 h 
was now only 0.2. However, addition of 0.5 mM L-carnitine to the me­
dium greatly reduced the effects of sodium chloride, and cells now even 
grew in the presence of 1 M sodium chloride while in the absence of L-
carnitine growth stopped already at 0.5 M sodium chloride (not shown). 
At 0.4 M sodium chloride and in the presence of L-carnitine, L. plantarum 
grew at a growth rate of 0.2 h1 . Addition of 0.5 mM L-carnitine in the ab­
sence of sodium chloride had no effect on the growth rate. A concentra­
tion of carnitine of 7.5 mM reduced the growth yield of cells grown in the 
presence of 0.4 M sodium chloride only 8 % after 18 h (not shown). 

Effect of exogenous carnitine related compounds on growth of L. plantarum 
subjected to osmotic stress 

Both carnitine and betaine are quaternary ammonium com­
pounds and both compounds were accumulated by cells subjected to os­
motic stress. Therefore, the effect of other quaternary ammonium com­
pounds on growth yield of osmotically stressed L. plantarum was tested. 
Growth yields increased after 23 h with a variety of other quaternary 
ammonium compounds included in the medium (Table 3). No elevated 
yields were obtained by compounds resembling the structure of betaine 
or carnitine but lacking the quaternary ammonium ion except for N,N, 
dimethylglycine. 
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Fig. 3. 
Effect of sodium chloride and 
L-carnitine on growth of 
L. plantarum in defined medium. 
Defined medium supplemented with 
0.5 mM L-carnitine (•) , 0.4 M 
sodium chloride and 0.5 mM 
L-carnitine ( • ) , 0.4 M sodium 
chloride (o), or no additives (•). 
Each value represents the mean of 
three replicates. 
Bars represent the SD (n=3) 

25.00 
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Table 3. 
Effect of various compounds on growth yield of L. plantarum subjected to osmotic stress 

Additives Concentration9 

(mM) 
Growth yield 

No additives 
Acetylcholine 
4-Aminobutyric acid 
Betaine 
y-Butyrobetaine 
D-Carnitine 
L-Camitine 
Choline 
/V,W,-Dimethylglycine 
Sarcosine 
Succinylcholine 

2 
2 
2 
2 
0.5 
0.5 
2 
2 
2 
2 

42.0 ± 0.7c 
66.7 ± 1.1 
40.6 ± 1.8 
80.4 ± 1.1 
90.0 ± 1.1 
88.0 ± 1.8 
85.9 + 1.4 
85.9 + 4.0 
51.8 ± 0.4 
41.7 ± 1.4 
95.7 ± 0.3 

a Concentration of additives in the medium. 
b Growth yield of cells cultivated 23 h in defined medium supplemented with 0.4 M NaCl is expressed as percentage of 
optical density (660 nm) when compared to growth in the absence of NaCl. Optical density in the absence of NaCl was 
2.76. 
c ± Standard deviation (n=3). 
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DISCUSSION 
During conditions of osmotic stress, L. plantarum accumulates 

compatible solutes to balance the increased extracellular solute concen­
tration (Fig. 2). Previously, it has been shown that L. acidophilus accu­
mulates betaine present in the medium (34). L. plantarum however, accu­
mulates apart from betaine a novel compatible solute, identified as carni­
tine. Carnitine is an important compatible solute in L. plantarum because 
together it presents with betaine the major part of accumulated solutes. 
13C-NMR and HPLC analysis revealed only small amounts of trehalose 
probably originating from yeast extract. The amount of glutamate was 
equivalent to the amount of betaine and to the amount of carnitine. 
Measurements on the accumulation of K+ were not performed in this in­
vestigation. Total concentrations of carnitine and betaine in cells are si­
milar to solute concentrations measured in L. acidophilus and Halomonas 
elongata at corresponding salt concentrations and cultivated in complex 
medium (34, 95). 

Accumulation of carnitine by osmotically stressed microorganisms has 
not been described before. Although it gave enhanced growth and salt to­
lerance of the halophilic lactic acid bacterium Pediococcus halophilus (78). 
Recently, carnitine was found to be present in Listeria monocytogenes but 
was reduced in salt-stressed cells (46). 

Carnitine has a wide distribution in biological materials and especially 
mammalian skeletal muscle constitutes a rich source (21). Beef extract 
was found to contain approximately 0.03 % carnitine which is in accor­
dance with carnitine levels found in this study. Carnitine levels in MRS 
medium are therefore higher than the required concentration of 0.5 mM 
determined in the defined medium. 

Carnitine present in cell extracts of L. plantarum was of the L-configura-
tion. This finding is not surprising since carnitine present in biological 
materials is always in the L-configuration (21). Growth yields of L. planta­
rum were not affected by a stereo specific effect of carnitine. Both the D-
and the L-configuration showed similar results (Table 3). 

The structural specificity of the accumulation of carnitine was studied by 
examining the effect of various related compounds on the growth yield of 
L. plantarum subjected to osmotic stress (Table 3). From these results it 
can be concluded that a quaternary compound may be required. How­
ever, we have not been able to draw conclusions so far because the over­
all structures were quite diverse. Also, proline, ectoines and acetylated 
diamino acids, all proven to be important compatible solutes, were not 
tested in this study and may establish a similar effect. Strikingly, acetyl­
choline and succinylcholine, both neurotransmitters in higher animals 
were also effective osmoprotectants with the latter showing the lowest 
decrease in growth yield. Measurements on the accumulation of com­
pounds tested in Table 3, exerting a higher yield of L. plantarum must still 
be examined before any solid conclusions can be drawn about the fate of 
these compounds. Acetylcholine and succinylcholine can also be hydro-
lysed to yield choline and subsequently be oxidized into betaine. Compa­
rative studies on the effect of structural specificity of quaternary ammo­
nium compounds active in osmoregulation showed different results (52, 
69). The growth rate of Klebsiella pneumoniae is primarily stimulated by 
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betaine and proline betaine and only to a small extend by y-butyro-
betaine (52). No other quaternary ammonium compounds were tested in 
this investigation. 

In this study carnitine was identified as a compatible solute in L. ptanta­
rum. It will be interesting to investigate the accumulation of this com­
pound in other lactic acid bacteria confronted with osmotic stress. 
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4. 
Effect of compatible solutes on 
survival of lactic add bacteria 
subjected to drying 

Edwin P.W. Kets, Pauline J.M. Teunissen and Jan A.M. de Bont 

Abstract: 
Four strains of lactic acid bacteria were investigated to determine if 

a relationship exists between accumulation of compatible solutes and the 
ability of cells to survive drying. Betaine was the major solute found in 
these lactic acid bacteria subjected to salt stress. Survival of cultures sub­
jected to drying was considerably enhanced when this solute was accumu­
lated by cells. 

INTRODUCTION 
Lactic acid bacteria are often preserved by freezing and/or drying 

for use as starter cultures in the food and feed industries. Dried starter 
cultures compare favorably to frozen starter cultures because of lower 
transport and storage costs. However, considerable inactivation of cells 
occurs during the drying process. Therefore, it is necessary to understand 
the physiological response of the organisms to drying (73). 

Like many other organisms, lactic acid bacteria confronted with a 
decreased water activity (aw) over a long period respond by accumulation 
of compatible solutes such as betaine and carnitine (34, 41; Chapter 3). 

These compounds are thought to be beneficial for lactic acid bacteria, not 
only during osmotic stress but also during drying. The organisms are pro­
bably not able to accumulate compatible solutes during the short drying 
process, and therefore they should be accumulated prior to the drying 
process (39; Chapter 2). 

Presumably, salt-tolerant strains can accumulate compatible solutes more 
efficiently than salt-sensitive strains and hence should be better pro­
tected against drying. In the present study, four strains of osmotically 
stressed lactic acid bacteria were studied to determine if a direct relation 
exists between their ability to accumulate compatible solutes and their 
survival after drying. 

MATERIALS AND METHODS 

Organisms and growth medium 
The organisms used were Enterococcus faecium URL-EF1 (Unilever 

Research Laboratory, Vlaardingen, The Netherlands) and Lactobacillus 
halotolerans ATCC 35410, which are both osmotolerant strains, and the 
osmosensitive strain Lactobacillus bulgaricus URL-LB 1 (Unilever Research 
Laboratory, Vlaardingen, The Netherlands); and Lactobacillus plantarum 
P743 (Netherlands Institute for Dairy Research, Ede, The Netherlands), 
which was previously studied by Kets and De Bont (39; Chapter 2). Expe­
riments were performed with either MRS medium as described by de Man 
et al. (16) or defined medium (DM) as described by Kets et al. (41; Chapter 
3). 3 1 
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Salt tolerance 
In these batch experiments, 15 mM lactose was replaced by 30 

mM glucose as a carbohydrate source for E. faecium and L. halotolerans cul­
tivated in DM. In triplicate, serum bottles containing 49.5 ml of DM or 
MRS medium were flushed with N2 and inoculated with 0.5 ml of a cultu­
re of cells grown in either DM or MRS medium. E. faecium and L. bulgari-
cus were cultured at 37°C. L plantarum and L. halotolerans were cultured at 
30°C. Growth was monitored until 72 h by optical density determinations 
at 660 nm. 

Determination of compatible solutes 
Cells were grown in a fermentor with a 1-liter working volume at a D = 

0.02 h1 (39; Chapter 2). The growth temperatures for L bulgaricus, L plan­
tarum, L. halotolerans, and E. faecium were 37, 30, 34, and 37°C, respec­
tively. The medium was supplemented with various amounts of NaCl. 
Compatible solutes were analyzed by high-performance liquid chromato­
graphy as described by Kets et al. (41; Chapter 3), and amino acid con­
centrations were determined by the method of Kunte et al. (48) with a 
Chromspher 5 C18 column (Chrompack, Bergen op Zoom, The Nether­
lands). 

Drying of cells 
Cells cultured were harvested by centrifugation (16,000 x g) under 

steady state conditions and washed in 0.02 M potassium phosphate con­
taining the concentrations of salt included in the growth medium. Resus-
pended cells (2 ml) were dried in petri dishes by exposure to air (approxi­
mately 35% relative humidity, 30°C, 2.5 h). The petri dishes were subse­
quently kept at 5°C in a desiccator containing a saturated solution of LiCl 
(aw= 0.12) for 72 h. Dried samples were resuspended, and serial dilutions 
were plated on MRS agar plates. The resulting colonies from samples ta­
ken before and after drying were counted, and the survival percentage 
was calculated (39; Chapter 2). 

RESULTS AND DISCUSSION 

Salt tolerance 
Cells were subjected to salt stress by including NaCl in the 

medium to obtain initial data about the salt tolerance of the strains tested 
in this investigation. The maximum NaCl concentrations at which growth 
was still possible in MRS medium were only 0.5 M for L. bulgaricus and 
1.5, 2.5, and 2.3 M for L. plantarum, L. halotolerans, and f. faecium, respecti­
vely. In DM, the maximum NaCl concentration for L bulgaricus was 0.3 
M, while those for L plantarum, L. halotolerans, and f. faecium were 1.3, 1.0, 
and 1.5 M, respectively. 

L bulgaricus was the most salt-sensitive strain tested in both media. The 
rich, complex MRS medium sustained growth at higher NaCl concentra­
tions than DM did. Remarkably, L halotolerans did not grow when no 
NaCl was included in DM (not shown) yet was more salt sensitive in DM 
than L. plantarum and E. faecium. 

Accumulation of compatible solutes in complex medium 
Lactic acid bacteria require a complex group of compounds for 

growth (16). Therefore, accumulation of compatible solutes in chemostat-
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grown cultures in complex diluted MRS medium (DMRS medium) con­
taining 2.75 g of MRS (Difco) per liter was determined. Betaine and carni­
tine are both present in DMRS medium, which contains yeast extract and 
beef extract (41; Chapter 3). 

Although both compounds are important compatible solutes for bacteria, 
no growth conditions under which L bulgaricus accumulated either of the 
two solutes were found (Table 1). Similarly, Hutkins et al. (34) showed 
that L bulgaricus ATCC 8144 transported no betaine at elevated salt levels. 

Table 1 . 
Accumulation of solutes by chemostat-grown lactic acid bacteria cultivated in DMRS medium and subjected to salt stress 

Organism NaCl addition 
(M) 

Amount of accumulated solute 
(umol g [dry wt] of cells-1)a 

Betaine Carnitine 

. 
-
-

. 
159 
258 

^ 
. 

Total amino acids 

257 
371 
252 

227 
349 
342 

737 
127 

Lactobacillus bulgaricus 

Lactobacillus plantarum 

Lactobacillus halotolerans 

0 
0.1 
0.3 

0 
1 
1.3 

0 
0.4 

255 
282 

31 
106 

Enterococcus faecium 0 
1.0 

5 
123 

104 
85 

215 
68 

a Values are means of duplicate determinations. 
-, not detected at concentrations over 1 umol g (dry weight) of cells1 

L. plantarum subjected to salt stress accumulated both betaine and carni­
tine when the NaCl concentration added was 1 or 1.3 M. Measures (61) 
found accumulation of glutamate and proline in L. plantarum. However, 
13C nuclear magnetic resonance analysis (not shown) of cell preparations 
revealed no proline accumulation in this strain during growth in DMRS 
medium. Strikingly, L. halotolerans cultured in DMRS medium accumu­
lated betaine but not carnitine when the medium was supplemented with 
0.4 M NaCl. Cells of E. faecium, either stressed or unstressed contained a 
high intracellular level of carnitine, while the betaine concentration 
strongly increased, reaching 123 pmol g (dry weight) of cells-' under os­
motic stress. Similar observations have been made for Listeria monocyto­
genes subjected to increasing salt stress (46). 
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Accumulation of betaine in DM 
As mentioned above, complex DMRS medium contains betaine 

and carnitine, thus preventing clear observations of the effects of the 
former compatible solute on the physiology of cells. Consequently, a 
betaine-free medium was used. 

Growth of L. bulgaricus at elevated NaCl concentrations did not result in 
accumulation of betaine. Again, as observed cells grown in DMRS 
medium, intracellular amino acid levels responded to a reduction in the 
aw (Table 2). These levels were due to higher concentrations of intra­
cellular aspartate, glutamate, and alanine (not shown). 

Growth of L. plantarum in DM changed the balance of accumulated 
solutes remarkably in comparison with growth in DMRS medium. 
Compared with DM without NaCl, DM containing 1 M NaCl reduced the 
amount of accumulated amino acids. Addition of 2 mM betaine to the 
medium during osmotic stress did not affect the amino acid composition 
in cells, but it did decrease the amount of amino acids when added to 
DM not containing NaCl. 

L. halotolerans accumulated substantial amounts of betaine, and in its 
absence the organism was able to grow by accumulating amino acids. In 
particular, proline accumulated (131 pmol g [dry weight] of cells-1 in the 
absence of betaine versus 57 pmol g [dry weight] of cells-1 in the presence 
of betaine). Similar results were obtained for Lactococcus tactis; in this 
case, proline was replaced by betaine when the latter was included in the 
medium (63). Also, addition of only carnitine to DM as in a study by 
Beumer et al. (6), enhanced growth of cells subjected to osmotic stress 
(not shown). 

Amino acid levels in f. faecium decreased in the presence of NaCl. This 
unexpected observation may be explained by the ability of the organism 
to accumulate unknown compounds, as was found for 13C nuclear 
magnetic resonance spectra of extracts of cells cultured in complex 
medium (not shown). Analysis of these compounds in DM awaits further 
elucidation. 

Effect of betaine on survival of cells after drying 
The effect of betaine on survival after drying was tested with DM 

in a chemostat as described above. Betaine included in osmotically 
stressed medium clearly protected L plantarum, L halotolerans, and E. faecium 
against drying (Table 2). L bulgaricus was not able to accumulate this 
solute, and adding betaine to the culture medium indeed did not protect 
the organism when the samples were dried (not shown). In media which 
were not salt stressed, addition of betaine did not improve survival after 
drying. In the cases of L. halotolerans and E. faecium, increased survival in 
the presence of only NaCl may be attributable to proline or accumulated 
compounds found in 13C nuclear magnetic resonance spectra, respec­
tively. From the results presented in Table 2, we concluded that there is a 
direct relation between the presence of compatible solutes in lactic acid 
bacteria and their ability to survive drying. 
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